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FOREWORD 
 

 

 

This thesis is the result of my research activities carried out at NEST 

Laboratory of Scuola Normale Superiore in Pisa. I started my studies on 

alternative tumor models and nanoparticles in the end of 2016, in line 

with my interest in nanomedicine and the research endeavors of the 

group I joined. This research was performed within a joint Ph.D. program 

sponsored by Scuola Normale Superiore and Istituto Italiano di 

Tecnologia. 
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1. INTRODUCTION 
 

 
 The 20th century witnessed breakthroughs in the treatment of several diseases as well as the 

establishment of chemotherapy [1,2]. The principles and even the actual terminology of chemotherapy 

are credited to the German physician Paul Ehrlich, who, together with his colleagues, discovered the 

use of arsenic compounds (“Salvarsan” and its less toxic substitute “Neosalvarsan”) against syphilis 

[2]. Ehrlich’s idea was that chemicals distinctively interact with different types of cells, with the same 

sense of specificity observed on immunological receptor-antigen interactions [2,3]. Altogether, Ehrlich 

envisioned perhaps one of the longstanding dreams in disease treatment: the “magic bullet” - a 

chemical that specifically targets and suppresses a pathogen [2]. Overtime, an increasing number of 

therapeutic compounds have been discovered or synthesized, which makes chemotherapy pivotal in 

modern-day disease management, especially in oncology [1,2]. Nevertheless, the growing knowledge 

in cancer biology reveals the complexity of neoplastic diseases and the active role of the tumor 

microenvironment in pathophysiological development and treatment outcomes [4]. These findings 

considerably shifted the general paradigm of cancer patient care as multiple tumorigenic targets and 

the complex networks of involved pathways have to be considered. Conversely, several undertakings 

directed towards the improvement of magic bullet designs are similarly expanding, wherein modern 

technologies are incorporated to adapt such systems to the biological intricacies of cancer. Many of 

these promising innovative platforms for cancer management rely on the integration of 

nanotechnology in the standard and emerging patient care options [2,5,6].  

Nanoscience has a widespread influence that significantly advanced various areas of 

research due to its intrinsic interdisciplinarity. Fields where nanoscience has made immense impacts 

include electronics, renewable energies, consumer goods, healthcare and medicine [7]. The latter 

garnered a growing interest and emerged into what is now named as “nanomedicine”. This field 

encompasses nanotechnology-enabled systems for disease treatment, delivery of therapeutics, (in 

vivo) imaging and diagnostics, biomaterials, and active implants [8]. Furthermore, massive attention 

concentrates on the utility of nanomedicine in addressing oncological complexities. Nanomaterials are 

envisioned to improve cancer treatments mainly by providing more efficient, better targeted, and safer 

therapeutics [9]. These are the same promises that Ehrlich’s magic bullets have been envisioned to 

fulfill, and nanomaterial design and engineering are fundamental to achieve these objectives. 

Efforts in cancer nanomedicine are mostly dedicated to chemotherapeutic drug delivery and 

have been inspired by the initial clinical translation of Doxil® (also known as Caelyx), a liposomal 

formulation of doxorubicin approved by the Food and Drug Administration (FDA; United States of 

America) in 1995 and the European Medicines Agency (EMA; European Union) in 1996 for ovarian 

cancer, HIV-associated Kaposi’s sarcoma, and multiple myeloma [8,10]. More recently approved 

nanoformulations are also mostly liposomal formulations of already approved drugs such as Marqibo® 

(FDA - 2012; liposomal vincristine for acute lymphoblastic leukemia), Onivyde® (FDA - 2015; 

liposomal irinotecan for metastatic pancreatic cancer), and VYXEOS® (FDA - 2017; EMA - 2018; 



 6 

liposomal formulation of cytarabine-daunorubicin mixture for acute myeloid leukemia) [11]. However, 

bringing nanotechnology into clinical practice also appears to be rather a cumbersome and 

challenging task. The underlying difficulties likewise involve multiple disciplines, with the concerns 

spanning from the robustness, reproducibility, scale-up, and cost-efficiency of synthesis procedures, 

to biocompatibility, crossing of biological barriers, (diagnostic/therapeutic) efficiency, and potential off-

target effects in patients [9,10]. 

Despite the setbacks, advancements are persistently obtained through the continuous 

development of novel strategies to attune and refine nanomaterials for oncology. Newer 

nanomaterial-facilitated treatment modalities are also being explored, including gene delivery, 

hyperthermia, and photodynamic therapy [12]. Various nanomaterials are also strategically intended 

for localized concurrent treatments or combined diagnosis and therapy (theranostics) [12]. As with 

any other technology aiming to reach clinical application, thorough preclinical nanomaterial 

evaluations are required to ensure efficiency and safety. On the other hand, these investigations are 

also crucial for the optimization of nanomaterial design and features. Preclinical oncological studies 

are conventionally conducted on two-dimensional/monolayer cell cultures and animal models. 

However, recent trends demonstrate the increasing advantage of alternative “intermediate” tumor 

models to consider the complexities of tumor biology and conform to the directives concerning the 

reduction and more responsible employment of animal models [13]. Tumor modeling is, in itself, an 

evolving subject of research, in which the demand is further heightened by the necessity for reliable, 

readily available, and mid/high-throughput capable systems to screen nanomaterials [14]. These 

matters are further challenging researchers to redefine the preclinical research workflow by re-

examining pre-existing biological models and including current technologies in establishing novel 

tumor systems [15]. In general, alternative tumor models may not completely replace conventional 

systems. But ultimately, their incorporation in preclinical investigations will result in a smoother clinical 

advancement from technical, practical, and economical points of view. 

Overall, the integration of nanotechnology in the composition of efficient and safe “magic 

bullets” for cancer theranostics offers promising and innovative advances, even if it transpires to be 

more complicated than previously conceptualized. This opens an avenue for continuous works that 

require close multidisciplinary collaborations. The research activities of our group exemplify an 

interdisciplinary approach on cancer nanomedicine investigations. We are simultaneously engaged on 

the development of nanomaterials for various oncological applications and the establishment of 

relevant alternative tumor models. Both of these subjects are examined in this thesis, which takes a 

closer look on important interactions between the nanomaterials and the tumor models.  

 

 

1.1. Aim of the thesis 

A great deal of the research activities was dedicated towards the optimization of the 

procedures to generate alternative tumor models. In particular, multicellular tumor spheroids and 

tumor-grafted chick chorioallantoic membrane models were established for subsequent nanomaterial 

assessment studies. Meanwhile, nano-architectures (NAs) that follow the ultrasmall-in-nano design 
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were also developed and customized to produce materials with relevant oncological applications. The 

general objective of the thesis was to observe the nano-bio interactions and evaluate the efficiencies 

of NAs modifications on the aforementioned alternative tumor models. 

The thesis manuscript is divided into 6 chapters. After a brief overview on the central themes 

in oncological nanomedicine that are relevant to the thesis (Chapter 1), a more thorough introduction 

on cell-based alternative tumor models, with particular attention on multicellular tumor spheroids, is 

presented in Chapter 2 (Sections 2.1 and 2.2). In the same chapter, the standardized in-house 

procedure to generate tumor spheroids is discussed (Section 2.3), along with their corresponding 

ultrastructure analyses (Section 2.4). Chapter 3 reports the nano-bio interaction studies and the use 

of tumor spheroids in the assessment of various types of NAs. This chapter also discusses the 

performed nanoparticle modifications, syntheses, and characterizations. Chapter 3 is divided into 4 

sections: Section 3.1 introduces the ultrasmall-in-nano design, which was the basis of the NAs and 

was modified for the different nano-bio studies; Section 3.2 presents the use of tumor spheroids for 

nanoparticle tumor accumulation and penetration investigation; Section 3.3 tackles active targeting 

following NAs surface modification and its consequences on the interaction with tumor spheroids; and 

Section 3.4 illustrates the utility of tumor spheroids in evaluating the effects of NAs-mediated 

monomodal and combined therapies. Chapter 4 shifts the focus to another alternative tumor systems, 

which are the tumor-grafted chick chorioallantoic membrane models. This chapter contains 3 

sections: Section 4.1 introduces the chorioallantoic membrane (CAM) and its suitability in tumor 

modeling in the context of angiogenesis as a hallmark of cancer; Section 4.2 shows the optimization 

of tumor grafting procedure established for a head and neck carcinoma commercial cell line; and 

Section 4.3 presents preliminary studies in which prodrug-loaded NAs were administered and 

assessed on CAM tumor models. Then, Chapter 5 deals with one of the limitations of the presented 

alternative tumor models, which pertains to nanomaterial biodistribution, biokinetics, and excretion. 

Thus, this chapter discusses the systemic behaviors and excretion of NAs, considering differences in 

physico-chemical nature (Section 5.1) and mode of administration (Section 5.2). Finally, Chapter 6 

summarizes and interrelates the discussed research activities. This chapter also deliberates the 

current state and future perspectives on cancer nanomedicine and the significant roles of alternative 

tumor models in advancing nanomaterials closer to patients. 
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2. CELL-BASED THREE-DIMENSIONAL TUMOR MODELS 
 

 
 Cancer remains as one of the leading causes of death worldwide, with approximately 10 

million deaths and 19.3 million new cases in 2020 [1]. The persisting high incidence and mortality 

rates demand for continuous efforts to understand their causes and biological mechanisms, and to 

devise innovative strategies for early detection and efficient treatments. Several breakthroughs in 

cancer research have been developed from preclinical studies using two-dimensional (2D) cell 

cultures and animal models. The simple handling of 2D cell cultures, the systemic and comprehensive 

information from in vivo animal studies, together with the standardized methods for analyses available 

for both biological systems make them the preferred preclinical models for many investigations [2,3]. 

However, both tumor models are affected by critical limitations. For instance, cell monolayers acquire 

alterations with respect to in vivo conditions due to biased culture settings including the artificial cell-

surface interactions [2,4]. The overestimation of treatment efficiency in 2D cell culture is also cited 

and mainly attributed to the uniform treatment exposure of the cells, absence of biological barriers 

that limit tumor penetration, and modified cell activity as a consequence of the monolayer culture [4–

6]. On the other hand, animal models also raise crucial concerns, such as their shorter life span with 

respect to tumor growth, tumor-to-host size ratio, foreign site implantation, host immune system 

adjustments, and chimerism [7,8]. Furthermore, although evaluations performed on animal models 

remain inevitably important in preclinical studies, more strict directives are now being implemented to 

encourage the use of alternative biological systems in order to promote a more responsible 

employment of animals in research according to the 3Rs concept (reduce, refine, and replace) [9]. 

Among these restrictions is the European Directive 2010/63/EU on the protection of animals used for 

scientific purposes, issued by the European Parliament [9,10]. Hence, researchers are driven to 

redefine the conventional preclinical workflow in oncological investigations and establish alternative 

tumor models that accessibly and reliably represent the tumor and its microenvironment. This vision is 

also demonstrated by the increasing number of investigations performed on three-dimensional (3D) 

cell cultures [11–14], which are re-emerging biological systems that are progressively used for studies 

on developmental biology, regenerative medicine, tissue engineering, and tumor biology [2,8,15,16]. 

This chapter focuses on 3D cell cultures, beginning with a brief overview on their features and 

the various approaches for their preparation. A special attention is given to multicellular tumor 

spheroids. These 3D tumor models have been developed and were mainly employed in the 

subsequent nano-bio interactions and efficacy evaluations, which will be presented in the following 

chapter. Finally, a standardized in-house protocol for the generation of spheroids will be described, 

followed by a discussion on the observed features of the 3D cell construct. 

 

2.1. The re-emergence and rediscovered significance of multicellular tumor spheroids 

Among the 3D models, multicellular tumor spheroids (MCTS) are the most accessible and 

economical ones. Moreover, they are widely employed due to their sundry and relatively easy 
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methods of preparation. Spheroids contain a heterogeneous population of cells with varied metabolic 

activities, growth and proliferation kinetics (Figure 2.1A). The limitations in diffusion of nutrients and 

oxygen cause the cells in the inner layers to be in quiescent or necrotic states, while the cells on the 

periphery remain proliferative. The spatial arrangement also allows the establishment of cell-to-cell 

and cell-to-matrix interactions, as well as different physiopathological gradients (Figure 2.1B) [17–19].  

 

	  

Figure 2.1. Biological features present in spheroids. Multicellular tumor spheroids represent the 

diverse conditions within the tumor, including cellular heterogeneity, growth kinetics variability (A) [20] 

and pathophysiological gradients (B) [18]. 

 



 11 

 

Utilizing MCTS further offer a number of advantages, such as their suitability for high 

throughput studies and the establishment of physiological features that limit drug efficiency, including 

tumor microenvironment (TME) penetration barriers, hypoxia, and gene expression-induced 

resistance [15,18]. Several investigations involving 3D tumor models have examined the active role of 

the TME and the influence of the extracellular matrix (ECM) in cancer development and treatment 

resistance [2,3,21–23]. These findings provide a comprehensive understanding of tumor biology that 

may also be significant on the development of alternative therapeutic approaches. It is noteworthy 

that although less common, non-cancer spheroids have also been developed and employed, for 

instance in tissue imaging [24,25]. 

 Interestingly, MCTS and other types of 3D cell cultures have already been used in research 

for several decades despite the recent growing attention (Figure 2.2). One of the first recorded 

approaches on 3D cell cultures can be dated back to the beginning of the 20th century, with the works 

of Alexis Carrel to develop methods for prolonged in vitro tissue cultures [26,27]. Afterwards, several 

methods were explored to obtain 3D cell arrangement, such as using a sponge matrix [28]. Many of 

the succeeding investigations also focused on developmental biology of amphibians and chick 

embryo [29–31]. In 1970s, MCTS were introduced in a seminal work by Robert Sutherland and 

colleagues [32]. Chinese hamster V79 cells, a widely used line to analyze DNA damage and repair, 

were assembled into spheroids to study radiation resistance in relation to spheroid diameter, central 

necrosis, and hypoxia [32]. In fact, most of the early applications of tumor spheroids were in 

radiobiology [33–35].  
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Figure 2.2. Development of spheroids as a tumor model throughout the years. (A) Timeline of the 

development of 3D culture systems along with some highlights of nanomaterials for oncological 

applications. (B) In the last decade the number of investigations utilizing 3D tumor models has 

drastically increased. Data (as of June 2019) were collected after a PubMed search using the 

following keywords: "three-dimensional cell culture” OR "3d cell culture” OR "tumor spheroid” OR 

"tumour spheroid” OR "multi-cell spheroid” OR "multicell spheroid” OR "multicellular tumor” OR 

"multicellular tumour”     

 

 

 Nowadays, the tissue-like properties of 3D tumor models are exploited to bridge the 

discrepancies in morphology, polarity, and gene expressions between 2D cell culture and in vivo 

models [23,36–38]. In particular, the integration of 3D tumor models into the preclinical research 

workflow may refine the selection of promising therapeutic candidates and promote their 

advancement to clinical trials and potential success in translation. Indeed, the likelihood of approval in 

clinical trials of novel anticancer compounds is one of the lowest among the different types of 

diseases [39,40]. For instance, 16 out of the 59 drugs approved by the U.S. Food and Drug 

Administration in 2018 were for oncological applications [41]. However, this is an extremely low 

amount compared to the number of candidate drugs both in clinical and preclinical stages [42]. This 

trend is associated with the crucial biological differences among 2D cell culture, animal models, and 

patients that cannot be simply assumed as negligible. At the same time, the establishment of 

alternative preclinical tumor models needs to consider the accessibility and applicability of the models 

to a wide variety of investigations. Taken together, these points have directed a lot of attention 

towards MCTS. 

 

2.2. Common methodologies for the preparation of 3D tumor models 

Nowadays, a standard 3D tumor model that reflects all the pathophysiological features of 

tumors and the TME has yet to be established. Furthermore, the intrinsic behavioral differences 

among cancer cell types require different preparation approaches, that have resulted in the 

establishment of several preparation and culturing methods [15,38,43]. In another perspective, the 

availability of a number of methods to prepare 3D tumor models can be viewed as an advantage, 

since certain procedures may work better with specific cell types, and researchers may adapt their 

protocols depending on the availability of materials and on the research purposes. 

In this section, some of the extensively implemented procedures to prepare 3D tumor models 

are described and compared. Each has its own set of advantages and disadvantages that needs to 

be considered upon utilization of the models (Figure 2.4). 
 

2.2.1. Acellular tumor models 

 Cell-free or acellular tumor models are simple, inexpensive, and versatile systems mainly 

prepared using natural and/or synthetic polymers. These models are usually constructed using agar 

and agarose because of the tissue-like mechanical properties, wide range of temperature stability, 
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ease of preparation, low absorption, and low turbidity of these materials [44–46]. Although 

oversimplified and devoid of actual cells, acellular models may include TME components that can 

affect a number of tumor dynamics and pharmacokinetics. Furthermore, they can be included within 

larger tissue-mimicking phantoms to resemble tumor embedment within normal tissue [47,48]. 

Supplements can also be added to simulate tissue optical properties include silica and fatty medium 

like Intralipid® as light scattering components, and ink or blood as optical absorbers [45,46].  

 Acellular tumor models have been especially applied for investigations on the influences of 

tissue volume in tumor imaging and therapeutics, as physical and chemical barriers may alter the 

efficiency of materials for diagnostic and/or therapeutic purposes [48–51]. Furthermore, these 

systems are useful for the evaluation of imaging procedures, and training of surgeons during 

technology translation [52,53]. Nevertheless, the oversimplification of disease representation limits the 

applications of acellular tumor models into studies concerning the physical and mechanical features of 

the tumors. Acellular models overlook the influence of several, interconnected, and complex biological 

dynamics, which are crucial in cancer pathophysiological development [47].  

 

2.2.2. Scaffold-free tumor models 

 The formation of spheroids depends on either the stimulation of proliferation of a single cell, 

or the ability of cells in suspension to self-assemble [54]. Most scaffold-free methods highly depend 

on the latter principle, wherein the self-assembly of cells is followed by the formation of intercellular 

junctions that stabilize the 3D construct [54]. It should be noted that not all cell types can form 

compact spheroids, as some appear as loose aggregates even after prolonged culture period [55,56]. 

Overall shapes may vary depending on cell types and culture conditions (Figure 2.3A) [15,57]. Shape 

irregularities may also be observed among spheroids of similar cell lines, but a "spheroidization time" 

may be needed to reduce this variability (Figure 2.3B) [58].  

 

 
Figure 2.3. Formation of spheroids from proliferation of single cell or self-assembly of cells in 

suspension. (A) Various cell lines may form different shapes when made into 3D constructs, such as 

some breast tumor cell lines shown to have round, mass, grape-like, and stellate overall shapes 

(green - F-actin; blue - nucleus; scale bars = 20 µm) [57]. (B) Cell aggregates may not immediately 
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form well-defined spheroidal shapes and may instead require a “spheroidization” time, as observed in 

A546 lung cancer cell line [58]. 

 

 

2.2.2.1. Ultra-low attachment and liquid overlay 

 Ultra-low attachment and liquid overlay techniques rely on reduced interaction between cells 

and culture surface, thereby forcing the cells to aggregate. Culture plates treated for low attachment 

or suspension cultures, or with modified surface shapes, are commercially available (e.g. Costar®, 

PrimeSurface®, Lipidure®-COAT). Otherwise, standard tissue culture plates can be coated with non-

adhesive substrates such as poly-hydroxyethyl methacrylate (poly-HEMA) [55,59], agarose [56,60], 

bovine serum albumin [61], and agar [62,63]. The coating solution can be deposited on multi-well 

plates, making liquid overlay method amendable for high-throughput screening and compatible with 

many multi-plate readers for analysis [56,60,64]. The technique is mainly limited by the formation of 

spheroids with high variability in sizes and shapes, which may require a pre-selection procedure prior 

to further employment. 

 

2.2.2.2. Agitation-induced systems 

 Agitation-induced approaches utilize spinner flasks, rotating bioreactors, and gyrators for 

large-scale production of 3D models [65–67]. The cell suspension remains in motion, preventing 

surface interaction of the cells [38]. Moreover, the constant motion can be modified to simulate 

physiological dynamics and the exchange of nutrients and metabolites in tumors. Interestingly, 

several of the earlier studies employing spheroids were actually generated using agitation-based 

techniques [32,33,68]. However, these methods require specialized equipment and generate 

spheroids with highly variable features. Furthermore, agitation-induced systems are useful only with 

cell aggregates that can withstand the shear force generated by the constant motion [38].  

 

2.2.2.3. Hanging drop method 

The hanging drop method generates MCTS by depositing droplets of cell suspension on the 

lid of culture plates. Upon inversion, the cells are forced to settle at the tip of the drops. It is one of the 

simplest techniques to form MCTS and co-cultures without the need for specialized materials [69]. 

Alternatively, some commercially-available products (e.g. Perfecta3D® and GravityPLUS™) have 

been designed to facilitate the deposition of cell suspension, moderate the formation of droplets, and 

ease the changing of culture medium [58]. This method can be employed on a variety of cell types but 

the formation efficiency depends on the inherent ability of cells to self-aggregate [70]. The generated 

spheroids have a narrow size distribution, which can be tuned by controlling the number of cells 

initially suspended in the droplets. Sterile phosphate-buffered saline (PBS) or water is added on the 

plate to prevent droplet dehydration. Long-term culture and changing of media are some of the 

challenges with this method. One strategy to overcome these issues is to transfer the MCTS to a non-

adhesive culture plate. However, this step can disturb the spheroids and may affect some features 

such as the shape. Overall, the hanging drop method is time consuming and tedious, as it requires 
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extensive liquid handling/pipetting. High-throughput developments that can be interfaced with 

automated liquid handling may drastically improve the advancement of this technique [71]. 

 

2.2.2.4. Magnetic particle-supported methods 

Magnet-mediated spheroid formation is an emerging technique where magnetic particles or 

beads facilitate cell aggregation in presence of an external magnetic field source [15]. It can be 

applied to various cell lines, especially to those that hardly self-aggregate. Furthermore, the magnetic 

particles allow easier spheroid collection and changing of medium with minimal disruption [72]. Iron 

oxide-based magnetic particles are commonly added to culture medium during pre-conditioning of the 

cells [73,74]. Spheroid formation depends on the number of cells that were able to internalize the 

particles. Hence, this method may result to formation of spheroids with different sizes. It should be 

considered that the magnetic particles might also cause alterations to cellular behaviors together with 

some cytotoxic effects, especially at high concentrations. These concerns, along with potential 

interference with drugs, should be pre-evaluated during drug development studies. Lastly, the 

magnetic beads can be expensive, which can also affect large-scale production of MCTS. 

 

2.2.3. Tumor models on fabricated materials 

 (Bio)material science and engineering have been instrumental in tissue culture and disease 

modeling, in the drive to improve in vitro cultures and consider the active role of the tissue or tumor 

microenvironment in (patho)physiological development [8]. Additionally, biocompatible materials are 

constructed, tailor-made, and utilized to further reinforce the formation of 3D constructs [15]. Nature-

derived and synthetic polymeric scaffolds are among the commonly devised materials for tissue 

culture [8,75], but microfabrication developments have led to the emergence of micropattern and 

microfluidic-based culture systems [76]. Furthermore, these materials aim to offer practical 

advantages in providing a high throughput of 3D tumor samples with similar features, and easing the 

handling of these models [76]. 

 

2.2.3.1. Scaffold-based systems 

 Aside from applications on tissue engineering and regenerative studies, cell cultures 

embedded in biocompatible scaffolds are also extensively utilized for 3D tumor modeling. Many of 

these scaffolds are composed of polymers with modifiable physical and mechanical properties. 

Meanwhile, ceramic scaffolds are also fabricated, mainly for studies on bone tumors [77]. 

 Scaffolds support 3D cell formation and promote the establishment of TME through the 

addition of growth factors, signaling molecules, and other ECM proteins [15,78]. Thus, they are 

suitable to finely investigate cell-TME interactions, as well as the influence of the TME on treatment 

efficiency. Scaffold-based technique allows large-scale MCTS production with reproducible features, 

which are ideal for high throughput studies [8]. Moreover, this technique may support an integrative 

approach, in which MCTS formed through other methods can be included within scaffolds [78]. 

However, scaffold-based systems are limited by the difficulty to recover the samples for further 
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evaluations, and the potential interferences of the scaffold materials with compounds under 

examination [78].  

 Polymers employed to construct scaffolds can be nature-derived or fully synthetic. Natural 

polymers such as collagen, fibrin, and Matrigel® are biocompatible and intrinsically contain significant 

ECM components, such as growth factors, laminin, collagen, and heparan sulfate [38,79]. The use of 

natural polymers is, however, constrained by batch-to-batch variability, immunogenic reactions, rapid 

degradation, and sub-optimal mechanical properties. Alternatively, scaffolds made from biocompatible 

synthetic polymers like polyethylene glycol, polycaprolactone, polylactic acid, and polyglycolic acid, 

can be fabricated with high reproducibility and control on the properties [75]. Furthermore, features 

such as swelling and permeability can be tuned to respond to physiological factors and facilitate 

cellular activities and drug pharmacokinetics [15]. Pre-made scaffolds are also commercially 

available, but usually at a quite expensive cost [38]. 

  

2.2.3.2. Microtechnology platforms 

 Advanced cleanroom fabrication techniques and equipment have led to the production of 

improved 3D models with more complex features that assimilate additional physiological factors [18]. 

For instance, microfluidic systems can incorporate flow dynamics that mimic vascularization and 

perfusion of metabolites, nutrients and wastes. They provide great control on spheroid formation, 

TME conditions, and metabolite gradients [76]. Microchannels allow easy handling of the system that 

also employs low volumes of liquids. Due to the versatility of this technique, several "Tumor-on-a-

chip" models compatible with various imaging methods have been developed [80–82]. Spheroids in 

microfluidic chambers can also be treated directly with molecules or nanoparticles of interest, in order 

to evaluate the subsequent molecular or nano-bio interactions in the context of transport processes 

[80–82]. Inert materials such as glass, silicon and polydimethylsiloxane are utilized to construct such 

devices [15]. Spheroid co-cultures can be prepared through a careful design of the channels to control 

the combination of cells [83,84]. Cell aggregation can also be induced by flow-mediated 

microencapsulation approach [85]. 

 Other microfabrication techniques for 3D models production rely on the use of molds to create 

patterns in substrates [86,87]. Constructed microwells have tailorable size and can support large-

scale production of 3D models with high size uniformity. Laminar flow systems can be integrated with 

culturing devices [88,89], demonstrating the efficiency and great potentials of microtechnologies 

towards a standardized, fully automated, and large-scale production of 3D tumor models. 

Nevertheless, these platforms are usually expensive, require specialized instruments for material 

fabrication, and spheroids can be difficult to recover for further analyses. In addition, the 

biocompatibility of the devices needs to be evaluated as the fabrication process and raw materials 

may cause cell behavior alterations. The incorporation of biocompatible materials like hydrogels and 

Matrigel directly in contact with cells may address this concern [86,87]. 

 

2.2.4. Tumor grafting on non-mammalian animal models  
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 Tumor grafting on non-mammalian animals is an approach for a more elaborate 

representation of neoplasms. Here, the inclusion of cancer cells in relevant non-mammalian models 

provides a complex biological system that considers different extracellular physiological components 

hardly reproducible in other synthetic 3D models. Non-mammalian vertebrates, such as zebrafish 

(Danio rerio), and chicken embryo (Gallus gallus) chorioallantoic membrane (CAM), are some 

alternative models that may overcome the cost, labor intensive, and ethical concerns in line with 

mammalian models [90].  

 Zebrafishes are mostly utilized for simple, rapid, and robust biosafety evaluations [91]. 

Fluorescent-labeled cancer cells are often employed to monitor metastasis, drug efficiency and side 

effects of therapeutics using optically transparent zebrafish embryos and larvae [92,93]. Meanwhile, 

CAMs are extensively used to investigate vascularization and angiogenesis. Recently, they have also 

been applied to drug pharmacokinetics, tumorigenesis, and cancer modeling studies [94]. Tumor 

grafting is usually performed by depositing cell suspension on the CAM surface [94,95]. Otherwise, 

avascular 3D tumor models such as MCTS can be separately grown prior to implantation [96]. A more 

elaborated discussion on tumor-grafted CAMs and their relevance in nanoparticle assessment studies 

is provided in Chapter 4. 

 

 

 
Figure 2.4. Variety of methods to prepare 3D tumor models. Each type has its respective advantages 

and limitations in terms of production and applications. The techniques have been classified into four 

categories: acellular (black heading), scaffold-free (red), models on fabricated materials (blue), and 

tumor grafting in non-mammalian vertebrates (green). 
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2.3. Standardized in-house protocol for the preparation of MCTS: hanging drop - orbital 

shaking method  

The following section was previously peer-reviewed and published in: Santi M., Mapanao 

A.K., Cappello V., and Voliani V. Production of 3D Tumor Models of Head and Neck 

Squamous Cell Carcinomas for Nanotheranostic Assessment. ACS Biomaterials Science & 

Engineering 2020 6 (9), 4862-4869. DOI: 10.1021/acsbiomaterials.0c00617. A.K. Mapanao 

contributed in optimizing the methods and preparing MCTS samples for ultrastructure 

analyses. 

 

 

 To carry out the investigations on the interactions of nanoparticles and 3D tumor models, and 

the assessment of NP efficiency for various oncological purposes, it was essential to establish a 

reliable and facile procedure for the reproducible generation of MCTS. The method detailed in the 

following combines a modified hanging method [97] with orbital shaking (Figure 2.5), which has been 

shown to improve the overall spheroidal shape of the 3D cultures (Figure 2.8) [98]. Moreover, the 

standardized in-house procedure has been applied to a variety of commercial cell lines: MiaPaCa-2, a 

pancreatic ductal adenocarcinoma (PDAC) line; SCC-25, a head and neck squamous cell carcinoma 

(HNSCC) line with human papilloma virus (HPV) negative status; and UPCI:SCC-154, another 

HNSCC line with HPV-positive status. While the general procedure remains consistent, minimal 

alterations were made to adapt to the intrinsic cell aggregating features of each cell line. 

 

 
Figure 2.5. Standardized in-house procedure for the generation of tumor spheroids. The spheroids 

utilized in various investigations on nano-bio interactions were prepared through a modified hanging 

method coupled with orbital shaking. 
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Figure 2.6. Comparisons between 2D cultures and spheroids of the different cell lines utilized in this 

thesis. Scale bars: Top - SCC-25 (20 µm); UPCI:SCC-154 (20 µm); MiaPaCa-2 (10 µm). Bottom - 

SCC-25 (20 µm); UPCI:SCC-154 (100 µm); MiaPaCa-2 (100 µm). 

 

 

2.3.1. Preparation of samples from 2D cell culture 

 Each cell line was first cultured in 2D using the respective specified media. SCC-25 cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 1:1 medium containing 1.2 g/L sodium 

bicarbonate, 2.5 mM L-glutamine, 15 mM HEPES, and 0.5 mM sodium pyruvate, and supplemented 

with 400 ng/mL hydrocortisone. Meanwhile, UPCI:SCC-154 and MiaPaCa-2 cells were maintained in 

DMEM high glucose (4.5 g/L) containing 4 mM of L-glutamine and 1 mM sodium pyruvate. Both 

media were supplemented with 100 U/mL Penicillin – 100 mg/mL Streptomycin (final concentration 

1x) and 10% fetal bovine serum (FBS). Cells were plated in 100 mm tissue culture-treated dishes, 

and maintained in the incubator with static stage, at 37 °C and 5% of CO2. 

Upon reaching 80 to 90% confluence, the medium was aspirated, and the cell monolayer was 

washed with sterile phosphate-buffered saline (PBS). The cells were then incubated with 2 to 3 mL of 

0.5% Trypsin-EDTA for maximum 15 minutes. The plates were also occasionally lightly tapped to 

induce the detachment of cells. Once detached, 5 mL of complete culture medium was added to the 

plates to deactivate Trypsin-EDTA. The cell suspension was placed in a sterile 15-mL conical tube, 

which was spun at 200 x g for 5 minutes. The supernatant was removed, and the cell pellet was 

resuspended in 2 mL of complete culture medium. Once homogenized, 10 µL of cell suspension was 

mixed with 10 µL of Trypan blue to count the cells using Countess cell counter system or manually 

using a hemocytometer. 

 

2.3.2. Hanging drop method  
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Using the cell count values, the cell density was adjusted to 1 x106 cells/mL for SCC-25 and 

MiaPaCa-2, and 2 x106 cells/mL for UPCI:SCC-154. Then, droplets (10 µL) of the cell suspension 

were deposited on the inner surface of a petri dish lid. The chamber was filled with PBS to prevent the 

drops from dehydration during incubation. The lid was flipped, and the samples were placed in the 

static incubator set at 37 °C and 5% CO2 (Figure 2.7A). 

 

2.3.3. Cell aggregate transfer and agitation-induced spheroid formation 

After 3 days in incubation, the aggregated cells that settled at the tip of the drops were 

carefully transferred to another non-tissue cultured-treated petri dish (100 mm) filled with culture 

medium (Figures 2.7B and C). The dish was placed inside an incubator set at 37°C and 5% CO2 and 

equipped with orbital shaker set at 70 rpm. The spheroids were then ready for subsequent 

experimentations after 24 h (Figures 2.7D and E) or even up to 2 weeks in the case of MiaPaCa-2 

(Figure 2.7F). HNSCC spheroids have diameters that range from 200 to 400 µm, while MiaPaCa-2 

spheroids have wider range of diameters from 650 µm to 1mm, with an average of 950 µm. 

 

 
Figure 2.7. Formation of the spheroids following the detailed protocol. (A) Droplets of cell suspension 

were deposited on the inner lid of petri dishes filled with sterile PBS. (B) After 3 days, the cells 

(MiaPaCa-2) aggregate at the tip of the drops, with each spheroid appearing as a white dot. (C) They 

were carefully transferred to another petri dish containing cell culture medium. The dish was then 

placed in an incubator with orbital shaker to facilitate the spheroid formation (D for SCC-25, E for 

UPCI:SCC-154, and F for MiaPaCa-2; scale bars = 100 µm). 
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Transferring the cell aggregates from the droplets to a plate placed on the orbital shaker 

assists in the formation of the spheroids. This step also facilitates the establishment of gradient of cell 

(population) density, which is apparent from the contrast between the peripheral and central regions 

(Figures 2.8A and B). In some cases, cell aggregates incubated on a static stage remain as flat 

sheet of cells (Figure 2.8C). The shaking also prevents aggressively adherent cells from attaching on 

the petri dish, which was observed with MiaPaCa-2 cells (Figure 2.8D). 

 

 
Figure 2.8. Agitation-facilitated spheroid formation. Orbital shaking facilitates the formation of 

spheroids as apparent differences in morphologies were observed between the cell aggregates kept 

in an incubator with static stage (A) and with orbital shaker (B). Cell aggregates may also remain as 

flat sheet if kept on a static stage (C) and without cell density gradient (indicated by the darker core in 

B). Furthermore, the constant shaking prevents aggressively adherent cells from attaching to the 

surface of the petri dish (D). Scale bars = 200 µm. 

 

 

2.4. Spheroids ultrastructure analysis through transmission electron microscopy 

 Characterizing the constructed 3D tumor models is fundamental to demonstrate their validity 

as disease models and to identify features that can influence their interaction with drugs or 

nanomaterials. This information can be further used in conceptualizing materials and approaches for 

increased functional efficiency. In this regard, the spheroids prepared from various cell lines were 

imaged under transmission electron microscope (TEM) to observe their respective ultrastructure and 

compare it with their corresponding monolayer counterparts.  

Comparable morphologies were observed between the TEM ultrastructures of 2D and 3D 

MiaPaCa-2 culture systems (Figures 2.9A and B). Furthermore, tight junctions were noted in the 

spheroids, which interconnected the cells within the 3D construct (Figures 2.9C and D). The cells in 

the spheroids were viable even if signs of mild hypoxia were observed [99]. 
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Figure 2.9. Ultrastructure of MiaPaCa-2 cell cultures. MiaPaCa-2 cells cultured in 2D (A) and 3D (B) 

were observed to have comparable morphologies under low magnification TEM. The viability of the 

cells in the 3D models was further confirmed at higher magnifications (C and D), in which the 

ultrastructures also demonstrated the presence of early (box and inset in C) and mature (box and 

inset in D) tight junctions. Inset scale bars = 50 nm. 

 

 

Meanwhile, the cell monolayers of SCC-25 and UPCI:SCC-154 were observed to have a high 

number of microvilli, which formed tight junctions in corresponding spheroids (Figure 2.10). Both 3D 

HNSCCs were composed of cells with varied states of viability. Between the two HNSCC cell lines, 

SCC-25 formed more compact spheroids characterized by proliferating cells in the periphery of the 3D 

structures and necrotic cells in the inner layer. Intercellular junctions were also pronounced (Figure 

2.10C inset). In contrast, the less compact UPCI:SCC-154 spheroids had an internal empty cavity, 

resulting in a “sandwich-like” cell layer arrangement. There were four layers identified from the TEM 

analysis of UPCI:SCC-154 spheroids. The first two from the periphery were composed of viable cells, 

while the succeeding inner layer was comprised of necrotic cells. Finally, the innermost layer was 

again with viable cells. This information was also inferred from the poor staining of the sample from 

the third layer in Figure 2.11C. Dense matrices were also found to surround both 3D HNSCC tumor 

models. Interestingly, the images also revealed the presence of HPV in UPCI:SCC-154 in both culture 

types (Figures 2.11A and B) [98,100]. 
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Figure 2.10. Ultrastructure of HNSCC lines with different HPV statuses. The ultrastructure of 2D cell 

cultures of SCC-25 (A) and UPCI:SCC-154 (B) were compared to their corresponding 3D constructs 

(C – SCC-25; D – UPCI:SCC-154). The boxed regions in A and C, and inset in C refer to cell 

junctions. Scale bars: 500 nm (inset: 100 nm). Legends: N - Nuclei; M - Mitochondria; GA - Golgi 

Apparatus; Cy - cytoskeleton; Js - cell junction. 
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Figure 2.11. Ultrastructural characterization of 2D and 3D UPCI-SCC-154. TEM images of 

UPCI:SCC-154 2D cell culture (A) and spheroid (B) confirmed the presence of the virus (white 

arrows) inside the cells. A poorly stained section of UPCI:SCC-154 spheroid was seen, inferring 

that the comprising cells have different viability conditions (C). In particular, layer 2 was 

composed of live cells, while layer 3 contained cells with necrotic features. 

 

 

 In summary, the complexity of tumor biology and imperative limitations associated with the 

use of conventional cell and animal tumor models have prompted the increasing implementation of 3D 

tumor models. The demand for reliable and accessible preclinical models is further driven by the need 

for a more accurate examination of nanomaterials. In line with this, a protocol for the preparation of 

3D cell cultures derived from PDAC and HNSCC cell lines was optimized and standardized for 

subsequent evaluations of nano-bio interactions and nanomaterial efficiency. The constructed 

spheroids possess more complex features compared to cell monolayers, such as the presence of 

tight junctions and heterogeneous viability. These models represent an excellent starting point for new 

treatment evaluations in oncology. 
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3. NANOPARTICLE ASSESSMENT STUDIES PERFORMED ON 
TUMOR SPHEROIDS 
 

 

 The increasing number of novel platforms aiming to improve cancer diagnosis and therapy 

intensifies the need for qualified preclinical tumor models. Nanomaterial (NM)-based imaging and 

treatment systems are among the leading innovative technologies, which gained further 

considerations following the approval for clinical use of Caelyx® (doxorubicin liposomal formulation; 

also known as Doxil® in the US), Abraxane® (albumin-bound paclitaxel approved for breast cancer, 

non-small cell lung cancer, and pancreatic cancer), Onivyde® (liposomal formulation of irinotecan for 

pancreatic cancer), and other nano-formulations of known approved anticancer agents [1,2]. 

Nowadays, nanoparticles (NPs) are mainly developed to facilitate the delivery of already approved or 

experimental therapeutics, and to mitigate off-site adverse effects [3,4]. 

It is undeniable that the rapid development and growing numbers of NMs for healthcare and 

disease management is paradoxically faced with their low and slow translation to clinics [5]. The poor 

clinical translation can be pointed to an interplay of biological, technical, and study design challenges 

[4]. One step towards addressing this issue, at least at a small scale and at the preclinical stage, 

could be the improvement of cell-based biological models. The enhanced representation of the 

physiological features and behaviors of tumors through these models can be used in selecting NMs 

with higher medical potential and relevance, as well as in evaluating nano-bio interactions following 

customization and modifications in NM design for better clinical performance.   

This chapter presents the studies performed on multicellular spheroids to evaluate NPs 

designed for oncological applications. In particular, the spheroids prepared through the standardized 

in-house protocol (Section 2.3) were employed to investigate the consequent biological effects of NP 

surface functionalization and NP-facilitated monomodal and combined therapies. Although not 

presented in this thesis, tumor spheroids may also be utilized to analyze NMs designed for tumor 

imaging [6,7] (Figure 3.1). Before going through these nano-oncological investigations, a brief 

overview on the ultrasmall-in-nano architectures employed in the studies is provided. 
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Figure 3.1. Diverse utility of tumor spheroids in NM assessment studies. These analyses include the 

evaluation of consequent biological effects of modifications in the NM physicochemical properties, 

assessments in drug delivery, advanced imaging, and light-mediated therapies such as photothermal 

and photodynamic therapies [8]. 

 

 

3.1. The ultrasmall-in-nano approach 

 Metal-based nanomaterials are of interest specifically for a variety of conventional and 

innovative oncological treatment modalities [9]. Gold nanoparticles (AuNPs), for example, may 

facilitate radiotherapy as a sensitizer [10–13] or aid in drug delivery by acting as therapeutic 

vector/agent [14–17]. Furthermore, AuNPs are explored as mediators for emerging treatment 

modalities, e.g. photothermal therapy (PTT), thanks to their peculiar optical feature, the localized 

surface plasmon resonance (LSPR), which can lead to a localized increase in temperature following 

light absorption [14]. Additionally, the optical properties and high atomic number of gold have 

prompted investigations on the utility of AuNPs as contrast agents for a number of imaging 

techniques, such as in photoacoustic technology and X-ray computed tomography [18–20]. Functional 

features may also be combined to create a nanosystem that can simultaneously image and treat the 

tumor (diagnosis and therapy; theranostics) and/or control various tumor-promoting mechanisms 

through synergistic or additive therapies. Tailoring the efficiency of AuNPs entails modifications on 

their physical properties, which consequently affects their biophysical behaviors. For instance, to 

compatibly work with near infrared (NIR) lasers and reach deeper sites in tissues, larger gold 

nanospheres or anisotropic gold NPs such as nanorods and nanostars are employed since their 

LSPRs are shifted to longer wavelengths [21–23]. These features may consequently raise concerns 

on biosafety and cause prolonged persistence: points that primarily restrict the applications of AuNPs 
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to humans. Indeed, there are no AuNP-based platforms currently available as therapeutics for cancer 

management. The FDA has approved just one gold nanomaterial for genetic diagnosis (Verigene®), 

and few other have reached clinical trials (e.g. AuroLase for PTT and Aurimune for AuNP-facilitated 

delivery of recombinant human tumor necrosis factor-α) [15,23–26]. 

 The ultrasmall-in-nano design offers an alternative approach to combine function and 

biocompatibility, while avoiding prolonged persistence of metal NP component. The design 

recognizes that functional efficiency and safety are inseparable conditions for nanomaterial clinical 

translation. In this regard, our group conceived and developed the ultrasmall-in-nano design to 

construct nano-architectures (NAs) with diameters between 100 to 150 nm. These nanomaterials are 

composed of silica nanoshells that enclose polymeric aggregates of gold ultrasmall nanoparticles 

(USNPs) of about 3 nm in diameter (Figure 3.2).  

 

 
Figure 3.2. The ultrasmall-in-nano design and components of the nano-architectures (NAs). PL: 

poly(L-Lysine); TEOS: tetraethyl orthosilicate; EtOH: ethanol. 

 

 

NAs have a variety of features well described in literature, and each component serve specific 

purposes. As mentioned, the gold USNPs can be exploited for light-mediated applications like PTT 

[27,28]. Meanwhile, poly(L-lysine) (PL) can be chemically linked to a small molecule, such as a 

cisplatin prodrug [28–30], which provides an alternative and safer form of cisplatin [31]. The 

associated chemotherapeutic action involves an endogenous activation of the prodrug through its 

reduction from Pt (IV) to Pt (II) oxidation states facilitated by intracellular thiols like glutathione. 

Alternatively, the polymer can be linked to a fluorophore for fluorescence or enhanced photoacoustic 

imaging [32,33]. Finally, the silica shell preserves the core components until its degradation, and 

provides an easily modifiable surface for applications like targeted delivery [32]. The silica shell has 

also been utilized to enhance ultrasound (US) signals for imaging purposes [20].     
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In terms of biocompatibility and safety, the biodegradation of NAs has been investigated in 

various physiological fluids and cell types, including in full serum [34], human plasma [33], pancreatic 

ductal adenocarcinoma [29], and head and neck squamous cell carcinoma cell lines (Figure 3.3). The 

nano-architectures fully disassemble and (bio)degrade within 24 h in physiological fluids and 48 h in 

human cancer cells. The (bio)degradation process begins with the erosion of the silica nanoshell, and 

finally reduces NAs into their building blocks, i.e. silicic acid, polymers, and gold USNPs. Moreover, 

biokinetic studies have been performed to analyze the safety, persistence, and excretion behaviors of 

the gold USNPs [35–37]. Further findings on the biokinetic experiments are discussed in Chapter 5. 
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Figure 3.3. Biodegradation of NAs. Electron microscopy images demonstrate the biodegradation of 

standard NAs in full serum (A; scale bar: 200nm) [34], human plasma (B) [33], and cancer cell lines 

(C)  SCC-25 (scale bars: 500 nm; 50 nm in the inset), UPCI:SCC-154 (scale bars: 500 nm; 50 nm in 

the inset), and MiaPaCa-2 (Scale bars: 50 nm) [29]. The images, especially the inset with the cells, 

collectively illustrate the degradation process beginning with the erosion of the silica nanoshell, 

followed by the release of the inner components (i.e. the gold USNPs, polymers, and if present, the 

drug or fluorophore core load). 

 

 

3.2. NAs tumor accumulation and penetration 

Nanomaterial tumor penetration is an important factor for functional efficiency and tumor 

management [38]. Tumor penetration studies are inherently common using MCTS, taking advantage 

of the cellular spatial arrangement and intercellular junctions. In this respect, tumor penetration and 

accumulation of NAs in SCC-25, UPCI:SCC-154, and MiaPaCa-2 spheroids were evaluated using a 

dye-modified type of NAs (NAs-647). Here, the fluorophore AlexaFluor-647 was covalently linked to 

poly(L-Lysine) to facilitate tumor tracking along with fluorescent organelle markers Hoechst 33342 

and CellMask green to stain the nuclei and cell membranes, respectively. The spheroids were 

incubated with NAs-647 for 2 h, and then carefully washed with PBS. The incubation period was 

sufficient enough to detect signals from NAs-647 under a confocal microscope, but not so much that 

may result to an overestimated nano-bio exposure and interactions. The spheroids were then 

monitored for 72 h (Figure 3.8). 

For all the cell lines used, the nano-architectures were mainly observed within the periphery 

of the spheroids at the first time point (0 h) (Figures 3.4, 3.5, and 3.6). This was more apparent from 

the orthogonal views re-constructed from zeta stack images (Figures 3.4C, 3.5C, and 3.6C). 

Furthermore, NAs-647 remained outside the cells and on the cell membrane. Note that confocal 

imaging of NMs within tumor spheroids is restricted by the thickness of the samples. The montage 

sequence of images (Figures 3.4D, 3.5D, and 3.6D) further demonstrates this limitation, with the 

appearance of dark central regions in the deeper planes. These planes are near the core of the 

spheroids, where the light penetration was hindered by the part of the spheroid closer to the bottom of 

the cell chamber. Hence, image slices nearer to the surface of the chamber (towards the end of the 

montage) better show the cells in the middle area. Importantly, these dark regions do not correspond 

to an empty or acellular hole within the 3D construct, as demonstrated by the TEM ultrastructure 

analysis (Figures 2.9, 2.10, and 2.11). 
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Figure 3.4. Confocal images of SCC-25 spheroid taken immediately after incubation with NAs-647. 

(A) Cells were labeled with Hoechst 33342 and CellMask green to distinguish the nuclei and cell 

membranes, respectively. Panels from left to right: nuclei (blue), cell membranes (green), NAs-647 

(red), RBG merge, RBG and bright-field image merge; scale bars = 20 µm. (B) Zoomed-in images of 

a region of the spheroid better illustrate the localization of NAs-647 on the cell membrane (scale bars 
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= 20 µm). (C) Orthogonal view further highlights the presence of NAs-647 at the periphery of the 

spheroid (scale bar = 20 µm). (D) A series of images was taken at every z-axis distance of 3.24 µm. 

Initial images were taken from a higher section of the spheroid towards the plane nearest to bottom of 

the cell imaging well/chamber (scale bar = 20 µm).  
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Figure 3.5. Confocal images of UPCI:SCC-154 spheroid taken after incubation with NAs-647. (A) 

Panels from left to right: nuclei (blue), cell membranes (green), NAs-647 (red), RBG merge, RBG and 

bright-field image merge; scale bars = 20 µm. (B) Zoomed-in image of a region of the spheroid (scale 

bars = 20 µm). (C) Orthogonal view further highlight the presence of NAs-647 within the periphery of 

the spheroid (scale bar = 20 µm). (D) Series of images taken every z-axis distance of 2.99 µm (scale 

bar = 20 µm).  

 

 

 MiaPaCa-2 cells formed the largest spheroids among the three cell lines used. Their sizes 

also caused some difficulties in imaging, not only in terms of the dark central regions, but also due to 

a larger size proportion between the spheroids (diameter near to mm range) and NAs-647 (diameter 

in 100 nm range). Thus, viewing a whole spheroid would appear to have low material accumulation 

and emission from NAs-647 (Figure 3.6A), but zoomed-in images proved otherwise (Figure 3.6B). 

The cells in MiaPaCa-2 spheroids also appeared to be coarser and looser compared to HNSCC 

spheroids (Figure 2.6). 
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Figure 3.6. Confocal images of MiaPaCa-2 spheroid incubated with NAs-647. (A) Panels from left to 

right: nuclei (blue), cell membranes (green), NAs-647 (red), RBG merge, RBG and bright-field image 

merge; scale bars = 100 µm. (B) Zoomed-in image of a region of the spheroid (scale bars = 20 µm). 

(C) Orthogonal view further highlighting the presence of NAs-647 within the periphery (scale bar = 

100 µm). (D) Series of images taken every z-axis distance of 5.67 µm (scale bar = 100 µm).  

 

 

 The images taken at the initial time point showed NAs-647 as red dots with low emission 

intensity. It should be noted that the nano-architectures remained intact at time point 0 h and the 

fluorophore was within a close proximity to the plasmonic gold USNPs, which could elicit a quenching 

effect. Increased signals from NAs-647 were detected at 24 h, in which co-localization with the green 
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cell membrane marker was also more pronounced (Figure 3.7). Moreover, the increased emission 

intensity continued to be observed in the succeeding time points (Figure 3.8), which coincided with 

the timeline for NAs degradation. NAs disassembly caused the fluorophore to be away from the 

surface of the gold USNP and even released from NAs, resulting in a weaker quenching effect [29].  

 

 
 
Figure 3.7. NAs accumulation in the spheroids 24 h post-incubation. Zoomed-in confocal images 

(top) and orthogonal view (bottom) of SCC-25, UPCI:SCC-154, and MiaPaCa-2 spheroids 24 h after 

incubation with NAs-647 illustrate the increased emission intensity from the fluorophore. Nuclei (blue), 

cell membranes (green), NAs-647 (red), Scale bars: top images = 20 µm; bottom images = 20 µm for 

SCC25 and UPCI:SCC-154, and 100 µm for MiaPaCa-2. 
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Figure 3.8. Confocal images of SCC-25, UPCI:SCC-154, and MiaPaCa-2 spheroids at different time 

points after incubation with NAs-647 confirm the accumulation and penetration of the nano-

architectures. Nuclei (blue), cell membranes (green), NAs-647 (red), Scale bars = 20 µm for SCC-25 

and UPCI:SCC-154; 100 µm for MiaPaCa-2. 

 

 

 To summarize, the spatial arrangement and increased dimensionality of tumor spheroids 

were exploited to investigate intratumoral NAs penetration. It was confirmed that the nanoparticles 

were able to accumulate on the spheroids even just after 2 hours of incubation. While the initial 

imaging time point demonstrated the localization of NAs-647 on the tumor periphery, the nano-

architectures were able to penetrate within the tumor mass and the fluorescence emission remained 
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detectable until 72 h post-incubation. The study was constrained by the limitations in the chosen 

imaging modality, as a consequence of the dimensionality of the spheroid. In effect, the actual depth 

of intratumoral penetration of NAs-647 remained undetermined. Putting forward this objective would 

require the use of other imaging techniques, such as light sheet confocal microscopy or transmission 

electron microscopy [39,40]. 

 

 

3.3. Surface modification evaluation on pancreatic ductal adenocarcinoma (MiaPaCa-2) 

spheroids 

The following section was previously peer-reviewed and reported in: Mapanao A.K., Santi 

M., Faraci P., Cappello V., Cassano D., and Voliani V. Endogenously Triggerable 

Ultrasmall-in-Nano Architectures: Targeting Assessment on 3D Pancreatic Carcinoma 

Spheroids. ACS Omega 2018 3, 11796-11801. DOI: 10.1021/acsomega.8b01719. A.K. 

Mapanao optimized the surface functionalization procedure, synthesized and characterized 

the NAs, prepared tumor spheroid samples, performed the cellular experiments and data 

analysis. 

 

Nanomaterials have generally demonstrated an intrinsic ability to passively accumulate in a 

number of neoplasms due to the enhanced permeability and retention (EPR) effect [14,41]. First 

introduced by Maeda and colleagues in 1980s, the EPR effect results from the deregulated 

angiogenesis needed to support tumor formation, which leads to abnormal formation of 

hyperpermeable blood vessels. The fenestrations in the endothelial linings are exploited for 

nanomaterial localization near the tumor cells [42]. Nonetheless, an increasing number of 

investigations have challenged the concept of the EPR, its occurrence in patients, and its efficiency, 

as it may not accurately represent the more intricate biological dynamics in humans [41–43]. Thus, 

despite some drawbacks including complex post-processing procedures, additional production cost, 

and uncertain improvements in efficiency, a number of targeting agents have been developed and 

conjugated to NMs [44–46]. One concern with the addition of targeting moieties to NMs is the 

adsorption of proteins on their surface while in the blood-stream, leading to the formation of the 

protein corona and masking the selectivity of the targeting group [47,48]. Whereas the adsorption of 

proteins is inevitable, their orientation and composition can be modulated such that moieties attached 

to NMs may still recognize its target (e.g. a specific cell receptor or a circulating biomolecule) [49]. 

In this study, the surface modifiable silica nanoshell of NAs was functionalized with a 

customized protein corona-modulating peptide through a click-chemistry reaction. The employed 

peptide is referred to as Tf2 (sequence: CGGGHKYLRW) and binds with transferrin available in blood 

circulation (Kd=0.90 ± 0.25 µM) [49]. Thus, the peptide can be used to target cells overexpressing the 

transferrin receptor, such as some types of pancreatic ductal adenocarcinoma (PDAC) [50,51]. The 

conjugation of Tf2 to NAs therefore leads to an endogenously facilitated accumulation of the NMs in 

MiaPaCa-2 PDAC cell line (Figure 3.9), as described below. 
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Figure 3.9. Graphic representation of the peptide-mediated targeting approach. The surface of NAs 

was conjugated with a peptide (Tf2) that is recognized by transferrin. Altogether, the transferrin-bound 

NAs-Tf2 enter the cell through the transferrin receptors. The chemical structure of the surface linker 

(silane-PEG-maleimide) is given in the lower left box.  

 

 

 Dye-modified NAs with the polymeric core functionalized with AlexaFluor-647 was utilized to 

track the nanomaterials within the 3D cell constructs. As expected, the extinction spectrum of NAs-

647 clearly showed the bands due to the fluorophore (~660 nm) and to the LSPR of the gold USNPs 

(~530 nm). In contrast, only the absorbance at LSPR wavelength of gold USNPs was observed with 

standard NAs (Figure 3.10A). Then, NAs-647 was reacted with the surface linker silane-poly(ethylene 

glycol)-maleimide to incorporate a thiol reactive group on the surface of the NPs, and to utilize the 

benefits of PEGylation in modulating protein adsorption [52]. Finally, Tf2 was conjugated to the NAs 

via click chemistry, using the thiol of the cysteine amino acid in the N-terminus of the peptide and the 

maleimide tail of the linker. Potentially free maleimide groups after the peptide conjugation was 

blocked through the addition of glutathione (GSH).  

The zeta potential values after modifications confirmed the chemical alterations on the 

surface of NAs-647, in which an increase from -21.3 ± 0.6 mV to -7.23 ± 0.41 mV was observed after 

the addition of the linker and Tf2 peptide (Figure 3.10B). Glutathione blocking slightly decreased the 

zeta-potential to -8.09 ± 0.53 mV, validating the presence of some free maleimide groups after the 

reaction with Tf2, with which GSH subsequently reacted. Meanwhile, the TEM images of the different 

nanomaterials verified that the employed surface modification procedures did not affect the 

morphology of the NAs. Hence, NAs, NAs-647, and NAs-647-Tf2/GSH maintained the “passion fruit-

like” arrangement (Figure 3.10E). The size distribution for NAs-647 and NAs-647-Tf2 were plotted 

using the TEM images (Figures 3.10C and D), and both nanoparticles fall within the dimensions 
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observed with other types of NAs. In particular, NAs-647-Tf2 has an average diameter of 113.9 ± 22.7 

nm. 

	

 
Figure 3.10. Characterization of NAs-647-Tf2 and comparison with other types of NAs. (A) 

Background/scattering subtracted UV-Vis spectra of NA (continuous black line) and NAs-647 (red 

dashed line) display the extinction of both materials at ~530 nm, and also at 660 nm for NAs-647. (B) 

Alterations in the zeta potential measurements indicated the changing features on the surface of NAs. 

Data are reported as mean ± standard deviation of five consecutive measurements. The size 

distribution of NAs-647 (C) and NAs-647-Tf2 (D) was determined by measuring at least 100 particles 
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from electron microscopy images. (E) TEM micrographs illustrate the comparable morphology of the 

various NAs. Scale bars = 50 nm. 

 

 

To further validate the functionalization procedure, the maleimide-thiol reaction was also 

performed using a thiol-containing Atto-425 fluorophore (NAs-647-SH-Atto425) to check for 

colocalization with AlexaFluor-647 that was loaded in the core of the NAs. Another Atto-425 dye 

instead with n-hydroxysuccinimide (NHS) ester functional group was made to go through the similar 

surface functionalization procedure (NAs-647/Atto425-NHS ester), and served as a negative control. 

This step was performed as the components of NAs may interfere with direct confirmation of Tf2-

maleimide attachment using analytical instruments. Confocal images after incubation of MiaPaCa-2 

spheroids with the nanomaterials confirmed the better colocalization of NAs-647 with the thiol-

containing Atto-425 (Figure 3.11). The images taken with NAs-647-SH-Atto425 also had a higher 

Pearson’s coefficient, an indicator of the degree of colocalization, with an average of 0.39 ± 0.09, 

while NAs-647/Atto425-NHS ester had 0.12 ± 0.04. 

 

 
Figure 3.11. Colocalization of NAs-647 and Atto-425 examined on MiaPaCa-2 spheroids. Better NAs-

647 colocalization was observed with Atto-425-SH compared to Atto-425-NHS ester. While the signal 

from Atto-425 on the top panels was attributed to the maleimide-thiol conjugation on the surface of 

NAs-647, the much lower presence of Atto-425 in the bottom panels could be due to the adsorption of 

dye molecules on the silica nanoshell. The dye could also be easily released from the NP surface, 

and internalized through a different route. Scale bars = 10 µm. Colocalization and Pearson’s 

coefficient were evaluated using Olympus FluoView FV1000 software. 
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 The accumulation of NAs-647 and NAs-647-Tf2 were evaluated qualitatively and 

quantitatively after MiaPaCa-2 spheroids were exposed to the nanomaterials for 2 h. After the 

incubation, the spheroids were washed with PBS prior to subsequent analyses in order to avoid over-

exposure and to remove excess NAs-647 or NAs-647-Tf2 that did not interact with the cells. Confocal 

images were collected on 4 time points from 0 to 72 h post-incubation (Figure 3.12A).  

At 0 h, dot-like signals were detected from both NAs-647 and NAs-647-Tf2, which were 

similarly found on the cell membranes (Figure 3.12A inset). The images taken at 24 h showed both 

NAs types to be more aggregated and colocalized with the cell membrane. Nonetheless, no 

qualitative differences on the targeting efficiency were distinguished in presence or absence of the Tf2 

peptide.  

 As discussed in Section 3.2, the increased emission intensity of NAs-647 (with and without 

Tf2) at the longer time points correlate to the disassembly of the nano-architectures. This resulted to 

the fluorophore being in a farther distance from the plasmonic gold USNPs, weakening the quenching 

effect. This observation was further supported by the decreasing amounts of gold quantified from the 

spheroids through inductively coupled plasma-mass spectrometry (ICP-MS) (Figure 3.12B). The 

imaging quality from confocal microscopy was limited by sample thickness and instead presented a 

more qualitative assessment of the NAs tumor accumulation. Therefore, analytical instruments such 

as ICP-MS provided complementary data to demonstrate the differences in tumor accumulation and 

retention between NAs-647 and NAs-647-Tf2. The recorded ICP-MS measurements were normalized 

for both the amount of gold present in NAs-647 or NAs-647-Tf2 during the initial incubation, and the 

total protein content of the spheroids. Double normalization was performed in order to rule out any 

error during the preparation of NAs for spheroid incubation and the differences in the cell populations 

within the 3D constructs. With these considerations, the accumulation and internalization were found 

to be about 1.5 times higher in spheroids incubated with NAs-647-Tf2. The difference between the 

two nanomaterials were significant until 24 h post-incubation (p < 0.05), and can be attributed to 

interaction of the cells and the intact NAs-647(-Tf2). The amount of gold detected on the subsequent 

time points depended on the initial nano-bio interaction. In effect, the higher gold detection in NAs-

647-Tf2-treated spheroids was observed until the last time point considered, and the trend for both 

types of NAs were similarly decreasing. This means that the peptide did not significantly alter other 

nano-bio interactions between the cells and the gold USNPs, while affected the extent of 

internalization as initially desired with the material design. It is noteworthy that the efficiency of the 

peptide-mediated delivery relies on the presence of transferrin. Thus, the targeting action of NAs-647-

Tf2 was limited by the presence of transferrin in the medium, which is lower compared to the amount 

present in human blood. In particular, serum-supplemented culture medium (with 10% FBS) contains 

approximately 2.26 µM transferrin, while the physiological concentration in human blood may reach 

35 µM [49,53]. Nevertheless, it was opted not to alter the concentration of transferrin in the culture 

medium for this experiment in order to avoid the competition in internalization between transferrin 

molecules and transferrin-bound NAs-647-Tf2. 
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Figure 3.12. Accumulation of the nanoparticles on MiaPaCa-2 spheroids. (A) Confocal images 

demonstrate the accumulation of NAs-647 and NAs-647-Tf2 on MiaPaCa-2 spheroids after 2 h 

incubation. The images were taken at various post-incubation time points, in which the fluorescence 

signal of AlexaFluor-647 continued to be detected up to 72 h. The nuclei were stained with Hoechst 

33342 and the plasma membrane with CellMask green. The red, blue, and green signals respectively 

correspond to NAs-647(-Tf2), nuclei, and membranes.  Inset: zoomed-in image of a single cell within 

the spheroid. Scale bars = 20 µm. (B) Normalized amounts of gold detected in spheroids incubated 

with NAs-647 (black) and NAs-647-Tf2 (gray) were taken to quantitatively assess the amounts of NPs 

present on the tumor models.  The results are reported as mean ± standard deviation of 3 sets of 

samples per condition, with each set containing 4-6 spheroids. Two-way ANOVA (Šidak’s multiple 

comparisons test); *p < 0.05 

 

 

In summary, the efficiency of surface targeting moiety functionalization and nano-bio 

interaction of the peptide-conjugated NAs-647-Tf2 were qualitatively and quantitatively evaluated on 

pancreatic carcinoma spheroids. Confocal microscopy images confirmed the intratumoral 

accumulation, penetration, and internalization of both targeted and non-targeted NAs after 2 hours of 

incubation. Furthermore, increased accumulation and cell internalization were measured on spheroids 

incubated with NAs-647-Tf2. In general, the surface functionalization might not have generated a 

substantial difference in the targeting efficiency of NAs, but had resulted in a considerable, albeit 

minimal, increase in tumor accumulation and internalization in PDAC spheroids. This protein corona 

modulation and peptide functionalization approaches can be considered to improve NM 

internalization, despite the concerns with targeting moiety conjugation in terms of additional 

procedures and cost. Another important aspect emphasized in this study was the validity of 

multicellular tumor spheroids in evaluating NMs features. The increased complexity of the biological 

system proved that translating a sound principle might not be as straightforward as it looks. Indeed, 

tumor penetration was an obstacle that was further intensified with the addition of the surface linker 

and the peptide. The minute increase in tumor accumulation and internalization in presence of the 

peptide could then be sufficiently justified by the presence of additional surface ligands that 

increasingly hampered the intratumoral diffusion of NAs-647-Tf2. In another perspective, reaching the 

cells in tumor periphery may be adequate especially in targeting these highly viable and metabolically 

active cells (a condition that requires for transferrin) [51]. 

 

 

3.4. Nanotherapeutic assessment on head and neck squamous cell carcinoma spheroids 
The following subsection was previously peer-reviewed and reported in: Mapanao A.K., 

Santi M., and Voliani V. Combined Chemo-Photothermal Treatment of Three-Dimensional 

Head and Neck Squamous Cell Carcinomas by Gold Nano-Architectures. J. Colloid 

Interface Sci. 2021 582, 1003-1011. DOI: 10.1016/j.jcis.2020.08.059. A.K. Mapanao 
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synthesized and characterized the NAs, prepared tumor spheroid samples, performed the 

cellular experiments and data analysis. 

 

Head and neck cancers is a group of epithelial malignancies, which are mostly squamous cell 

carcinomas localized in the oral and nasal cavities, paranasal sinuses, salivary glands, pharynx, and 

larynx [54]. The Global Cancer Statistics in 2018 reported around 890,000 new cases and 450,000 

deaths for head and neck cancers, making it the seventh most common type of cancer worldwide 

[55,56]. Long term and excessive tobacco smoking, alcohol drinking, and betel quid chewing are 

some of the associated risk factors for head and neck squamous cell carcinomas (HNSCCs) [54]. 

Other cases attribute the etiology of HNSCCs to human papillomavirus (HPV), especially in 

oropharyngeal cancers [57,58]. The presence of HPV has been noted to affect the prognosis of the 

disease, with more favorable outcomes observed on HPV-positive HNSCC patients [59,60]. The exact 

biological mechanisms behind the difference in treatment responses are still being elucidated, but the 

presence of viral oncoproteins and the consequent immune response they trigger are some of the 

hypothesized causes [61]. Additionally, mutation-free tumor suppressor genes or proteins in HPV-

positive cases are proposed to recover their antitumoral functions upon treatment-induced inhibition of 

the viral oncoproteins [62], as also observed in HPV-positive cervical tumors [63].  

 The current standards of care for HNSCC patients include surgery, radiotherapy, and 

chemotherapy [55,64]. The latter modality commonly employs platinum-based chemotherapeutics, 

which unfortunately cause severe dose-limiting toxicities, including nephrotoxicity, gastrointestinal 

toxicity, and neurotoxicity [55,65]. While various therapeutic platforms are available, oral malignancies 

continue to have severe morbidity with less than 50% long-term survival despite the advancement in 

the available therapies [66]. The management of neoplastic diseases needs to consider not only the 

treatment of the tumor but also the preservation of the structures and functions of the organ [67]. 

Thus, there is a persisting and increasing demand for less invasive approaches or combined 

therapeutics to establish more efficient strategies towards HNSCCs treatment. In this regard, 

hyperthermia (HT), which relies on the increase in temperature to cause biological effects, is one of 

the promising (neo)adjuvant treatments in clinical oncology [68,69]. Despite the technical variations 

on the definition of HT, temperature increase to 40-45°C usually results in treatment sensitization and 

apoptotic cellular impairments, while temperature increase above 45°C (thermal ablation) may cause 

direct and irreparable cell damages leading to necrosis [70,71]. Thermal ablation using AuroLase™ 

gold nanoshells is a front-runner inorganic nanoparticle-based HT system that has been evaluated in 

clinical trials for head and neck (ClinicalTrials.gov ID: NCT00848042), lung (ID: NCT01679470), and 

prostate cancers (ID: NCT02680535). Although irradiation of the gold nanoshells may increase the 

local tumor temperature up to 60-70°C, the temperature within normal tissues can also be raised to 

about 49°C, which may cause concerns on tissue conservation [72–74]. In contrast, mild HT alone 

may lead to low toxicity, while an improved effect has been observed if combined with radiation and/or 

chemotherapy [70]. The increase in temperature acts as sensitizer because it may change the 

pharmacokinetic behavior of chemotherapeutics, alter the permeability and stability of the cell 

membrane, increase the oxygenation of tissues, and interfere with tumor recovery mechanisms, such 
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as DNA repair [69,70]. Combined therapies can also be strategically devised to address the 

heterogeneity of the tumors and microenvironments, thereby hampering different cancer-promoting 

mechanisms. Furthermore, HT co-treatments may diminish the adverse side effects associated with 

chemo- and radiotherapy through the administration of lower drug concentration or irradiation dose 

[75,76]. Nonetheless, there are still crucial limitations to address in HT-combined therapies, among 

these are the localization of the treatment in order to protect the healthy tissues and the development 

of agents that can execute synergistic actions.  

 This section presents the first multifunctional type of NAs fabricated for synergistic chemo-

photothermal therapy (tNAs-cisPt). The nano-architectures comprise an endogenously double 

controlled cisplatin prodrug for chemotherapy together with narrow near-infrared (NIR)-absorbing gold 

USNPs for mild hyperthermia via photothermal (PT) effect. While previous studies focused on 

monomodal chemotherapy or photothermal therapy (PTT) using the types of NAs respectively 

referred to as NAs-cisPt and tNAs [27,29,30], the present investigation takes advantage of the 

practical features of both the functionalized polymeric matrix and gold USNPs to generate a localized 

and combined antitumor action. The efficacy of tNAs-cisPt was assessed on SCC-25 and UPCI:SCC-

154 tumor spheroids.  

 Multifunctional ultrasmall-in-nano gold architectures (tNAs-cisPt) were prepared by combining 

the standard procedures to produce prodrug-loaded NAs (NAs-cisPt) and photothermal NIR-

responsive NAs (tNAs) (Figure 3.13A) [27,29]. The possibility to adapt and combine the protocols 

further strengthens the versatility of the methods to prepare the different types of NAs. Briefly, a fast 

reduction of gold in aqueous solution through the addition of sodium borohydride resulted in the 

formation of gold USNPs, which were coated with poly(sodium 4-styrene sulfonate) (PSS). 

Dimercaptostilbene (DMSB) was added to partially aggregate the USNPs for tNAs and tNAs-cisPt. 

Electrostatic interaction between the anionic gold USNPs and poly(L-lysine) (PL) allowed the 

controlled formation of aggregates. Finally, the polymeric arrays of gold USNPs served as a template 

for the silica shell formation through a modified Stöber process. The entire procedure has been fully 

standardized to obtain NAs with diameters between 100 and 150 nm [77] (Table 3.1).  
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Figure 3.13. Synthesis and features of tNAs-cisPt. (A) Cisplatin prodrug-loaded NIR-responsive 

nano-architecture (tNAs-cisPt) was fabricated through minute alterations in the synthesis protocols of 

its precursor types of NAs for monomodal therapies. The structure of the cisplatin prodrug is shown in 

the rightmost corner. (B) A wide area TEM image of tNAs-cisPt demonstrates its ultrasmall-in-nano 

design. Inset: The zoomed-in image further shows the passion fruit-like morphology of the 

nanomaterial. Scale bars = 100 nm. (C) Background/scattering subtracted UV-Vis spectra of the 

different types of NAs highlight the small, but significant NIR absorption of the photothermal-

responsive tNas(-cisPt). (D) Changes in temperature were recorded after irradiation of a cuvette 

containing a solution of NAs-cisPt (◼ ︎), tNAs-cisPt (▲), or water only (●) by a pulsed laser operating at 

808 nm and 3W. Data are reported as mean ± standard deviation of 3 independent synthesis 

products.  

 

 

 Transmission electron microscopy images confirmed the passion fruit-like morphology of 

tNAs-cisPt, with an average diameter of 112.1 ± 21.0 nm (Figures 3.13B). These also demonstrated 

that the combination of the two protocols did not affect the final structure of the nano-architectures, in 

comparison with other NAs varieties (Table 3.1). The metal loading of tNAs-cisPt was quantified 

through ICP-MS per weight of freeze-dried nanoparticles (%w/w), resulting to 4.8 ± 1.2% gold and 1.6 

± 0.5% platinum. These results were analogous to NAs-cisPt, which contains 4.9% gold and 1.4% 

platinum [29]. Moreover, tNAs and tNAs-cisPt have comparable UV-Vis absorbance spectra, 

characterized by the redshift of the first LSPR of gold from 530 nm to 570 nm with respect to standard 

NAs or NAs-cisPt (Figure 3.13C) [27]. The shift was attributed to the gold USNPs arranged in close 

proximity in presence of DMSB, which also led to the appearance of a second plasmon band in the 

NIR region at around 810 nm. Irradiation of 1.5 mg/mL aqueous solution of tNAs-cisPt (corresponding 

to approximately 75 µg Au) at the NIR plasmon band using an 808 nm pulsed laser for 6 minutes 
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resulted to a temperature increase of 9.3°C ± 0.7°C (Figure 3.13D). Lower increases in temperature 

after irradiation of NAs-cisPt and standard NAs were also observed, which was potentially due to 

excitation at the tail end of the LSPR [27]. Overall, the material characterizations demonstrated that 

tNAs-cisPt shared both the prodrug-loading capacity of NAs-cisPt and the PT features of tNAs (Table 
3.1) [27,29].  

 

 

Table 3.1. Comparison of the principal features of the different types of nano-architectures  

 
 
  
 
 
 
 
 
 

 
‡ mean ± standard deviation (at least N = 4), with the nanoparticles in phosphate-buffered saline (pH 7.4) 
 TEM scale bars = 50 nm 
 
 

 

The PT activity of tNAs has been previously assessed on MiaPaCa-2 pancreatic 

adenocarcinoma cells and exhibited good ability to induce cells death [27]. To check for analogous 

antitumor effects of tNAs on different neoplasms, the similar 2D photothermal set-up was examined 

on SCC-25 (HNSCC HPV-negative) and UPCI:SCC-154 (HNSCC HPV-positive) cell monolayers. 

Both cell lines were treated with the same amount of nanoparticles (30 µg of standard NAs or tNAs) 

for 2 h, which the cells internalized without causing deteriorating effects on the viability in absence of 

irradiation (Figure 3.14) [30]. The cells managed to stay viable after incubation with tNAs, and 

continued to proliferate with respect to the initial time point. No statistical differences were noted 

across the different tNAs concentrations and the control at a fixed time point.  

 

 Standard NAs NAs-cisPt tNAs tNAs-cisPt  

Average diameter by 
TEM count (nm) 

98.0 ± 19.0 122.4 ± 16.3 124.3 ± 23.0 112.1 ± 21.0 

Zeta potential‡ (mV) -20.6 ± 0.4 -19.6 ± 0.6 -17.2 ± 1.1 -19.4 ± 1.6  

Hydrodynamic 
diameter‡ (nm) 

203.1 ± 1.9 227.1 ± 0.7 227.8 ± 4.0  230.8 ± 2.6  

Wavelength of 
maximum 
absorbance (nm) 

530 530 570  
~ 810 

570  
~810 

Metal loading 
(%w/w) 

Au = 4.5 Au = 4.9 
Pt = 1.4 

Au = 3.8 Au = 4.8 
Pt = 1.6 

References [35] [29,30] [27] [28] 
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Figure 3.14. Cell viability of 2D SCC-25 and UPCI:SCC-154 after 2 h incubation with increasing 

amount of tNAs (non-irradiated). Relative viability was evaluated with respect to the viability of the 

untreated controls (medium) at 0 h time point (set as 100%). The results are reported as mean ± 

standard deviation (N = 3 spheroids). Among the treatments, statistical differences were only 

observed between the spheroids treated with the medium and dimethyl sulfoxide (DMSO; negative 

control). Two-way ANOVA (Dunnett’s multiple comparisons test). *p < 0.05; ***p < 0.0005.  
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Before laser irradiation, the cell nuclei were stained with Hoechst 33342 and fluorescent 

markers calcein and propidium iodide (PI) were added to the cell culture dish to qualitatively 

distinguish live and dead cells, respectively (Figure 3.15). A region of interest (ROI) was scanned 

using a pixel dwell time of 40 ms per pixel for 225 s employing a pulsed laser with an output power of 

17 mW (Scanned area: 57 x 57 µm). These parameters allowed the use of maximum power without 

inducing cell death in the control (cells not treated with any type of NAs). Indeed, no significant 

cytotoxicity was observed in the controls for both cell lines after irradiation, and the dimming of green 

fluorescence in the irradiated areas was likely due to calcein bleaching (Figure 3.15, upper panels). 

Standard NAs induced a slightly cytotoxic PT effect, as a result of a milder increase in temperature 

(Figure 3.15, central panels). On the other hand, irradiated tNAs induced greater cytotoxicity with 

the substantial increase in cell internalization of PI, a nuclear fluorescent marker that intercalates with 

the DNA once it passes through the damaged cell membrane of a dead cell (Figure 3.15, lower 
panels) [78].  

 

 
Figure 3.15. Photothermal effect of tNAs on 2D HNSCCs. Confocal images of (A) SCC-25 and (B) 

UPCI:SCC-154 cells treated with standard NAs and tNAs demonstrate the pronounced cell damaging 

effect of the tNAs after irradiation with 808 nm pulsed laser. Yellow dashed squares depict the 

irradiated ROIs (57 x 57 µm). Blue, green and red colors represent Hoechst 33342, calcein and 

propidium iodide, respectively. Scale bars = 10 µm. 
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For the combined therapy, the HNSCC spheroids were incubated with two types of nano-

architectures (tNAs and tNAs-cisPt) at a fixed amount of gold (5 µg), consequently with approximately 

13 µM of cisplatin for tNAs-cisPt. The amount of gold was comparable to the previous investigation on 

monomodal PT effect of tNAs evaluated on 3D MiaPaCa-2 models [27]. Furthermore, gold quantity 

was also used to standardize the different treatment set-ups, as it was commonly present in all types 

of NAs, and can be accurately quantified by ICP-MS. Meanwhile, the amount of cisplatin was within 

the concentration range previously investigated for monomodal chemotherapy of HNSCCs [30]. Mild 

hyperthermia through PT effect was induced using an 808-nm portable CW-laser module set at 300 

mW cm-2 irradiance. Double irradiation was performed to reinforce the PT-induced cytotoxic outcomes 

(Figure 3.16A and C), credits to the resistance of tNAs to repeated PT cycles [27]. This is one of the 

advantageous features that differentiates tNAs from other potentially persistent gold nanoparticles for 

PTT, such as nanorods, which reshape during irradiation and cannot be employed for repeated PT 

sessions [79]. The effect of the treatments on cell viability was evaluated through quantification of 

adenosine triphosphate (ATP) using CellTiter-Glo 3D® and compared with the untreated spheroids. 

CellTiter-Glo 3D® works through a luciferase reaction, in which the ATP released after the lysis of live 

cells react with luciferin substrate and catalyzed by luciferase, both present in the product mixture 

[80]. A commercial product was preferred over measurement of size changes since the diameters or 

volumes of these HNSCCs spheroids do not significantly change once formed and treated [30]. In our 

set-up, non-irradiated tNAs (tNAs-OFF) and non-irradiated tNAs-cisPt (tNAs-cisPt-OFF) were the 

respective controls for the potential toxicity of the nano-architectures (or their building blocks) and 

chemotherapy alone.  

 

 
 

Figure 3.16. Preliminary screening of the treatment conditions. (A) The viability of SCC-25 spheroids 

treated with tNAs (5 µg Au) and subjected to different irradiation settings (irradiance, irradiation time, 
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and number of exposure) was monitored to initially assess the conditions prior to the assessment of 

tNAs-cisPt. The plotted results are reported with respect to the viability of non-irradiated untreated 

spheroids (control) at Day 0. Data are reported as mean ± standard error of at least 4 spheroids. (B) 

The effect of double irradiation (20 minutes each) at 300 mW cm-2 in absence of any type of NAs was 

monitored following the viability of exposed UPCI:SCC-154 spheroids. Values were evaluated as ratio 

with respect to the viability of the non-irradiated untreated spheroids of the corresponding time points. 

Data are reported as mean ± standard error of five spheroids. (C) The finalized time course study 

included a 2-hour incubation of the spheroids with tNAs or tNAs-cisPt (5 µg Au), followed by two 

irradiation treatments performed at 1h and 8h post-incubation. The viability of the cells in the 

spheroids was measured until 72 h post-incubation.  

 

 

The early effects of the treatments (Figure 3.17) were recorded 8 h after the incubation of the 

spheroids with the nano-architectures (and corresponding to 2h after the second irradiation; Figure 

3.16C). Indeed, nanomaterial degradation has already partially commenced at this time, thereby 

exposing a fraction of the cisplatin prodrug inside the viable cells [29]. It is proposed that upon 

(bio)degradation of (t)NAs-cisPt, the prodrug is endogenously activated through interaction with 

intracellular thiols such as glutathione, which assist the reduction of platinum from Pt (IV) to the 

chemotherapeutic active Pt (II) oxidation state [29,31,81]. This double safety feature of the controlled 

release and activation of the drug may reduce the adverse systemic side effects associated with the 

use of cisplatin (free) solution in chemotherapy [30,65]. As expected, tNAs-OFF did not cause any 

significant cytotoxic effects for both cell lines. No substantial differences on SCC-25 viability were 

observed among combined chemo-photothermal therapy (tNAs-cisPt-ON; 93.0 ± 2.1%), PTT (tNAs-

ON; 94.7 ± 5.2%), and chemotherapy alone (tNAs-cisPt-OFF; 95.0 ± 1.5%). In contrast, more evident 

effects were observed on UPCI:SCC-154 spheroids. The combined treatment (tNAs-cisPt-ON) 

significantly reduced the cell viability to 78.3 ± 1.2% with respect to chemotherapy (89.0 ± 6.0%) or 

PTT (109.3 ± 5.0%) alone. The value recorded for chemotherapy alone (tNAs-cisPt-OFF) was 

potentially due to initial prodrug release and activation. In agreement with our previous investigations, 

the slightly higher sensitivity of UPCI:SCC-154 spheroids to the cisplatin prodrug with respect to SCC-

25 models was confirmed [30]. It is also interesting to note the high relative viability of UPCI:SCC-154 

spheroids treated with tNAS-ON, which was not observed on SCC-25 spheroids. This phenomenon 

may have resulted from an increased ATP production of the cells in response to the hyperthermal 

stress. 
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Figure 3.17. Initial treatment effects. The viability of SCC-25 and UPCI:SCC-154 spheroids subjected 

to different NAs-mediated treatments were first measured 8 h after nanoparticle incubation. The 

values are reported relative to the viability of the non-irradiated untreated spheroids (control). All data 

are reported as mean ± standard error of three independent experiments, with at least three 

spheroids per condition. One-way ANOVA with Dunnett’s test, **p < 0.005. 

 

 

Late effects of the treatments were evaluated at time points 24, 48, and 72 h after the 

incubation with the nano-architectures (Figure 3.18). All the viability data were normalized to the 

untreated spheroids at 24 h. In general, a minor decrease in the viability of the untreated (controls) 

and tNAs-OFF treated spheroids for both cell lines was observed on the later time points. This can be 

attributed to the maturation of the spheroids, in which a dense extracellular matrix restricts the 

distribution of nutrients and oxygen supply. In effect, the cells in the inner layers of the tumor mass 

become less metabolically active and enter quiescent and necrotic states [82,83]. Nevertheless, the 

intrinsic viability decrease was less pronounced compared to the effects of the treatments. For SCC-

25 spheroids, no significant differences were detected at 24 h while slight decreases have been 

observed with tNAs-cisPt-OFF (77.3 ± 2.3%) and tNAs-cisPt-ON (84.0 ± 8.7%) at 48 h. At this time 

point, the nano-architectures have already disassembled into the building blocks and released all the 

available prodrug molecules, which may have been activated and ultimately affected the cell viability. 

Further decreases in viability were observed at 72 h and a slight, but not statistically significant, 

reduction for tNAs-cisPt-ON treated spheroids was recorded. On the other hand, a significant viability 

reduction to 74.0 ± 4.0% was recorded at 24 h for UPCI:SCC-154 spheroids treated with the tNAs-

cisPt-ON. At 48 h and 72 h, comparable viabilities were verified between tNAs-cisPt-ON and tNAs-

cisPt-OFF, again possibly due to the complete release and activation of the prodrug. Moreover, a 

slight decrease in viability was also observed for the tNAs-ON treatment when compared to the 

control and to tNAs-OFF, while no significant changes in cell viability were recorded on the controls 

irradiated in the absence of nano-architectures (Figure 3.16B). Overall, the long term effects of the 

nano-architectures on the viability of UPCI:SCC-154 spheroids can be mainly attributed to the 

potential activation of cisplatin prodrug, while PTT transiently potentiates the chemotherapeutic effect 
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at the earlier time points. Furthermore, these results reaffirm the enhanced treatment response of 

HPV-associated HNSCCs, compared to HPV-negative. 

 

 
Figure 3.18. Late treatment effects. The viability of SCC-25 and UPCI:SCC-154 spheroids subjected 

to different NAs-mediated treatments were followed at later post-incubation time points (24, 48, and 

72 h). The values measured were evaluated with respect to the viability of non-irradiated untreated 

spheroids at 24 h (Control – 24h). All data are reported as mean ± standard error of three 

independent experiments, with at least three spheroids per treatment/control. One-way ANOVA with 

Dunnett’s test, **p < 0.005; ***p < 0.0005. 

 

 

In summary, the first multifunctional nano-architecture (tNAs-cisPt) for combined 

chemotherapy and PTT was synthesized and added to the list of NAs varieties. Its antitumor efficacy 

was assessed on 3D models of head and neck squamous cell carcinomas cell lines with different 

HPV status. The chemo-PTT features of tNAs-cisPt resulted from the joint presence of an 

endogenously double controlled cisplatin prodrug and narrow near infrared-absorbing gold ultrasmall 

nanoparticles within a single nano-architecture. While a minimal enhancement in antitumor effects 

was observed on SCC-25 spheroids, the viability of UPCI:SCC-154 spheroids was more substantially 

affected after the treatment with irradiated tNAs-cisPt. The addition of PTT to the release and 

activation of the cisplatin prodrug caused reduction in cell viability evident at the early timeframe after 

nanoparticle incubation. Interestingly, the difference in treatment outcomes between the two cell lines 

coincides with the clinical observations regarding the better therapeutic response of HPV-associated 

HNSCC patients [59,60].  

 Compared to the previously evaluated monomodal nano-architectures, tNAs-cisPt may 

provide a localized combined antitumor action. Additionally, due to the presence of similar chemical 

building blocks, the (bio)degradation and excretion behaviors of tNAs-cisPt are expected to be 

comparable with non-persistent standard NAs (Chapter 5) [29,35], thereby increasing its potential 

clinical relevance. Altogether, this study paves the way for the continuous development of translatable 
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multifunctional systems following the ultrasmall-in-nano design for combined therapeutic applications, 

such as photodynamic therapy-PTT and chemo-radiotherapy. 

 

	

Materials and Methods 

 

*Nanomaterial Synthesis Procedures and Characterization 

Synthesis of Dye-modified Poly(L-Lysine) 

Poly(L-lysine) hydrobromide (15-30 kDa) was dissolved in milliQ water to a final concentration 

of 20 mg/mL. From this stock solution, 150 µL was added with AlexaFluor 647-NHS ester (200 µg) in 

phosphate-buffered saline (200 µL). The solution was stirred overnight at room temperature and used 

without further purification. 

 

Preparation of Cisplatin Prodrug-Modified Poly(L-Lysine) 

 The cisplatin prodrug c,t,c-[PtCl2(NH3)2(OH)(O2CCH2CH2CO2H)] was synthesized as specified 

elsewhere [29,31], and was covalently linked to poly(L-lysine) as follows: 12 mg of the prodrug was 

dissolved in phosphate-buffered saline (PBS 1X, pH 7.4, 100 µL) and mixed for 20 minutes with 

freshly made solution of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-

Hydroxysuccinimide (NHS) prepared in PBS (100 µL) (25 mg EDC/15 mg NHS). Then, 750 µL of 

aqueous solution of poly(L-lysine) (PL; 15-30 kDa; 30 mg) was added and the resulting solution was 

incubated while shaking (700 rpm) overnight at room temperature. The product (PL-cisPt) was 

recovered using Amicon 10 kDa centrifugal filter and washed thrice with milliQ water. The product 

was finally resuspended in 1 mL milliQ water and stored at -20°C until needed. 

 

Synthesis of Gold Ultrasmall Nanoparticles and Polymeric Arrays 

 Gold USNPs with diameter of approximately 3 nm were prepared by adding 200 µL of 

aqueous solution of tetrachloroauric (III) acid (HAuCl4; Alfa Aesar, ACS 99.99% metal basis; stock: 10 

mg/mL) and 10 µL poly(sodium 4-styrene sulfonate) (PSS; 70 kDa; 30% aqueous solution) to 20 mL 

of milliQ water. While vigorously stirring, 200 µL of sodium borohydride (stock: 8 mg/mL) was quickly 

added. The solution continued to stir vigorously for 2 minutes and was aged for another 10 minutes. 

For tNAs-cisPt, partial aggregation was facilitated by adding 200 µL of freshly prepared 4,4'-

dimercaptostilbene (DMSB; stock 1 mg/mL in dimethylformamide) and the solution was further 

incubated for 10 minutes. Then, 200 µL of dye-modified PL for NAs-647 or 165 µL of PL-cisPt for 

tNAs-cisPt was added to the solution containing the gold USNPs. The solution was incubated for 

another 20 minutes. Finally, the Au polymeric arrays were collected by centrifugation at 16873 x g for 

3 minutes, then resuspended in milliQ water (2 mL) [27].  

 

Synthesis of Nano-Architectures  

 Silica shell was grown in the periphery of Au polymeric arrays through a modified Stöber 

process. Two 50-mL tubes were filled each with 35 mL of ethanol, 1.2 mL ammonia solution (Merck, 
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32%), 20 µL tetraethyl orthosilicate, and 1 mL of the Au polymeric arrays. The solution was incubated 

with moderate shaking for 3 hours. The resulting nano-architectures (NAs-647 with the dye-modified 

PL or tNAs-cisPt with the prodrug-conjugated PL) were collected by centrifugation at 3220 x g for 30 

minutes. The supernatant was discarded, and the resulting product was washed by resuspension in 

ethanol and sonication. After centrifugation at 16873 x g for 3 minutes, the washing was discarded, 

and another series of wash-sonicate-centrifuge was performed. Then, short spin (15 seconds or until 

rotational speed reaches 16873 x g) was done to remove larger NAs. Finally, the supernatant was 

again spun at 16873 x g for 3 minutes to collect the final tNAs-cisPt, which was then resuspended and 

stored in ethanol (1 mL). For the synthesis of NAs-cisPt and tNAs, the readers may refer to Santi et 

al. 2020 [30] and Cassano et al. 2019 [27], respectively.  

 

Surface Modification and Functionalization of NAs-647  

NAs-647 (1x synthesis product approximately weighing 1.5 mg) was added to ethanol (5 mL) 

with silane - polyethylene glycol - maleimide linker (1mL, 400µg/mL). The volume was adjusted to 10 

mL using ethanol, and the solution was stirred vigorously for 15 minutes. The particles were 

recovered by centrifugation at 16873 x g for 5 minutes and washed with ethanol twice. Then, particles 

were resuspended in HEPES buffer (1.25 mL, 20 mM, pH 7.2) and sonicated. The Tf2 peptide was 

prepared as reported elsewhere [49]. The peptide (250 µL, 400 µg/mL in HEPES buffer) was added 

and the solution was stirred for 2 hours. L-glutathione (500 µL, 200 µg/mL in HEPES buffer) was then 

added to the solution to react with the excess of maleimide groups. The reaction was stirred for 

another hour. NAs-647-Tf2 was recovered by centrifugation at 16873 x g for 3 minutes. Particles were 

washed twice in ethanol. The final product was stored in ethanol to maintain sterility and sonicated for 

5 minutes. 

The method for surface functionalization was confirmed by using a thiolated fluorophore (Atto-

425-SH) instead of the Tf2 peptide. After the reaction of NAs-647 with the silane-PEG-maleimide 

linker, the particles were resuspended in HEPES buffer, sonicated, and reacted with Atto-425-SH (0.1 

µg) for 2 hours, under constant shaking. As a negative control, the linker-conjugated NAs-647 was 

reacted with Atto-425-NHS (0.1 µg). Similarly, L-glutathione was added to react with excess 

maleimide groups. The product was collected after centrifugation at 16873 x g for 3 minutes, washed 

twice and stored in ethanol in the dark.  

 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) Measurements 

 An aliquot of the nano-architectures was placed in pressure vessel and dissolved in freshly 

prepared aqua regia (3:1 molar ratio of ICP-MS grade hydrochloric acid and nitric acid). For NAs-

647(-Tf2) investigation, cell lysates and pellets were combined and also dissolved in freshly made 

aqua regia. The sealed vessels were placed in CEM Discover SP-D for further digestion under 

microwave irradiation (200°C/15 minutes). The digested samples were then diluted with ICP-MS 

grade water and the final volume was adjusted to 5 mL. The amounts of elemental gold and platinum 

were determined after analysis on ICP-MS Agilent 7700, using standard calibration curves.  
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UV-Vis Spectrophotometry 

 An aliquot of the nano-architectures was resuspended in PBS (1x), sonicated, and placed in a 

quartz cuvette with 1.5 mm path length. The absorption spectra were obtained using a Jasco V-550 

double-beam spectrophotometer. 

 

Dynamic Light Scattering (DLS) and Zeta Potential Measurements 

 The hydrodynamic diameter and zeta potential measurements were performed using a 

Malvern Zetasizer nano ZS90 by following the manufacturer instructions. Nano-architectures 

(approximately 150 µg) were resuspended in 1 mL PBS (pH 7.4), sonicated for 3 minutes, and 

analyzed with a scattering angle of 90°. Zeta potential measurements were taken using DTS 1070 

standard capillary cells. Each value reported is the average of at least four consecutive 

measurements. 

 

Electron Microscopy  

 Transmission electron microscopy images were taken using ZEISS Libra 120, operated at 

120 kV accelerating voltage. The nano-architectures were homogenized by sonication and 5 µL was 

deposited to a 300-mesh carbon-coated copper grid and allowed to dry. 

 

Photothermal Effect Assessment 

 The photothermal features of the nano-architectures were evaluated by placing the water-

suspended samples (tNAs-cisPt and NAs-cisPt) in a cuvette. While stirring, the sample was irradiated 

with a pulsed laser operating at pulse duration of 75 fs, 808 nm, 3 W (Chameleon Vision II, Coherent, 

Santa Clara, CA, USA). The temperature was measured using a thermocouple placed inside the 

cuvette and recorded every 20 seconds for a total of 6 minutes. For PT conversion assessment of 

tNAs, the reader is referred to Cassano et al. 2019 [27]. 

 

*Biological Experiments for the Evaluation of Surface Functionalization (Section 3.3) 

MiaPaCa-2 Spheroids Incubation in NAs-647(-Tf2) Suspension 

In a 500 µL plastic vial, 200 uL of NAs-647 or NAs-647-Tf2 stored in ethanol was added. The 

particles were collected by centrifugation, resuspended in complete medium (200 µL; Section 2.3.1), 

and sonicated for 5 minutes. NAs were then added to a 2 mL plastic vial containing 800 µL of 

complete medium and the 3D models, which were transferred using 1 mL pipet tips. The vials were 

incubated for 2 hours at 37°C and 5% CO2. After this, the spheroids were washed with PBS twice. All 

3D models were transferred to a 35 mm non-treated culture dish with 3 mL complete medium. The 

spheroids evaluated on different time points were taken from the same culture dish. 

 

Confocal Microscopy  

In a 2 mL plastic vial, 4 to 6 cell constructs were collected using 1 mL pipet tips. The 

spheroids were settled and washed in PBS. While in 100 uL of PBS, Hoechst 33342 (Invitrogen; 80 

µg/mL) and CellMask Green Plasma Membrane Stain (Invitrogen; 10 µg/mL) were added, and the 



	

 63 

samples were incubated at 37°C and 5% CO2 for 15 minutes. Afterwards, the spheroids were washed 

twice with PBS, transferred to a LabTek 8-well chambered coverglass, and added with a 1:1 solution 

of 70% glycerol and FBS. Imaging was performed on Olympus FV1000 inverted confocal laser 

scanning microscope equipped with a thermostat chamber set at 37°C and 5%CO2. Lasers for 

excitation were 405, 488, and 633 nm for Hoechst 33342, CellMask Green, and NAs-647(-Tf2), 

respectively.   Imaging was done 0, 24, 48, and 72 hours after incubation. All images were analyzed 

using Fiji-ImageJ software version 1.51s. 

 

Bradford Assay 

In a 2 mL plastic vial, 4 to 6 cell constructs were collected using 1 mL pipet tips. The 

spheroids were settled and washed three times with cold PBS. For the final washing, the spheroids 

were centrifuged at 16873 x g, 4°C for 10 minutes. The supernatant was removed, and the spheroids 

were added with 50 µL of lysis buffer. Samples were agitated for 1 hour. The lysates were separated 

by centrifugation at 16873 x g, 4°C for 10 minutes. Bradford assay samples were prepared in 1:5 

dilution of the lysates in PBS. The pellets and excess lysate samples were saved for gold 

quantification. Calibration curve was prepared using bovine serum albumin standards. Samples, 

calibration solution, and blank (3 µL) were placed on 96-well plates and 150 µL of Bradford assay 

solution (Thermo Fisher Scientific) was added. The plate was incubated for 10 minutes at room 

temperature, and absorbance at 595 nm was recorded. 

 

*Cellular experiments for the combined therapy evaluation (Section 3.4) 

Viability Effect of tNAs on 2D Cell Cultures 

 The effects of tNAs on cell viability were evaluated on 2D cell cultures of SCC-25 and 

UPCI:SCC-154 using a tetrazolium salt, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium, and mono- sodium salt (WST-8) assay (Dojindo Laboratories). The 

cells were seeded in a 96-well plate at a density of 1 x 104 cells per well. After 24 h, the cells were 

incubated with tNAs resuspended in complete medium for 2 h at 37°C. Afterwards, the tNAs solution 

was removed and the cells were washed twice with PBS and then added with fresh medium. For each 

experimental time points (0, 24, 48, and 72 h post-incubation with tNAs), the cells were incubated with 

WST-8 reagent (10 µL) and medium with 2% serum (90 µL) for 2 h. Absorbance at 450 nm was 

measured using a microplate reader (Glomax Discovery, Promega). The viability measurements are 

reported as percentage with respect to the control untreated cells at time point 0 h (100% viability). 

 

Photothermal Treatment and Viability Assessment on 2D HNSCC Cell Cultures 

 SCC-25 and UPCI:SCC-154 cell lines were seeded in glass-bottom Willco Dish (GWSt-3522) 

for 24 h to reach 80-90% of confluence. The next day both cell lines were treated with the same 

amount of standard NAs (i.e. nano-architectures neither loaded with prodrug nor NIR-responsive) or 

tNAs (30 µg of nanoparticles) for 2h at 37°C and 5% of CO2. Cell viability was monitored using 

calcein-AM and propidium iodide (PI) to identify live and dead cells, respectively. Before treatment, 

samples were treated for 15 minutes with calcein-AM (2 mM), PI (1 mM) and Hoechst 33342 for 
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nuclear staining. Irradiations were performed on Olympus FluoView FV1000 confocal microscope with 

a thermostat chamber and coupled with a femtosecond Ti:Sapphire laser (Chameleon Vision II, 

Coherent, Santa Clara, CA, USA). The laser beam was focused through a 60x, numerical aperture 

1.20, water immersion objective. All experiments were carried out at 37 °C and 5% CO2. The cells 

were visualized using a 405 nm diode laser to excite Hoechst, 488 nm Argon laser for excitation of 

calcein-AM and PI. The fluorescence emissions were collected with three detection channels, 410–

480 nm for Hoechst, 500–590 nm for calcein-AM, and 610–710 nm for PI. The acquisition process 

was composed of the collection of a first image at low magnification and a second one at higher 

magnification in the center of the irradiated area. Then, PT treatment was done at 808 nm using 17 

mW of power collecting sequential series of images. The area was scanned with a pixel dwell time of 

40 ms per pixel for 225 s. After the treatment, the cells were imaged again at low magnification. 

 

Incubation of HNSCC Spheroids with Nano-Architectures 

 Nano-architectures (tNAs and tNAs-cisPt) for spheroid incubation were prepared by taking a 

volume from the stock (in ethanol) corresponding to 5 µg of Au and placing it in a 1.5 mL plastic tube. 

The particles were collected by centrifugation at 16873 x g for 3 minutes and were resuspended in 

250 µL of cell culture medium. Meanwhile, 3D cells were collected and allowed to settle in a 2-mL 

plastic tube. Spheroids were washed with PBS and added with complete culture medium (250 µL). 

Finally, the solution containing the nano-architectures were added, and the spheroids were incubated 

for 2 hours at 37°C and 5% CO2. After incubation, 450 µL of solution was carefully removed and the 

spheroids were washed three times using PBS and placed in non-tissue culture treated dishes with 

complete culture medium. 

 

 Photothermal Treatment and Viability Assessment on 3D Cell Cultures 

 The spheroids incubated with tNAs or tNAs-cisPt were placed in a U-shaped non-cell culture 

treated 96 well plate (120 µL medium; 1 spheroid per well). The plate was placed under an 808 nm 

portable semiconductor diode laser set at irradiance value of 300 mW·cm-2 for 20 minutes, and then 

placed back inside the incubator. Six hours after incubation (i.e. after removing tNAs or tNAs-cisPt), 

the spheroids in the well plates were again irradiated using the same set-up. The viability of the 

spheroids was evaluated by measuring the adenosine triphosphate (ATP) content of the metabolically 

active cells using CellTiter-Glo® 3D (Promega). Viability was assessed at different time points (8, 24, 

48, and 72 hours post-incubation), and compared to the ATP content of the controls, i.e. untreated 

spheroids at time 8 h for early effect, and 24 h for long term. 
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4. NANOPARTICLE TESTING ON TUMOR-GRAFTED 
CHORIOALLANTOIC MEMBRANE 
 

 

 The inconsistent preclinical findings and more stringent regulations complying to the 3Rs 

principle of reduction, refinement, and replacement of animal models currently pose challenges in the 

development and clinical translation of innovative technologies [1,2]. Consequently, an increasing 

number of studies on tumor biology and treatment assessments are being performed on three-

dimensional (3D) cell cultures grown as multicellular tumor spheroids or using scaffolds [3–5]. As 

discussed and illustrated in Chapter 2, 3D cell cultures account for the presence of heterogeneous 

cell population, cell-cell and cell-extracellular matrix (ECM) interactions, and various 

(patho)physiochemical gradients [6,7]. However, most of these 3D systems lack the representation of 

other factors that actively contribute in tumor behavior and treatment response, including the 

presence of tumor stroma and vascularization [8,9]. Thus, investigations considering the effects of the 

tumor microenvironment (TME) and vascular networks require a more advanced model, such as the 

tumor-grafted chicken embryo chorioallantoic membrane (CAM) system. 

 In this chapter, tumor-grafted CAMs are presented as ethical alternative in vivo tumor models 

that account for the roles of angiogenesis and vascular networks in tumor progression. An optimized 

procedure for the grafting of the HNSCC line SCC-25 is discussed, along with the parameters 

considered for the succeeding experiments. Finally, findings from preliminary experiments focused on 

nano-architecture evaluations performed on SCC-25 CAM tumor models are discussed.  

 

 

4.1. The chick embryo chorioallantoic membrane 

The CAM is a region in fertilized avian or reptilian eggs, which develops after the fusion of the 

mesodermal layers of the allantois and chorion (Figure 4.1C). In chicken eggs, where hatching 

happens after 21 days of incubation (Figure 4.1A) [10,11], the CAM begins to form between days 3 to 

5 [12]. It is composed of three regions: i) the ectoderm from the chorion, which gets attached to the 

shell, ii) the mesoderm, in which the blood vessels and stroma are found, and iii) the endoderm, which 

faces the allantoic cavity [13]. The membrane continuously develops and expands until it covers the 

whole yolk sac and gets pressed against the eggshell at 16 days after incubation [12,14]. The CAM 

primarily functions as the embryo’s respiratory organ, especially during the earlier developmental 

stages. It also serves as a storage of excretions and facilitates the transport of ions, including sodium, 

chloride, and calcium [15,16]. In particular, the calcium ions used mainly for bone mineralization are 

transported from the eggshell to the embryo at a rate of 100 nmol/hour/cm2 [15,17]. Blood vessels 

rapidly form, develop, and rearrange until day 11 of incubation, and the network takes its final form on 

day 18 (Figure 4.1B) [15]. The rich vascular network makes the CAM suitable for studies on 

vascularization and angiogenesis, including the evaluation of the pro- or anti-angiogenic effects of 

therapeutics. In this regard, CAM-based biological models also enable investigations on diseases that 
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are significantly affected by angiogenic abnormalities, such as age-related macular degeneration [18], 

rheumatoid arthritis [19], bone fracture [20], inflammation [21], and cancer [22]. 

 

 
Figure 4.1. Development of chicken embryo. (A) The embryo takes 21 days to fully develop before 

hatching. The indicated weights with respect to embryonic day of development (EDD) are of the chick 

embryo (white leghorn), which could be useful for dose-screening of drugs considering interspecies 

allometric scaling for dose conversion [10,11]. (B) The chick embryonic development is accompanied 

by intensive angiogenesis, in which blood vessels rapidly form, develop, and mature to support and 

nurture the embryo [23]. (C) The CAM appears as a small vascularized sac near the embryo.  

 

 

Tumors generally promote the formation of blood vessels in order to assist the transport of 

nutrients and metabolic wastes, as well as to allow exchanges of gases [24]. Angiogenesis is 

recognized as one of the hallmarks of cancer and is the target of several therapeutics, including the 

vascular endothelial growth factor (VEGF) neutralizing antibody bevacizumab, and the tyrosine kinase 

inhibitors (TKIs) sunitinib and sorafenib [25]. Thus, the inclusion of tumor tissues on the CAM 

generates a competent system for investigations on cancer development, angiogenesis, and 

treatment responses. Furthermore, CAM tumor models may provide information on off-site tumor 

behaviors, including metastasis, drug pharmacokinetics, and toxicology [13,14,17]. 
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CAM tumor models offer a number of technical and practical advantages. One of these is the 

rapid tumor tissue formation, which in various tumor types develops between 2 to 5 days after the 

cancer cells are deposited. This waiting period is substantially shorter compared to other common 

animal models like mammalian models, in which tumors need 3 to 6 weeks to grow [17]. Moreover, 

tumor formation on CAM is favored when the grafting procedure is performed during the earlier 

incubation period. It has been noted that towards days 10 to 12 of incubation, immune components 

like T-cells, B-cells, heterophils, and neutrophils are starting to be present in the developing chick 

embryo [13,26]. Therefore, grafting at earlier developmental stages takes advantage of the still 

immature immune responses, allowing various types of tissues to be grafted with lower rejection rate. 

CAM tumor models are also easily handled during some imaging and treatment evaluations, as 

anesthetization and procedures for movement restrictions of the host can be conveniently performed 

or completely excluded [23,27]. Furthermore, different administration routes can be evaluated, 

including intravenous, topical, and intraperitoneal, with the tumor development and treatment 

outcomes accessibly observable in real-time [17]. These models are also amenable to medium/high-

throughput analyses, are cost-effective in comparison to other small animal models, and do not 

require a specialized and sterilized laboratory. Finally, CAM tumor models do not require a permission 

or an approval from animal research ethics committees [17]. Territorial regulations on the use of 

animals for scientific research purposes may vary, but, in most countries, less strict rules on CAM 

experimentations are applied provided that studies are terminated prior to hatching or development of 

pain perception [15,17]. These conditions have been stressed in the statement of the National 

Institute of Health and the Institutional Animal Care and Use Committees (United States of America) 

that the label “live vertebrate” apply to avian models post-hatching [28]. Instead, other nations include 

the latter half, or last third of chick embryonic development within their regulations [29,30]. 

Nevertheless, ethical guidelines are most commonly established for humane treatment and 

euthanasia of the animal models. 

Albeit the significant advantages, tumor-grafted CAMs also demonstrate a number of 

limitations. For instance, despite the fast formation of some tumors, the time to perform 

experimentations is strictly limited to weeks. This duration may be inadequate to observe processes 

like the evident growth of tumors in secondary sites [12]. Also, while acute treatment effects could be 

evaluated, the follow-up time for evaluation of delayed effects is too short. Later incubation periods 

may also involve nonspecific inflammatory responses as the immune system of the embryo begins to 

develop [15]. The physiological development inside the fertilized egg happens rapidly and even a 

single day can impose variability in conditions that can consequently affect the tumor development 

[17,31]. These further emphasized the need to develop standardized protocols with the tumor grafting 

procedures performed at earlier incubation stages, consistently on the same period, and under the 

same conditions. Another concern is the tendency of tumor grafting to trigger vascularization, which 

may be difficult to distinguish from the inherent angiogenesis of the developing embryo in absence of 

the tumor [12]. The system is also sensitive to changes in external conditions like temperature and 

humidity. Post-CAM assay experiments, such as histological and biomolecular studies, are also 

constrained by the limited number of commercially available reagents that are compatible with avian 
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samples [14]. In this regard, the reported chick genome may serve as a reference in designing new 

reagents that can distinguish chick and human samples [32,33]. 

Nevertheless, the CAM tumor model remains as one of the most accessible and reliable 

systems with an elaborated representation of the disease and is applicable to various oncological 

investigations [12,13,34]. It allows the streamlining of conventional treatments, such as chemo- and/or 

radiotherapy, and enables rapid evaluations following regimen alterations, including changes in drug 

or radiation dosages, administration schedule, and sequences of treatment [35,36]. Likewise, it gains 

additional importance in evaluating emerging technologies for cancer applications, most notably in the 

assessment of nanomaterial-based platforms for disease imaging and treatment. Thus, the CAM 

tumor model is gradually finding relevance within the preclinical cancer research workflow, especially 

for a stronger demonstration of proof of concept of technologies and approaches for cancer treatment 

[17]. 

 

 

4.2. CAM tumor grafting optimization (SCC-25 Cell Line) 

Studies utilizing CAM tumor models can be dated as early as 1911 [37], and since then, 

several methods and techniques to construct these biological systems have been reported [14]. 

Generally, the membrane is deposited with cells either in suspension or premade into 3D constructs, 

or with an excision of tumor tissue (Figure 4.2A) [23,38,39]. Complementary procedures have been 

further integrated to optimize tumor growth, for instance by varying the number of the inoculated cells, 

using supporting materials like Matrigel® and silicone or Teflon rings, and lacerating the membrane to 

damage the outer chorion layer to deliver the cells on the mesoderm and promote vascularization 

[23,40,41].  

The optimization of tumor grafting procedure is an essential initial step in establishing reliable 

CAM tumor models. In line with this and to anticipate comparative experiments in which the nano-

architectures have been evaluated in 2D and 3D cell cultures, the grafting conditions for the HNSCC 

cell line SCC-25 has been standardized. The experiments have been organized following the 

schedule proposed by Kleibeuker et al. [23] (Figure 4.2B), which a number of studies have already 

followed using various cell lines, e.g. for pancreatic, colon, and esophageal cancers [9,35]. 
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Figure 4.2. Grafting of cancer cells on CAM. (A) Various methods for CAM tumor grafting have been 

outlined in the literature. In general, the membrane can be deposited with cell suspension, pre-made 

3D cell cultures/ spheroids, or excised tumor tissues. (B) The current in-house grafting procedure to 

construct SCC-25 CAM tumor models follows the scheme proposed by Kleibeuker et al. [23]. 

 

 

 Briefly, the fertilized eggs stored in a cold room (4°C) upon delivery were cleaned with 

deionized water and horizontally placed in a tilting rack. The edges of the rack columns were secured 

with springs and the eggs were placed inside a fan-assisted incubator set at 37.5°C with about 50% 

humidity. This day was designated as EDD 0. At EDD 3, the eggs were placed in an upright position 

and a small hole is made on the tip of the eggs using tweezers. The holes were sealed with an 

adhesive tape and the eggs were returned in the incubator with the racks removed from the tilting 

hook. This step allowed the air sac to translocate to the top of the eggs and prevented the membrane 

from adhering to the eggshell. The holes were enlarged at EDD 6 prior to tumor grafting to verify the 
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fertilization of the eggs and to ease the delivery of the cell suspension. The fertilization rate of the 

eggs (red Leghorn) is seasonal, but can reach up to about 85%. A blood vessel within the CAM 

(Figure 4.1C) was slightly abraded using a tissue paper, and 25 µL of cell suspension was deposited 

on the bleeding vessel. The hole was resealed with an adhesive tape and the eggs were returned 

inside the incubator. The tumors were monitored from EDD 10, which was also the designated period 

for treatment application (Section 4.3). Images of the tumors were acquired at chosen EDDs, usually 

at EDDs 10, 12, and 14, using a portable microscope (DinoLite). From these images and using a 

complementary imaging software (DinoCapture 2.0), the dimensions were taken to calculate the 

tumor volumes using a modified ellipsoid formula: ½ (length ×  width2), in which the longer and 

shorter measurements were assigned as length and width, respectively [9]. Finally, the tumors were 

harvested on EDD 17 after the eggs were placed in cold room for at least 1 h to slow down the 

metabolism and restrict the movements of the embryo. Upon lifting the membrane using tweezers, the 

tumors were cut, washed with PBS, photographed, and placed in microcentrifuge tubes. The weights 

of the tumors were taken afterwards. The membrane on the periphery of the tumors was removed as 

much as possible to lessen the interferences it could introduce in the succeeding assays, such as in 

weight measurements and RNA extraction. The harvested tumors were then stored at -80°C or in 

formalin-based fixing solution. After tumor removal, the embryos were euthanized by transferring the 

eggs in the cold room for at least 48 h, or -20°C for at least 24 h. 

 The grafting conditions for SCC-25 were investigated by varying the cell density (1 ×106 

cells/egg and 2 ×106 cells/egg) and composition of the suspension (medium only, Matrigel only, and 

1:1 Matrigel:medium mixture). It was verified that for SCC-25, the presence of Matrigel in the 

suspension mixture was important as no tumor masses were observed on CAMs grafted with cells 

suspended on medium alone (Figure 4.3). This was observed regardless of the cell density and for 

the whole duration of the study. 
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Figure 4.3. CAMs inoculated with SCC-25 cells suspended in medium. No tumors were observed for 

the whole duration of the study, confirming the importance of Matrigel in the grafting procedure. 

 

  

 The first criterion considered in evaluating the grafting conditions was the vitality of the 

embryo after depositing the cancer cells. This factor is crucial, as it will affect the sample size of the 

subsequent experiments. Additionally, the vitality of the embryo could be utilized as a rough indicator 

of the toxicity of the test compound, or of a certain drug/radiation dosage. Thus, establishing a 

condition with high % vitality until EDD 17 may increase confidence in correlating the vitality of 

embryos with treatment toxicity. Before the different conditions were tested, it was observed that the 

average vitality of untreated/ungrafted embryos at EDD 17 was 75% with respect to EDD 0 (Range: 

59 to 100%; Data taken from 3 independent experiments, in which 2 experiments have 3 eggs each, 

and 1 experiment with 17 eggs). At EDD 10 (i.e. 4 days after tumor grafting), the vitality of embryos 

grafted with 1 ×106 cells/egg was high for both Matrigel and 1:1 medium:Matrigel (100% and 90%, 

respectively). Meanwhile, the vitality in eggs grafted with 2 ×106 cells suspended in 1:1 mixture was 

higher (94.4%) than when the cells were in Matrigel alone (73.3%) (Figure 4.4). The survival of the 

embryos at EDD 10 was closely monitored as this period signifies the start of treatment application. It 

is important to anticipate the potential number of eggs to randomize for the different experimental 

conditions. The embryos remained highly viable at EDD 14 for all conditions, especially for the ones 

grafted with 2 ×106 cells in 1:1 mixture (94.4%). The high vitality of this grafting condition lasted until 

EDD 17 (88.9%). The eggs grafted with 1 ×106 cells in Matrigel also sustained a high % vitality 

(77.1%), while the similar condition with 2 ×106 cells had a final %vitality below 50%. 

 

 Figure 4.4. Vitality of the embryos after tumor grafting. It is important to monitor the vitality of the 

embryos after depositing the cancer cells, in order to guarantee that the optimized conditions do not 

induce lethal effects. Data are reported as mean ± standard deviation of 2 independent experiments, 

with at least 4 eggs per condition, per experiment. Significant difference was only observed at EDD 17 

between 2 ×106 cells in Matrigel and 1:1 medium:Matrigel. Two-way ANOVA (Tukey’s multiple 

comparison’s test), *p < 0.05.   
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 The next variable considered is the tumor take, which counts the number of grafted eggs with 

visible tumor masses (Figure 4.5A). As mentioned, the presence of Matrigel in the cell suspension is 

crucial in tumor formation, as it contains compounds that support tissue structure and provides a 

nutrient-rich ECM for the cancer cells [42]. It should be noted that some eggs might develop tumors 

later than EDD 10. Alternatively, some tumor masses can also be lost in track due to the changes in 

the growing site (e.g. the tumor is growing beyond the CAM) or because of the continuous expansion 

of the membrane causing the tumors to stretch or relocate to hardly reachable sites.  

At EDD 10, the condition with the highest tumor take were the eggs with 1 ×106 cells in 

Matrigel (72.9%). However, the tumor take for this condition dropped to 41.7% at EDD 17. The eggs 

with 1 ×106 cells in 1:1 mixture also had a high initial % tumor take (65.0%), which nonetheless 

dramatically fell to 16.3% at EDD 17.  Meanwhile, both conditions with 2 ×106 cells have comparable 

tumor take at EDD 10 (~58%). Yet at EDD 17, the eggs grafted with cells in 1:1 mixture mostly 

sustained the tumor mass (50.0%) while further decrease was observed in grafted cells suspended in 

pure Matrigel (25.6%). This inferred that the grafted tumors were more stable for the 2 ×106 cells in 

1:1 mixture condition. Nevertheless, the differences among the grafting conditions across the EDDs 

were not statistically significant, and appropriate comparisons were severely affected and complicated 

by the fluctuating tumor take with respect to time (EDD). It is nonetheless certain that the varying 

tumor take should be taken into consideration in planning further experiments on evaluation of 

therapeutics.   
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Figure 4.5. Tumor take of each grafting condition. (A) The numbers of eggs in which tumor masses 

have been observed were compared to the number of eggs originally grafted with SCC-25 cells at 

EDD 6 (at least 5 eggs per condition, per experiment). Data are reported as mean ± standard 

deviation of 2 independent experiments. No statistical differences among the conditions were 
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identified after data analysis in two-way ANOVA multiple comparisons (both at p < 0.1 and p < 0.05). 

(B) Images of the tumors (yellow dashed circles) for each grafting condition were taken at EDD 10, 

12, and 14 using a portable digital microscope (DinoLite). The measurements of the tumors were 

taken using the complementary software (DinoCapture 2.0).  

 

  

 The tumors were monitored, imaged, and measured to derive the volumes using a modified 

ellipsoid formula (Figure 4.5B). In general, the volumes of SCC-25 tumors, regardless of the grafting 

condition and EDD, measured between 0.2 mm3 to about 22.3 mm3. Because of these wide-ranging 

values, the average tumor volumes for each and among experimental conditions should be examined 

with caution (Figure 4.6A). For instance, while the tumor volumes from 1 ×106 cells suspended in 1:1 

Matrigel:medium mixture appeared to be at stable values across all the EDDs (approximately 1.6 

mm3), the average tumor volume of 2 ×106 cells in 1:1 mix was reduced by 2.5 times from EDD 10 to 

EDD14. Meanwhile, the average tumor volume observed after grafting with 1 ×106 cells in Matrigel 

increased from EDD 10 to EDD 14, while that for 2 ×106 cells in Matrigel decreased by more than 4 

times. Again, the decreasing tumor take across the EDDs for all grafting conditions influenced the 

average tumor volumes. Additionally, tumors observed in dead embryos were no longer considered 

from the moment the dead chick was identified. With these concerns, the fold changes of the volumes 

of each tumor with respect to the corresponding initial measurements on EDD 10 were analyzed to 

better evaluate the changes on the tumor size (Figures 4.6B and C). 
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Figure 4.6. Tumor volumes resulting from the different grafting conditions. (A) The volumes of the 

tumors were calculated at EDD 10, 12, and 14, which were respectively 4, 6, and 8 days post-grafting. 

Each point represents a single tumor mass pooled from 2 independent experiments. Mean values are 

represented by the middle bar, while the top and bottom bars correspond to the standard error of the 

mean. (B) Due to the wide-ranging values for the volume, the fold changes in comparison to the 
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respective initial volumes were also monitored for each tumor and then averaged for each condition 

and EDD. The data pooled from 2 independent experiments are reported as mean + standard 

deviation. No statistical differences were noted among the grafting conditions (Two-way ANOVA 

Tukey’s multiple comparisons test). (C) A closer look on each condition demonstrated a random 

increase or decrease in tumor volume for each tumor. Each line corresponds to one tumor mass; 

Dashed bar refer to fold change = 1 or no change in tumor volume. 

 

 

 The volume fold change values of each tumor better represent the respective random 

increase or decrease in sizes (Figure 4.6C). In general, the continuous proliferation of the grafted 

cancer cells influenced the increase in tumor dimensions while the expansion of CAM affected the 

stretching and relocation of tumors to regions less accessible for monitoring. Some of the tumors 

grew and matured beyond the membrane, thereby complicating the estimation of the tumor volume 

that is derived from surface measurements. Membrane expansion may cause the smaller and less 

compact tumors to disappear, and the loosely attached cells to detach from the primary tumor site. 

Indeed, some eggs were observed to develop more than one tumor mass. In the case of tumors that 

developed at a later EDD, the fold change was derived considering the measurements noted from the 

initial observation period. The individual changes in volume evidently illustrated the altering tumor 

take for each grafting condition. In particular, a decreasing number of tumors was available for 

monitoring in the eggs deposited with 2 ×106 cells in Matrigel. In contrast, the eggs with 2 ×106 cells in 

1:1 mixture consistently had high number of observable tumor masses. 

The confounding results on the tumor volume and fold changes, and the limited number of 

data available to derive statistical significance complicated the association among cell density, 

Matrigel concentration, and tumor volumes. It was expected that by increasing the number of cells 

inoculated at a given condition, the size of the tumors would be larger or the tumor take would be 

higher. Again, it is stressed that these behaviors may differ among cancer cell lines. For instance, a 

proportional increase in tumor volume with respect to a certain range of cell population inoculated on 

the CAM was observed in MNNG/HOS osteosarcoma cell line [40]. Instead for SCC-25, a higher 

number of grafted cells did not result in larger tumor. The influence of Matrigel concentration (pure or 

50%) at similar cell population was also difficult to be drawn as larger tumors were observed in 

Matrigel alone for the eggs with 1 ×106 cells, while the opposite was observed with 2 ×106 cells/egg. 

At EDD 17, the tumors were collected and the corresponding volumes and weights were 

noted (Figure 4.7). At this moment, the expanded CAM becomes tightly pressed against the in ovo 

components (e.g. matured yolk sac membrane and albumen) and the feathers of the embryo. These 

factors can change the contrast within the vicinity of the tumor, which can cause difficulties in 

visualization and localization of tumors (Figure 4.7A). This is another point to be considered in 

planning the subsequent CAM assays as some tumors may shrink with respect to their appearances 

at EDD 14, and may become too small to be harvested.  
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Figure 4.7. Harvested tumors at EDD 17. (A) The tumors were removed from the membrane 11 days 

after the grafting procedure. In some eggs, the tumors were difficult to visualize (yellow dashed circle) 

due to their small sizes or the attached yolk. (B) The distribution (middle bars = mean) of the volumes 

of the harvested tumors were similarly broad as with the surface measurements from the earlier 

EDDs. (C) The harvested tissues were also weighed. In this case, removing extra-tumoral samples 

was essential for accuracy. Middle bars represent the mean, while top and bottom bars correspond to 

the standard deviation. 

 

 

 The volumes of the harvested tumors were calculated following the same modified ellipsoid 

formula (Figure 4.7B). For the eggs with 1 ×106 cells, tumor grafts with Matrigel resulted in more well-

formed tumors compared to their 1:1 mix cell suspension counterpart. The tumor of 1 ×106 cells in 1:1 

mixture registered the lowest volume, albeit limited by the number of harvested samples similar to the 

tumor mass from 2 ×106 cells in Matrigel. Instead, the tumors from 2 ×106 cells in 1:1 mixture had 

comparable average volume as to the tumors from 1 ×106 cells in Matrigel condition, although fewer 

samples were harvested with the former. The limited number of samples also affected the comparison 

of harvested tumor (Figure 4.7C). It should be noted that while the removal of the membrane on the 

periphery of the tumor mass is highly suggested, the excised membrane may start to wrinkle when in 

PBS solution. In this event, smaller tumors, for instance that of 1 ×106 cells in mix cell suspension, 
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become more challenging to separate from the CAM. Consequently, the membrane significantly 

contributed to the recorded weight of the harvested tissue. 

 The harvested tumors were subjected to western blot analysis in order to verify the human 

origin of the excised tissue using a human anti-transferrin receptor (anti-TfR) antibody (Figure 4.8A). 
Transferrin and its receptor are commonly used as biomolecular markers in various types of tumors, 

owing to the extensive metabolism and proliferation of cancer cells including in head and neck 

cancers [43]. Hence, the detection of the transferrin receptor (TfR) would confirm not only the human-

origin of the harvested tumor, but also its significance as molecular marker for succeeding 

experiments employing SCC-25 CAM models. The TfR was detected in all the grafting conditions, 

most significantly in the tumors grown from 2 ×106 cells in 1:1 mixture and 1 ×106 cells in Matrigel. 

The clearer TfR bands for these grafting conditions correlated with their better in ovo and harvested 

tumor volumes compared to the other two conditions. Moreover, the adequate clear bands for α-actin, 

which served as the control antibody, demonstrate the efficiency of protein extraction from the tissue 

samples.  

 

 
Figure 4.8. Characterization of the harvested tumors. (A) Human-specific transferrin receptor (TfR) 

was detected from the harvested tumors, thereby confirming that the removed tissue from the CAMs 

were the grafted SCC-25 cancer cells. (B) Histological imaging was performed on the harvested 

tumor formed from 2 ×106 cells in 1:1 Matrigel:medium mixture. The harvested tissue stained with 
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hematoxylin and eosin illustrated the lining of the CAM, with the SCC-25 cells (TC) dispersed and 

surrounded by stroma (S). Left: 20x, scale bar = 50 µm; Right: 40x, scale bar = 20 µm. 

 

 

From these point onward, succeeding experiments on SCC-25 CAM tumor models are 

performed after grafting with 2 ×106 cells in 1:1 Matrigel:medium mixture. Altogether, the findings infer 

that this condition may provide tumor models that sustain high embryo vitality, with acceptable and 

consistent tumor take, and observable tumor masses. Histological images were also taken from the 

harvested tumors of 2 ×106 cells in 1:1 mixture (Figure 4.8B), in which the cancer cells spread within 

the CAM were surrounded with stroma, including the matrices from Matrigel. It would be interesting to 

further investigate the composition of the SCC-25 CAM tumor stroma considering the contributions of 

avian-originated cells.  

Even though the presented protocol limited the cell inoculation to 2 ×106 cells per egg, it 

would still be noteworthy to investigate the effects of further increasing the cell population. 

Nevertheless, doing so would require a laborious and material- and reagent-consuming pre-grafting 

cell culture experimentation to achieve the desired higher cell population. This could be a problem 

when evaluating therapeutic conditions, in which 8 to 10 eggs per type of treatment are usually 

advised to be used [23]. Furthermore, it should be noted that Matrigel is an expensive reagent and 

employed pure during the grafting may cause difficulties in imaging due to the formation of thin sheet 

or plaque. Overall, these practical concerns should also be considered and evaluated in optimizing 

CAM tumor grafting procedures. 

 

 

4.3. [Nano]chemotherapeutics evaluation on SCC-25 tumor-grafted CAMs 

 The ability of SCC-25 cells to form tumor masses on CAM further emphasizes its suitability as 

a tumor model for this type of oral cancer. Angiogenesis is a relevant factor in pathophysiological 

development of oral cancers, and is therefore experimentally targeted through a number of strategies 

[44–46]. The optimized protocol discussed in Section 4.2 was applied to prepare SCC-25 tumor 

models to assess the chemotherapeutic potentials of NAs-cisPt in comparison to cisplatin, a first-line 

chemotherapeutic employed in oral cancer patients (Figure 4.9A; Table 3.1). The amount of free 

cisplatin and NAs-cisPt applied to the models was equivalent to the clinically administered dosage 

given to head and neck cancer patients undergoing concurrent chemoradiotherapy regimen [47]. 

Patients are usually intraveneously administered with 100 mg/m2 of cisplatin, and this amount was 

scaled to the tumor models using the interspecies allometric conversion considering the mass of the 

chick embryo at EDD 10 (Figure 4.1A) [48]. Another set of tumor models was treated with standard 

NAs at the same amount of gold present in the administered NAs-cisPt, in order to observe the effects 

of the nano-architectures devoid of the cisplatin prodrug. Tumors treated with serum-free medium 

were considered as the negative control (i.e. no effect on the tumors and on the embryos were 

expected). Cisplatin and the nanomaterials were resuspended in serum-free medium and were 

administered topically at EDD 10. The tumors were monitored until EDD 14 (Figure 4.9B). 
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Figure 4.9. Treatment of the tumors. (A) SCC-25 tumors were grafted following the optimized 

conditions specified in Section 4.2, and were topically treated with serum-free medium, cisplatin, NAs, 

or NAs-cisPt. (B) The treated tumors (black arrows) were monitored daily until EDD 14 (4 days post-

treatment). 

 

 

 The grafted SCC-25 cells (2 ×106 cells in 1:1 Matrigel:medium mixture) formed tumors at EDD 

10 with a high grafting rate (72% with respect to the number of eggs grafted), also keeping the vitality 

of the embryos high (92%). The volumes of the pre-treated tumors ranged from 0.6 to 35 mm3, with 

an average of 7.7 mm3. Excluding the eggs that did not form tumor masses, the eggs were 

randomized and divided among the four treatment conditions. The resulting average volumes for each 

treatment were between 4.7 to 8.6 mm3. As previously observed, the average tumor volumes taken 

after EDD 10 may decrease even without treatment (Figure 4.6) and regardless of the applied 



	

 88 

therapeutics (Figure 4.10A). Thus, the effects of the treatments in tumor dimensions were evaluated 

through the fold change values (Figures 4.10B and C). 

 

	

 
Figure 4.10. Effects of the treatment conditions on tumor dimensions. (A) Tumor-grafted eggs were 

randomized on EDD 10 and treated accordingly. The tumors were imaged and monitored until EDD 

14, and the measurements were taken to calculate the volumes. Each point represents a single tumor 

mass pooled from 2 independent experiments. Middle bars represent the mean, while the top and 

bottom bars correspond to the standard deviation. (B) In order to account for the broad distribution of 

pre-treatment tumor sizes, the changes in volume of each tumor were examined and averaged per 

treatment condition. Data are reported as mean + standard deviation. No statistical differences in 

tumor volume fold change were identified (Two-way ANOVA, Tukey’s multiple comparisons test). 
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Inset: The ratio of the volume fold change between treatment and control was calculated, assuming 

that the application of serum-free medium did not significantly affect the inherent tumor behaviors. 

This analysis indicates whether the treatment caused a general increase (R> 1) or decrease (R < 1) in 

volume with respect to the control. (C) The volume fold changes on each treatment condition were 

visualized per tumor. Dashed lines correspond to fold change = 1 (no size modification). 

 

 

The average volume fold change values indicated that the medium-treated tumors had 

negligible changes in volumes at EDD 12 and 14. Nevertheless, a closer look on each tumor 

illustrated the random and time-dependent changes in tumor volumes. It also seemed that the 

average volume changes in NAs-treated tumors were minimal in comparison to the control, yet these 

values were substantially affected by two samples in which drastic volume increases were noted. 

Meanwhile, continuous decreases in average volume fold change were measured for both cisplatin 

and NAs-cisPt. While cisplatin more dramatically caused the average volume to decrease at EDD 12, 

the size-reducing effect of NAs-cisPt was better observed at the later EDD 14 (Figure 4.10B inset). 

The time-related efficacy difference can be ascribed to the form of the therapeutics during 

administration. Indeed, cisplatin was administered in its active form (i.e. as a Pt(II) complex) and 

caused an antitumor action within a short timeframe. In contrast, the therapeutic component in NAs-

cisPt is double endogenously controlled, in which the activation requires the (bio)degradation of the 

capsule and the oxidation of the metal complex from Pt(IV) to Pt(II). Thus, an additional period is 

needed for the actual activation and tumor-arresting action of NAs-cisPt. In addition, all NAs-cisPt-

treated tumors registered reduced volumes at EDD 14, with respect to their initial measurement. 

Nevertheless, cisplatin and NAs-cisPt elicited analogous effects in terms of average volume 

change. These results were expected given the similar drug concentration in both conditions (688 µM 

cisplatin). Results from metal detection on the harvested tumors further demonstrated the comparable 

accumulation of platinum in the excised tumor mass and periphery, with 6.6 and 8.6 average 

%administered dose (%AD) for cisplatin and NAs-cisPt, respectively (Figure 4.11 right). As 

anticipated, gold was also detected in the tumors treated with NAs and NAs-cisPt with an average 

%AD of 8.3% and 6.4%, respectively (Figure 4.11 left).  
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Figure 4.11. Quantification of gold and platinum. The treated tumors harvested at EDD 14 were 

processed for quantification of gold (left) and platinum (right). The measured amounts are reported as 

% administered dose (%AD), which accounts for the amounts of the metals dispensed during the 

treatment at EDD 10. Data are reported as mean + standard deviation, with at least 2 tumors per 

condition. 

 

 

Aside from evaluating the effects on the tumors, the study also aimed to determine the effects 

of cisplatin and the nano-architectures on the embryos, especially on their vitality (Figure 4.12). The 

vitality of the embryos in medium-treated tumors was comparable to untreated tumors from the 

optimized grafting condition (2 ×106 cells in 1:1 Matrigel:medium mixture). The vitality remained high 

until EDD 14 (94.4%), thereby confirming the null effect of the vehicle solution on embryonic growth. 

The vitality of embryos treated with standard NAs was also at the range of the untreated tumor, with 

88.9% of the embryos surviving at EDD 14. Meanwhile, vitalities with respect to cisplatin and NAs-

cisPt were slightly lower compared to the control and NAs. The values for both treatments were also 

comparable until EDD 14, with 82.6% for cisplatin and 83.3% for NAs-cisPt. Nevertheless, these 

values are still considerably high and within the viability of untreated and ungrafted chick embryos at 

EDD 14 (range: 65-100%; average: 77%). These also confirm the compatibility of NAs and NAs-cisPt 

in a biological system with a vulnerable developing organism.  

 

 
Figure 4.12. Vitality of the embryos. The effects of the treatments on the vitality of the embryos were 

monitored until EDD 14. The purple dashed-line refers to the vitality of embryos in eggs that were 

neither grafted with cancer cells nor treated with therapeutics. Data are reported as mean ± standard 

deviation of 2 independent experiments with at least 8 eggs per condition, except in one experiment 

where N = 4 eggs for the control (medium).  

 

 

 The tumors were harvested at EDD 14 to prevent the potential further shrinking of the tumor 

masses at later time points (Figure 4.13A). The presence of the gold USNPs was noted with the dark 

linings on the periphery of the NAs- and NAs-cisPt-treated tumors. The volumes and weights of the 
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tumors were calculated and measured, both with broad distribution of values (Figures 4.13B and C). 

The tumor weights for all conditions were almost comparable and seemed to be unassociated to the 

recorded volume measurement. This phenomenon can be associated to errors in tumor collection, in 

which the tumor was hardly separable from the healthy tissue or the yolk.  

 

 
Figure 4.13. Harvested tumors at EDD 14. (A) The study was terminated at EDD 14 since tumors 

have been noted to appear inherently smaller and more difficult to locate and harvest at EDD 17. The 

tumors treated with NAs and NAs-cisPt were also seen to have dark linings on the periphery, which 

could be due to the gold USNPs. (B) The images were processed to take the tumor dimensions and 

calculate the volumes. (C) The harvested tumors were also weighed prior to storage and processing 

for subsequent endpoint assays. Middle bars represent the mean of the measurements, while the top 

and bottom bars correspond to the standard deviation values. 

 

 

 The effects of the treatments on the morphology of the excised tumor were examined through 

histological staining (Figure 4.14). Compared to the untreated samples (Figure 4.8B), the overall 

structures of the treated tumors were less compact, with the cells poorly distributed and less 

organized. The stroma was also more dispersed within the tumor mass and only few nuclei were 

observed. 
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Figure 4.14. Effects of the treatments on tumor morphology. Histological images illustrate the loss in 

cell organization and dispersed stroma in the tumor masses, 4 days after the application of the 

treatments. Top: 20x magnification, scale bar = 50 µm; Bottom: 40x magnification, scale bar = 20 µm 

 

 

 Further investigations on the biomolecular effects of the treatments were conducted through 

evaluation of mRNA expression of some cancer-relevant genes, particularly the ones encoding for 

vascular endothelial growth factor (VEGF), proliferating cell nuclear antigen (PCNA), and caspase-3. 

These genes were monitored to gain insights on treatment effects in terms of angiogenesis, cell 

proliferation, and apoptosis, respectively (Figure 4.15). 

 

 
Figure 4.15. Expression of selected mRNAs in the harvested tumors. Preliminary results on gene 

quantification demonstrate the alterations on the mRNA expressions of VEGF-A (left), PCNA (center), 

and caspase-3 (right) 4 days after the application of the therapeutics. Data are from one tumor mass 

per treatment; 1 set of experiment.  
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 As a highly vascularized biological model, it was inherent to check for the influence of 

therapeutics on vascular (de)regulation. Inhibition of tumor angiogenesis has been another strategy in 

cancer management, which relevance has been further certified with the approval of VEGF-inhibitor 

bevacizumab for colorectal cancer [25]. The angiogenic marker employed for this purpose was VEGF-

A, which is up-regulated in cancer cells and is a key molecular regulator for the paracrine signaling 

between tumors and endothelial cells [49,50]. Oncological angiogenesis is primarily, but not solely, 

regulated by VEGF (in its various isoforms), which is abundantly secreted by cancer cells, binds to its 

receptor on endothelial cells, and activates a cascade of events that leads to vascular tube formation 

(Figure 4.16) [49,51]. VEGF is highly expressed in HNSCCs and has been associated with lymph 

node metastasis and poorer survival, which suggest its potential as a prognosis marker for this type of 

cancer [52–54].  

 

 
Figure 4.16. The role of angiogenesis in tumor progression. Angiogenesis is identified as one of the 

hallmarks of cancer [24], and is triggered by conditions such as hypoxia. Signaling molecules like 

VEGF ushers the interaction between tumors and nearby endothelial cells. The attachment of VEGF 

to its receptor on endothelial cells activates a cascade of mechanisms resulting in migration and tube 

formation. Tumor vascularization facilitates the delivery of oxygen and nutrients that fosters tumor 

growth. Legends: EGF - epidermal growth factor; EGFR – epidermal growth factor receptor; FGF – 

fibroblast growth factor; FGFR – fibroblast growth factor receptor; IGF1 – insulin growth factor 1; MMP 

– matrix metalloproteinase; PDGF – platelet-derived growth factor; PDGFRβ – platelet-derived growth 

factor receptor β; TGFβ – transforming growth factor β; VEGFR - vascular endothelial growth factor 

receptor 
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The SCC-25 CAM tumor models pertinently demonstrated the relevance of VEGF-A as an 

oral cancer biomolecular marker, with its prominent expression in control tumors. In contrast, VEGF-A 

was downregulated in all the treated tumors. These results are consistent with the histological 

analyses (Figure 4.14), as the dispersed stroma may have obstructed the signaling dynamics 

between the endothelial and tumor cells. In this regard, the TME might have become less conducive 

for the development of endothelial cells and formation of capillary sprouts. Consequently, tumor 

growth was interfered, which made the VEGF signaling pathway less convenient for the cancer cells 

and their survival. It could also be worthwhile to check for matrix degrading enzymes such as matrix 

metalloproteinases (MMPs), considering their role in remodeling the ECM to assist in the traffic of 

growth factors [25]. 

The anti-angiogenic effects of cisplatin has also been observed in treated ovarian cancer cell 

lines, which was attributed to the ability of the drug to inhibit the expressions of VEGF and hypoxia-

inducible factor 1 (HIF-1). It would be interesting then to also identify the effects of cisplatin, NAs, and 

NAs-cisPt on HIF-1 expression, since hypoxia triggers the upregulation of VEGF [55]. It is 

hypothesized that the cisplatin prodrug might have elicited the same effect at a similar manner upon 

its activation. Meanwhile, the low VEGF-A expression on NAs-treated tumors was unexpected, yet a 

previous study has demonstrated the potential relevance of gold nanoparticle in anti-angiogenic 

treatment. In particular, Mukherjee et al. observed that gold nanoparticles (diameter ~ 5 nm) caused 

angiogenic inhibition upon the NPs interaction with the heparin-binding growth factors such as VEGF-

165 and basic fibroblastic growth factor (bFGF). The effect was associated to the strong affinity of 

gold to thiols, which were mediated by the cysteine residues found in the heparin-binding domains of 

the growth factors [56]. The VEGF-limiting effect of NAs is a novel and unanticipated result, since 

previous studies have been performed solely on cancer cells and in absence of tumor-supporting 

endothelial cells that have been proven to be vital in tumorigenesis. This re-emphasizes the relevance 

of CAM tumor models in nanomaterial evaluations. Nevertheless, no combinatorial effects of cisplatin 

and gold USNPs had been noted with the VEGF-A downregulation of NAs-cisPt-treated tumors. 

Hence, further experiments are warranted to ascertain the comparability of the chemotherapeutic 

mode of action of cisplatin and NAs-cisPt, to clarify whether the VEGF-A downregulating effect of 

NAs-cisPt could be attributed more to the gold USNPs or the cisplatin prodrug, and to identify 

additional angiogenesis-relevant molecules deregulated upon treatment, such as HIF-1α and 

epidermal growth factor (EGF). 

Albeit promising anti-angiogenic effects have been observed, alarming signs of tumor 

aggressiveness from the surviving fraction of cancer cells have also been identified. The expression 

of the cell proliferation gene PCNA was elevated in treated tumors with respect to the tumors 

administered with the medium (Figure 4.15 center), together with decreased expressions of caspase-

3 (Figure 4.15 right). Confounding dynamics were observed with the tumors treated with NAs-cisPt, 

which had the highest increase on PCNA expression but least caspase-3 downregulation among the 

treatment conditions. In contrast, the increased PCNA expression in NAs was accompanied by 

decreased caspase-3 expression with respect to cisplatin.  
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While tumors produce VEGF-A and utilize it to communicate with endothelial cells, PCNA and 

caspase-3 are expressed to moderate intracellular cell cycle activities. As the VEGF-mediated 

pathways become less favorable for the surviving cancer cells to thrive, other tumor-promoting 

mechanisms can be activated and make the surviving cell population be more aggressive after 

treatment [57]. Hence, programs for cancer treatment and management are closely monitoring for 

relapse and metastasis in response to therapy. In the case of head and neck cancer, in which 

surgery, radiotherapy, and chemotherapy are commonly employed, targeting angiogenesis remains at 

experimental stage as studies show minute but tolerable and potentially considerable improvements 

upon regimen refinement [46,52,58]. Moreover, it has been proposed that inhibition of tumor 

angiogenesis can restore or “normalize” the chaotic vascular networks in the TME, which could lead 

to improved tumor oxygenation and delivery of therapeutics [46,50]. Conflicting clinical findings have 

nonetheless raised cautions on the inclusion of anti-angiogenic agents to standards of care [46]. For 

instance, a phase II clinical trial incorporating bevacizumab in chemo- (5-fluorouracil and 

hydroxyurea) radiotherapy of intermediate-stage and T4N0 HNSCC patients was terminated early due 

to increased locoregional progression. Lower disease-free and 2-year overall survival were also 

recorded in the cohort administered with bevacizumab [59]. In contrast, the addition of bevacizumab 

in the standard of care (concurrent high-dose cisplatin and intensity-modulation radiotherapy) 

presented acceptable toxicity and tolerability in stage III/IVB HNSCC patients [60]. The same 

research team performed another clinical investigation, this time including the EGFR-inhibitor 

cetuximab to the bevacizumab-cisplatin-radiotherapy regimen. The study takes advantage of the 

crosstalk between EGF and VEGF pathways, hypothesizing that inhibition of both would result in 

enhanced antitumor effect. Improved 2-year progression-free survival and overall survival compared 

to the previous study have been recorded [58]. 

 In summary, the application of SCC-25 CAM tumor models on evaluation of nano-

architectures presented compelling findings. Aside from observing tumor- and vascularization-limiting 

effects of the therapeutics, the study also exemplified the relevance of CAM tumor models and its 

reliability in recapitulating clinical observations. Additionally, the initial biomolecular results illustrated 

the complexity of cancer treatment, which imposes the need to address the aggressive surviving 

tumor fraction. This underlines the significance of combined treatment modalities to address various 

cancer-promoting mechanisms. In this regard, future endeavors are directed towards the applicability 

of the nano-architectures, especially (t)NAs-cisPt, for localized co-therapies. Interestingly, the study 

also demonstrated the potential anti-angiogenic effect of gold USNPs, which adds to its 

radiosensitization antitumor action. Although no combined anti-angiogenic effects (i.e. NAs + cisplatin 

molecule) were noted on NAs-cisPt, it could be possible that other tumor markers have instead been 

differently (de)regulated by the NAs and NAs-cisPt. Hence, monitoring other related molecules, such 

as HIF-1α, EGF, and MMPs can be similarly essential. 

 

 

Materials and Methods 

Egg Storage and Start of Incubation (EDD 0) 
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 Fertilized (red or white) Leghorn eggs were purchased from a local commercial supplier. 

Upon delivery, the eggs were stored at 4°C. The eggs were placed at room temperature 1 h prior to 

incubation, cleaned with deionized water, and placed in trays inserted in a fan-assisted incubator 

(FIEM MG 140/200) set at 37.5°C and ~47% humidity.  

 

Cell Harvesting (EDD 6) 

  SCC-25 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F12 1:1 medium 

supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, and 1 mM sodium pyruvate, 

100 U/mL penicillin-100 mg/mL streptomycin, and 400 ng/mL hydrocortisone. Cells were plated in 150 

mm tissue culture-treated dishes, and maintained in the incubator at 37°C and 5% of CO2. The 

doubling time for SCC-25 is approximately 45 h. 

 At EDD 6, the cells were washed with phosphate-buffered saline and incubated with 3 mL of 

Trypsin-EDTA for maximum 15 minutes. The plates were also occasionally tapped to induce 

detachment of the cells. Once detached, 7 mL of complete culture medium was added to the plated to 

deactivate Trypsin-EDTA. The cell suspension was transferred to a sterile 50-mL conical tube, and 

was spun at 200 x g for 5 minutes. The supernatant was removed and the cell pellet was 

resuspended at a known volume of complete culture medium (15 to 20 mL). Upon homogenization, 

10 µL of cell suspension was mixed with 10 µL of Trypan blue to count the cells using Countess cell 

counter system. An aliquot of the suspension with a known cell population was placed in another 

sterile 50-mL conical tube. Usually, one tube contains an amount of cells enough to graft 10 eggs (i.e. 

20 ×106 cells/tube for the 2 ×106 cells/egg condition). The cell suspension was again spun at 200 x g 

for 5 minutes. The supernatant was removed and the cells were resuspended in the 25 µL of 1:1 

Matrigel: medium mixture (or 25 µL of pure Matrigel). If the cells are not to be grafted immediately, it is 

better to keep the cell pellets in ice before the Matrigel solution is added to avoid the effects of initial 

matrix polymerization. 

 

Tumor Treatment (EDD 10) 

 The embryo and tumors were inspected to document pre-treatment state. Once 

photographed, the eggs with visible tumor masses were randomized among the treatment conditions. 

For cisplatin-treated tumors, a concentrated stock was made from cis-PtNH2Cl2 powder (Sigma-

Aldrich 479306) dissolved in serum-free medium to which the working solution was prepared (final 

concentration = 688 µM). Meanwhile, an aliquot of NAs-cisPt was taken such that each egg would 

also be treated with 688 µM cisplatin (corresponded to ~4 µg Pt per egg). For NAs, the amount of 

gold present in NAs-cisPt was first identified, and an aliquot of NAs was taken corresponding to the 

similar amount of gold (~24 µg Au per egg). All materials were administered topically after re-

suspension in 30 µL serum-free medium.  

 

Tumor Harvesting (EDD 14 or 17) 

 The eggs were placed at 4°C for at least 1 h prior to harvesting to limit the mobility of the 

embryo. To harvest the tumors, the CAM was lifted using forceps, and the tumors were cut with as 



	

 97 

little membrane on the periphery as possible. The excised tumors were placed in PBS, photographed, 

placed in microfuge tubes, and weighed. Samples for western blot and real-time PCR analyses were 

stored at -80°C, while tumors for histological staining were stored in 4% paraformaldehyde. Samples 

for ICP-MS were stored at 4°C. 

 

Western Blot 

 Tissues were resuspended in RIPA buffer (Pierce™ 89901) supplemented with protease 

inhibitors. The samples were mechanically minced using a 200 µL pipette tip. The lysates were then 

incubated for 30 minutes in ice, and the supernatant was collected after a 30-minute centrifugation at 

16873 x g. The amounts of total protein present in the lysates were determined through Bradford 

assay, using standard solutions prepared with known concentrations of bovine serum albumin (BSA; 

0 to 1000 µL/mL). The lysates were diluted and both the standard and samples were placed in a 96-

well plate and added with 150 µL Bradford reagent (ThermoFisher Scientific). The plate was 

incubated for ~ 2 minutes and the absorbance at 595 nm was taken. A calibration curve was made 

using the concentrations and absorbance values of BSA, to which the protein concentration were 

calculated. 

Then, 30-50 µg of protein were taken from the lysates and processed for polyacrylamide gel 

electrophoresis. Upon transferring the samples from the gel to a nitrocellulose membrane, the 

proteins were treated with a blocking solution (1X Tris-buffered saline/TBS in 5% powdered milk) for 

1h at room temperature. After which, the membrane was incubated with the primary antibody 

overnight at 4°C (e.g. anti-TFRC primary antibody – SAB4200390, Sigma-Aldrich). The membrane 

was washed thrice with 1X TBS with 0.1% Tween-20, and incubated with horseradish peroxidase-

conjugated secondary antibody for 1h at room temperature. The membrane was finally washed with 

1X TBS-0.2% Tween-20 and the bands were visualized though chemiluminescence using an 

enhanced chemiluminescence kit (ECL, Biorad 1705061) and under an imaging system (Image Quant 

LAS 4000 System). 

 

Histochemical Staining and Imaging (Hematoxylin and Eosin) 

 Tumors fixed at paraformaldehyde for 24 to 48 h were rinsed in running tap water for 10 to 15 

minutes. Then, samples were dehydrated through a series of washings in increasing alcohol 

concentration, followed by three changes of 100% alcohol. Tissues were cleared in xylene for 12 

minutes, and then immersed in paraffin wax for 10 minutes, followed by other two paraffin changes for 

5 minutes each. The samples were then embedded in paraffin blocks. Serial sections with 5-6 µm 

thickness were cut using a microtome, placed on slides, and heated overnight at 40°C under forced 

ventilation histology oven. Then, the sections were cleared from paraffin after two changes in xylene, 

6 minutes each. The tissue was rehydrated through another series of washing, this time with 

decreasing alcohol concentration. The re-hydration step was finalized with a rinse in distilled water for 

at least 5 minutes.  

The slides were stained with Mayer’s hematoxylin solution for 5 minutes, followed by a 10-

minute rinsing step in running tap water. Then, the same slides were stained with eosin Y aqueous 
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solution for 2 minutes and then rinsed with distilled water. The slides were then heated at 40°C for 40 

minutes and dipped twice in xylene. A Permount mounting medium was dropped and the coverslip 

was added. Histological images were acquired using a light microscope (Olympus BX43, Japan) and 

digitized using an RGB video camera (Olympus DP 20, Japan). 

 

Quantitative Real-Time PCR 

 RNA was extracted from the harvested tumors using Nucleospin RNA plus kit (MACHEREY-

NAGEL 740984.50) following manufacture’s instructions. In the process, the samples were minced 

into pieces using a plastic pestle. The extracted RNA was used immediately or stored at -80°C, and 

was quantified using a nanodrop instrument (UV5NANO Mettler-Toledo). The quality of RNA was 

confirmed through agarose gel electrophoresis to anticipate problems in cDNA reverse transcription 

and amplification of gene target. An aliquot of RNA extract (500 ng) was reverse transcribed for cDNA 

synthesis using iScript cDNA Synthesis Kit (Biorad 1708891). Then, 500 ng of total cDNA was diluted 

1:10 in nuclease-free water to obtain 50 ng final amount for PCR reaction. The quantitative real-time 

PCR was performed using iTaq™ Universal SYBR® Green Supermix (Biorad 1725121). PCR samples 

were prepared at a final volume of 10 µL, using 1-2 µL of diluted cDNA with around 5-10 ng of cDNA 

template. The housekeeping gene used in the aforementioned study was glyceraldehye 3-phosphate 

dehydrogenase (GAPDH). Samples were prepared in triplicate. The amplification curves were 

visualized using SYBR Green Analysis on Applied Biosystem Instrument (7300). The recommended 

thermal cycling program for the aplification is as follows: 95 °C for 10 minutes, 40 cycles at 95 °C 15 

seconds, 64 °C for 30 seconds, 72 °C for 30 seconds. The relative expression levels were calculated 

using the 2-ΔΔCT method [61]. 

 

ICP-MS Analyses 

The tumors were dried overnight at 80°C until constant weight was obtained. Dried samples 

were transferred to 10 mL pressure vessels and digested in nitric acid (~3 mL) at 150 °C for 30 

minutes on a hot plate. The acid was allowed to evaporate before another round of digestion using 

freshly made aqua regia (3:1 molar ratio of HCl:HNO3) at 150 °C for 30 minutes. Finally, samples 

were dried and resuspended to a final volume of 3 mL with 3% nitric acid solution. The amounts of 

metals (gold and platinum) were determined after analysis on ICP-MS Agilent 7700, using standard 

calibration curves. 
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5. LIMITATIONS OF ALTERNATIVE TUMOR MODELS: 
Investigations on Biokinetics, Organ Distribution, and Excretion of Nano-Architectures  

 

 

 The increasing development, fabrication, and applications of nanotechnology have called for 

the establishment of regulatory boards to oversee the quality and safety for use of NPs prior to their 

release to the market [1–3]. Nevertheless, and although not thoroughly elaborated in this thesis, it 

should be noted that these directives are still subject to changes. Monitoring and regulatory agencies 

are still facing various predicaments to establish a set of standardized and harmonized guidelines for 

NPs approval [4,5]. In nanomedicine, the authorization for clinical applications of NMs profoundly, but 

not solely, relies on their efficacy to induce the desired diagnostic or therapeutic actions. The safety, 

physiological behaviors, and potential side effects must be deliberated in parallel with the benefits that 

the NPs may offer. Comprehensive preclinical assessments, including evaluations on the 

biocompatibility, biodegradation, and excretion of NMs, are required to translate these materials to 

clinical trials, where an even more stringent set of criteria needs to be inspected prior to approval. The 

standard pharmacokinetic principle that surveys drug absorption, distribution, metabolism, and 

excretion (ADME) has been adapted to nanomedicine. However, additional challenges in NPs ADME 

analyses are imposed by their complexities with respect to smaller pharmacological molecules, as 

well as by the peculiarities among different types of NPs that can result in difficulties in data 

comparison and extrapolation [3,6,7]. Thus, committees, such as the Scientific Committee on 

Emerging and Newly Identified Health Risks (SCENIHR) of the European Commission, emphasize 

the need to perform and evaluate nano-bio assessments on a case-by-case basis [1,3]. 

 In this chapter, the biokinetic behaviors of the NAs are discussed by examining the organ 

biodistribution and excretion trends of the metallic USNPs. Two general factors will be considered. 

The first section deals with the influence of the physical and chemical properties of the USNPs on 

their respective biodistribution and systemic elimination, particularly considering modifications in size 

and chemical nature. Meanwhile, the second section examines variations in biokinetic behaviors 

consequent to different modes of administration: intravenous injection and intranasal. Aside from 

shedding information on the biocompatibility, systemic behaviors, and elimination of the NAs building 

blocks, this chapter also highlights one of the crucial limitations of multicellular tumor spheroids and 

tumor-grafted chick CAM as biological models for nanoparticle assessment. The apparent lack of 

compartments in spheroids and fertilized chicken eggs to study organ biodistribution and excretions 

demands the use of another biological model to investigate an equally important concern in 

nanomedicine. While progress and massive efforts are poured on the development of alternative 

tumor and biological models, mammalian models remain essential for NPs assessment.   
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5.1. Analyses on the influence of physical and chemical characteristics of nano-architectures 

on biokinetics, biodistribution, and excretion after intravenous administration 

  

The following section was previously peer-reviewed and reported in: (A) Cassano D., 

Summa M., Pocoví-Martínez S., Mapanao A.K., Catelani T., Bertorelli R., and Voliani V. 

Biodegradable Ultrasmall-in-Nano Gold Architectures: Mid-Period In Vivo Distribution and 

Excretion Assessment. Part. Part. Syst. Charact. 2019 36, 1800464. DOI: 

10.1002/ppsc.201800464 – and – (B) Cassano D., Mapanao A.K., Summa M., Vlamidis Y., 

Giannone G., Santi M., Guzzolino E., Pitto L., Poliseno L., Bertorelli R., and Voliani V. 

Biosafety and Biokinetics of Noble Metals: The Impact of Their Chemical Nature. ACS 

Appl. Bio Mater. 2019 2(10), 4464-4470. DOI: 10.1021/acsabm.9b00630. A.K. Mapanao 

synthesized and characterized the NAs (in A and B), prepared the biological samples and 

performed metal quantification through ICP-MS (A and B), and analyzed the data (in B). 

 

 

 Nano-bio interactions are interplay of various factors associated with the physiological 

biomolecules and the inherent features of the NPs [8,9]. These interactions determine the overall 

physiological fate of the NPs, which subsequently affect their functional efficiency, biocompatibility, 

systemic elimination, and safe application [10,11]. Assessments of nano-bio interactions are 

particularly crucial for noble metal NPs. Indeed, despite their encouraging applications in theranostics, 

they are still unavailable in the market due to biocompatibility, prolonged persistence, and toxicity 

concerns [12]. Body persistence of certain noble metal NPs is also attributed to their chemical 

inertness, physiological stability, and the failure of the body to efficiently metabolize these materials 

[6,7]. Ironically, these features, in addition to their functional optical properties, are the same reasons 

why noble metal-based NPs are suitable for biomedical and clinical applications. Hence, the physical 

and chemical features of NPs need to be tailored carefully in order to overcome the issues of 

unwanted and prolonged tissue persistence without significantly impairing the functional efficiency 

(Figure 5.1A). 

 

 

5.1.1. In vivo behavior of USNPs associated with the size 

Size reduction is one of the primary alterations that can be implemented to avoid NPs 

prolonged tissue persistence [12,13]. Nanomaterials with “ultrasmall” dimensions (1 to 3 nm) may 

additionally take advantage of the efficient renal filtering, leading to elimination through urinary 

excretions [11,12,14]. Renal filtration of the blood involves the nephrons, which contains fenestrations 

and slits that allow the passage of matters with hydrodynamic sizes below 6 nm (Figure 5.1B) [9,14]. 

The elimination of materials through the renal system is also preferred as it minimizes the need for 

metabolism and diminishes the interaction of NPs with [untargeted] organs, thereby reducing the 

potential toxicity these materials may cause [9]. On the other hand, an excessively rapid clearance of 

NPs may limit their functional applications since their capacity to reach and accumulate in targeted 
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organs is reduced [12]. Furthermore, passive accumulation through the EPR effect favors larger NPs 

with longer blood retention time [11,12,15]. Researchers are now prompted to exploit various 

approaches in order to address the NP size-related dilemma between function and excretion. Among 

the strategies devised is the ultrasmall-in-nano approach [12], which our group has been adapting to 

fabricate a diversity of excretable nano-architectures, mostly for oncological applications [16–19]. 

As elaborated in Section 3.1, NAs are composed of silica nanoshells enclosing a polymeric 

matrix of noble metal USNPs, usually gold-based with about 3 nm in diameter (Figure 3.2). With an 

overall diameter ranging between 100 to 150 nm, NAs may avoid the rapid systemic elimination yet 

degrade into their building blocks (i.e. silicic acid, polymer, additional molecular cargo, and metal 

USNPs) within 48 h in biological environment. This mechanism allows the components to reach 

certain organs and have the metal USNPs gradually excreted [16,20,21].  

 

 
Figure 5.1. Nanoparticle features affecting their physiological behaviors and in vivo fate. (A) The size, 

shape, and surface properties of NPs are commonly tailored to enable certain functions while 

avoiding prolonged tissue persistence [8]. (B) One of the primary alterations performed is NP size 

reduction to enable passage through kidney filtration barrier [14]. 

 

 

 The size-related biodistribution and excretion were compared between two gold-based NAs: 

(i) the “standard NAs”, in which the diameter of the USNPs is approximately 3 nm, and (ii) gold cluster 

NAs, hereafter refered to as “Au cluster NAs,” in which the USNPs measure about 1.2 nm in diameter 

(Figures 5.2B-E). The two types of NAs have remarkable resemblance in morphology (Figures 5.2B 

and D)  and overall diameter considering the silica shell (Figures 5.2 C; bottom and E; bottom). In 

particular, standard NAs have an average diameter of 98 ± 19 nm, while Au cluster NAs have 99 ± 13 

nm.  
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The NPs were individually administered through a single intravenous (IV) tail-vein injection 

(4.5 mg of standard NAs and 4 mg of Au cluster NAs) on CD1-Foxn1nu mice, a species utilized in 

cancer studies as orthotopic or heterotopic tumor models [20]. However, the mice employed in these 

investigations were not grafted with tumors since the focus was on the general biosafety, organ 

distribution and excretion of the USNPs. Urine and fecal excretions were collected everyday, and a 

group of mice was sacrificed at specified time points to collect various organs for gold quantification 

(Figure 5.2A). Particular attention was given to the liver, spleen, and kidneys, which are known vital 

sites for NP accumulation and elimination [9,10]. The indicated periods for organ collection were 

selected considering the degradation of the particles and the reduction of potential stress on the 

animals as they were single housed in metabolic cages during the study to collect and prevent cross-

contamination of the excretions. Afterwhich, the biological samples were processed through acid 

digestion for gold quantification through inductively coupled plasma – mass spectrometry (ICP-MS). 

The results are reported either as the amount of gold measured on the tissue or as % injected dose of 

gold per mass of dried tissue (%ID/g). 

 

 
Figure 5.2. Scheme of the studies and features of the two gold-based NAs. (A) The biodistribution 

and excretion of standard NAs and Au cluster NAs were evaluated after a single tain-vein injection. 

Organs and excretions were collected at indicated time points, and were subsequently processed for 

quantification of gold through ICP-MS. TEM images of standard NAs (B; scale bar = 200 nm) and Au 
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cluster NAs (D; scale bar = 100 nm) demonstrate their similar morphologies. Corresponding size 

distributions instead highlight the difference in the dimensions of the standard Au USNPs (C; top) and 

Au cluster USNPs (E; top), but ultimately lead to final standard NAs (C; bottom) and Au cluster NAs 

(E; bottom) with comparable diameters. 

 

 

 In general, the introduction of standard NAs or Au cluster NAs did not cause detrimental 

effects on the characteristics and behaviors of the mice in terms of body weight, and intake of food 

and water throughout the course of the experiment (Figures 5.3A and B). The biocompatibility of 

standard NAs was also confirmed through histological analyses of the livers and kidneys, in which no 

signs of inflammation or pathological alterations were observed (Figure 5.3C).  

 

 
Figure 5.3. Biocompatibility of NAs. Mice treated with standard NAs (A) and Au cluster NAs (B) 

maintained normal body weights (left) and intake of food (center) and water (right). (C) No 

inflammation or pathological effects were observed with histological analyses of the livers and 

kidneys. Data in A and B are reported as mean ± standard deviation with N = 3 mice per time point. 

The indicated time points (Days 2, 6, and 10) correspond to the days that a group of mice was 

sacrificed for organ harvesting. 
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 The administration of standard and Au cluster NAs resulted in relatively high and comparable 

gold %ID/g in the liver on the first time point (Figures 5.4A and C). Meanwhile, a higher %ID/g in the 

excretions was observed with the smaller Au cluster USNPs, which was approximately 17 times 

higher compared to the %ID of the excretion of standard NAs. These trends can be ascribed to the 

corresponding sizes of NAs and the USNPs. The initial presence of gold in the liver was due to the 

systemic circulation and accumulation of the intact NAs prior to degradation, which might have 

subsequently contributed to the amount of gold found in fecal excretions. Nevertheless, both types of 

Au USNPs were eliminated from systemic circulation through the renal pathway, in which the smaller 

diameter of Au cluster USNPs allowed a more efficient passing through the kidney filters. In general, 

the data confirm a preferential elimination of the metal USNPs through urines (Figures 5.4B and D).  

 

 
Figure 5.4. Gold quantification in the liver and excretions. The decreasing amounts of gold in the liver 

accompanied by an increasing metal detection in the excretions demonstrated the non-persistent 

behaviors of standard NAs (A) and Au cluster NAs (C). The results corresponding to the excretions 

(cyan bars) were cumulative until the indicated time (e.g. Day 10 corresponds to all excretions from 
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Day 1 to Day 10), while the reported results for the liver (red bars) are the measured values on the 

respective day that the mice were sacrificed. The distribution of gold between urine and fecal samples 

for standard Au USNPs (B) and Au cluster USNP (D) illustrated the preferential excretion through the 

renal system. Here, the data for the fecal and urine samples are plotted with respect to the indicated 

day. All data are reported as mean + standard deviation with N = 3 mice per time point. 

 

 

The results obtained from the subsequent time points (days 6 and 10) revealed a decreasing 

amount of gold in the liver for both groups of mice treated either with standard or Au cluster NAs. This 

trend was accompanied by the increasing amounts of the metal detected in the excretions. 

Interestingly, almost constant %ID/g values were observed with the fecal samples throughout the 10-

day period for both types of NAs. It is speculated that there could be a limit on the amount of metal 

that can be accumulated in organs that contribute in fecal elimination, especially in the liver and 

spleen [10]. Higher gold measurements in excretions were evidently measured with Au cluster 

USNPs, which corresponded to a 10-day post-administration cumulative amount equal to 60%ID 

compared to 15%ID of Au USNPs in standard NAs. Correspondingly, daily monitoring of the 

excretions demonstrated the higher elimination of gold within the first three days for Au cluster NAs, 

leaving fewer amounts available for excretion towards the later time points (Figure 5.4D). Overall, 

these results reaffirm the essential involvement of material size in the rate of NP clearance and the 

efficiency of the renal system in the elimination of NPs from organisms. 

The kidneys and spleen were also closely monitored for NAs accumulation. Together with the 

liver, these organs serve as main sites in the sequestration and elimination of foreign materials inside 

the body [9,10]. While the gold from standard NAs was detected more in the spleen, the contrary was 

observed with Au cluster NAs (Figure 5.5). The relatively higher accumulation of Au cluster USNPs in 

the kidneys further suggests the size-related retention of the USNPs in the renal organ, including 

some fractions that were potentially in the process of filtration. This additionally supports the findings 

indicating the more efficient renal clearance of Au cluster USNPs with respect to the USNPs of 

standard NAs.  Moreover, the %ID/g values in the kidneys for Au cluster NAs were at comparable 

magnitudes to the liver and spleen during the earlier time points (Figure 5.6), in contrast with the 

results for standard NAs where the %ID/g in liver and spleen were significantly higher than in the 

kidneys on day 2. 
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Figure 5.5. Accumulation of gold in the spleen and the kidneys. While higher amounts were 

measured in the spleen of the mice administered with standard NAs (left), more gold were 

consistently detected in the kidneys of the mice injected with Au cluster NAs (right). The results are 

reported as mean + standard deviation, with N = 3 mice per time point. 

 

 

The other organs collected for analyses were found to contain considerable or trace amounts 

of gold (Figure 5.6). Given the mode and route of administration, the blood served as a medium in 

organ distribution of NAs, and consequently of the gold USNPs. Blood circulation and the amount of 

blood that passes through an organ also influence the localization of NPs [6]. Hence, trace amounts 

of gold were measured in the blood, lungs, and brain for both standard and Au cluster NAs. It should 

be noted that since these organs were not perfused upon sampling, the presence of gold in the 

residual blood might have contributed to the metal detection. Nonetheless, the measurements 

decreased over time, confirming the non-persistent behaviors of the USNPs. 

 

 

 
Figure 5.6.  IV administration of standard NAs (left) and Au cluster NAs (right) resulted in distinctive 

organ biodistribution. Data are reported as mean + standard deviation, with N = 3 mice per time point. 
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Altogether, these findings reiterated the importance of NP dimension in the organ 

biodistribution and excretion following a single IV administration. The presence of gold in the urine 

samples was expected since the two types of gold USNPs investigated remain within the kidney 

filtration threshold size. Furthermore and in accordance to other studies [7], significant amounts of 

gold were also measured in the liver, spleen, and kidneys, given their roles in expelling foreign 

materials from systemic circulation. Nevertheless, Au USNPs were gradually eliminated from these 

organs, leading to 15%ID and 60%ID in the excretions within 10 days for standard NAs and Au cluster 

NAs, respectively. 

 

 

5.1.2. In vivo behavior of USNPs in relation to their chemical nature  

 In addition to nanomaterial size, shape and surface features (Figure 5.1A), the chemical 

nature of the NPs influences their behaviors in biological systems [7,22]. In the case of noble metals, 

for instance, gold exhibits a strong affinity with thiols (about 45 kcal/mol), silver NPs can form 

complexes with amines or sulfides, or are relatively easy to oxidize into silver cations, while the 

interaction of platinum NPs with reactive oxygen species and the DNA are under investigation [22–

24]. The biological interactions of inorganic NPs are of particular concerns as the body metabolizes 

them less efficiently, causing alarms on their potential persistence and toxicity [6]. The comparison of 

the studies present in the literature may provide an outlook on the potential in vivo fate of noble metal 

NPs, but the variety of synthesis procedures and overall NP features may cause considerable 

deviations from such generalizations.  In this regard, we have taken advantage of the versatility of the 

ultrasmall-in-nano design to synthesize nano-architectures with different noble metal USNPs in the 

core (Figures 5.7A-C) [25]. The resulting organ distribution and excretion behaviors of USNPs can 

then be directly associated with the different chemical properties. Indeed, noble metal NPs may cater 

to various biomedical applications. For instance, gold, silver, and platinum NPs have been extensively 

investigated for oncological, antimicrobial, and nano-enzymatic applications, respectively [22,24]. 

Hence, the assessment of biocompatibility, physiological behaviors, and systemic elimination in 

relation to chemical nature is relevant to complement the knowledge on their potential biomedical 

applications.  

 Electron microscopy images confirmed the similar nano-arrangements of Au cluster NAs, 

silver NAs (AgNAs) and platinum NAs (PtNAs) (Figures 5.7A-C). For size consistency, Au cluster 

NAs with the USNPs average diameter of 1.2 ± 0.2 nm was employed instead of standard Au USNPs 

since the average diameters of Ag USNPs and Pt USNPs are 1.0 ± 0.3 nm and 1.3 ± 0.3 nm, 

respectively (Figures 5.7D-F; top). The final NAs also have similar diameters, measuring 99 ± 13 nm 

for Au cluster NAs, 111 ± 19 nm for AgNAs, and 130 ± 22 nm for PtNAs. As with the study on the 

biodistribution and excretion of standard gold NAs, CD1-Foxn1nu mice were injected on the tail-vein 

with 4 mg of the different types of NAs. The excretions were collected daily, and groups of mice were 

sacrificed for organ collection on days 2, 6, and 10 (Figure 5.2A). The measurements are reported in 

%ID/g to account for the fraction of metal detected in the organs with respect to the initial amount 

injected on the mice, and the differences in metal loading of the NAs. Indeed, the synthesis 
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procedures resulted in w/w metal loading of 0.6% for Au cluster NAs, 3% for AgNAs, and 1.2% for 

PtNAs. Moreover, the corresponding injected NAs contained 25 µg Au, 120 µg Ag, and 50 µg Pt, 

which were within the recommended acceptable amounts of noble metals administration for murine 

models [26]. The amount injected was also standardized in terms of NAs instead of metal so as to 

avoid administering too much material. These loading percentages are notably lower than of standard 

gold NAs (Au USNP ~3 nm; loading = 5%), and the differences could be attributed to distinctive 

chemical interactions. For example, Au cluster NAs and AgNAs are synthesized in presence of 

glutathione as a stabilizing agent, and this could reduce the interaction between the metal USNPs and 

poly(styrene sulfonate) (PSS) that would be crucial in the formation of the polymeric arrays (Section 

3.1). On the other hand, platinum USNPs are synthesized in presence of PSS, but have different 

interaction with the polymer compared to gold USNPs in standard NAs. 

 

 

	  

Figure 5.7. Nano-architectures with different noble metal USNPs. The minimal modifications in 

synthesis procedures have yielded Au cluster NAs (A), AgNAs (B), and PtNAs (C) that all follow the 

ultrasmall-in-nano arrangement. Scale bar = 100 nm. The size distributions of the noble metal USNPs 

(top; D = Au; E = Ag; F = Pt) and the respective NAs complete with the silica nanoshell are also within 

the same dimensions (bottom; D = Au; E = Ag; F = Pt). 
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 The amounts of metals in the liver and the excretions within the 10-day observation period 

demonstrated right away a disparity of systemic circulation and excretion behaviors among the noble 

metal USNPs. In the case of Au cluster NAs and AgNAs, the metals were detected more in the 

excretions than in the liver (Figures 5.4C and 5.8A left). Metal contents in the liver continuously 

decreased within 10 days, confirming that gold and silver did not persist and could be gradually 

eliminated from the liver. Furthermore, the amount of gold in the excretion significantly increased 

within 10 days, while the amount of silver in the excretions remained relatively at the same values 

across the three time points. It should be noted that despite the clearance of Au cluster and Ag 

USNPs, the %ID/g values of gold were, in general, at least a magnitude higher than of those for silver. 

In contrast, Pt USNPs markedly accumulated in the liver at day 2, decreased by approximately 3 

times at day 6, and persisted until day 10 (Figure 5.8B). The excretion of platinum was the lowest 

and almost negligible when compared to gold and silver. The trends with PtNAs suggest that Pt 

USNPs persisted within the timeframe set for this study. The breakdown of metal detection between 

fecal and urine excretions interestingly pointed out more differences among the metals (Figures 5.4D 

and 5.8 right column). For instance, Au cluster USNPs were preferentially and efficiently excreted 

through urines accompanied with a steady amount of metal excretion in the fecal samples. In 

contrast, Ag USNPs were found more in fecal samples and were excreted at almost constant %ID/g in 

urines. 
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Figure 5.8. Detection of metals in the liver and excretions. A single IV injection of AgNAs (A), and 

PtNAs (B) resulted in different liver accumulation and systemic elimination behaviors (left column), 

including the preferential excretion route (right column). Data are reported as mean + standard 

deviation, with N = 3 mice per time point.   

 

 

The accumulation of the noble metal USNPs in other organs was also examined to provide 

additional insights on the potential localization of the materials (Figure 5.9). As expected, the liver 

and spleen served as the main sites of accumulation for all the materials. Gold cluster NAs were also 

found in the kidneys and lungs, and were measured in trace amounts in the brain, heart, and the 

blood. Silver USNPs were notably found more in the spleen, albeit the overall values of Ag in different 

organs were lower (maximum of ~13%ID/g) compared to the other metals (maximum of 32%ID/g for 

Au cluster USNPs and 26%ID/g for Pt USNPs). The accumulation in the spleen and liver could have 

contributed to the higher amount of metal detected in fecal samples. Although decreasing amount of 

silver was measured over time on liver and spleen samples, this did not correspond to an increased 

amount quantified from excretion samples (Figure 5.8A). In agreement with other studies, it is 

possible that silver (either as NPs or ions), may re-enter the circulation and relocate in organs like the 

lungs and brain, in which increased amounts of silver were detected, or accumulate in the skin 

[23,27,28]. On the other hand, Pt USNPs remained mainly in the liver and spleen, which may explain 

the amount detected from fecal samples. Trace amounts were also detected in the lungs and brain.  

The presence of the metals in the organs was monitored for an extended time of 21 days 

post-injection (Figure 5.9). Here, animal excretions were not collected since the mice were not 

housed in single metabolic cages for ethical reasons. In most organs, silver and gold demonstrated a 

decreasing trend except in the brain. Other studies have also noted the prolonged accumulation of 

metals in the brain [27], which raises concerns in the potential neurotoxic effects of these materials. 

Increases in %ID/g of gold in the liver and spleen were also recorded, which suggest a redistribution 

of the remaining NPs before excretion. Meanwhile, platinum remained to be mainly in the spleen and 

liver. 



	

 116 

	  

 

Figure 5.9. Metal detection in different organs. The IV injection of Au cluster NAs (A), AgNAs (B), and 

PtNAs (C) resulted in accumulation of the metals in various organs, including the lungs, brain, and 

heart. The metals continued to be detected up to 21 days post-injection. Data are reported and mean 

+ standard deviation, with N = 3 mice per time point. 
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The biodistribution and excretion trends have evidently demonstrated the substantial effects 

of the chemical nature on USNPs with comparable sizes. Since the first examined time point was 

within the timeframe of NAs degradation, the presence of the metals in the liver could be due both to 

the sequestration of the intact NAs and the circulating USNPs. The silica shell surface was 

unmodified and similar to all types of NAs employed in the study. Hence, the nano-bio interactions 

would only differ once the USNPs were released. The chemical nature of the metals then influenced 

some features, including the overall composition of the protein corona [11,22,29]. It should be noted 

that since the USNPs have dimensions between 1 to 3 nm, the majority of their atoms are on the 

surface [11]. This might consequently affect other NP features including their hydrodynamic sizes, 

which may cause significant changes in systemic behaviors and excretion trends despite similarities 

in absolute sizes measured from electron microscopy. In addition, the metabolism of the metal NPs 

may have also contributed to the observed measurements. For instance, silver NPs can be easily 

oxidized to ions, particularly in the gastrointestinal track. Then, the ions enter into systemic circulation, 

form complexes with thiols, and immobilize in regions near the skin [23]. This mechanism may explain 

the overall low %ID/g for AgNAs for the organs and excretion samples compared to Au cluster NAs, 

which were largely found in the excretions, and PtNAs, which were mainly accumulated in the liver 

and spleen. Additional experiments may be required to evaluate organs that have been overlooked in 

this study, such as the organs from the digestive system and the skin. Moreover, the preferential fecal 

excretion and low accumulation in the liver and spleen reinforce the potential major involvement of the 

gastrointestinal track on the in vivo fate of Ag USNPs. The formation of ions from PtNPs has also 

been investigated but remains understudied along with its consequences in biodistribution [30]. 

Meanwhile, it has been pointed out that gold NPs in the ultrasmall size range could elicit chemical 

reactivity, which may raise toxicity concerns compared to bulk and larger gold NPs that are known to 

be inert materials [31,32]. This would require an in-depth histopathological investigation, especially in 

the organs intensely in contact with the Au USNPs. Nevertheless, NAs did not induce significant 

alterations in the body weights and intake of food and water of the treated mice (Figure 5.10). The 

biocompatibility of the different types of NAs have also been demonstrated in additional experiments 

performed on zebrafish embryos and larvae [21]. 
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Figure 5.10. Biocompatibility of NAs with different noble metal USNPs in the core. Mice treated with 

Au cluster NAs (A), AgNAs (B), and PtNAs (C) remained to have normal body weights (left) and 

intake of food (center) and water (right) in the whole duration of the study (21 days). 
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5.2. Nano-architecture biokinetics following intranasal administration 

 

The following section was previously peer-reviewed and reported in: Mapanao A.K., 

Giannone G., Summa M., Ermini M.L., Zamborlin A., Santi M., Cassano D., Bertorelli R., 

and Voliani V. Biokinetics and clearance of inhaled gold ultrasmall-in-nano architectures. 

Nanoscale Advances. 2020 2(9), 3815-3820. DOI: 10.1039/D0NA00521E. A.K. Mapanao 

contributed in NAs synthesis and characterization, and preparation and analyses of ICP-

MS measurements.  

  

 

Nanomaterials can penetrate in organisms by voluntary administration or unintentional 

contact, and through several administration routes, such as injection (intravenous, subcutaneous, and 

intratumoral), inhalation, ingestion, and dermal contact  (Figure 5.11) [9]. Similar with the physical 

and chemical features, the mode of administration can significantly influence the biokinetics, 

biodistribution, and excretion of the NPs [7,9,22,33]. Delivery through inhalation is especially 

interesting due to the large surface area of the lungs (average 150 m2), thin alveolar epithelium, easily 

permeable membrane, and extensive vasculature, which can allow substantial and rapid absorption of 

nanomaterials [34,35]. Moreover, patients may be allowed to self-administer therapeutics without the 

need for a trained staff [34]. The inhalation route may increase local or systemic efficacy and 

bioavailability of therapeutics as it circumvents metabolic barriers such as the hepatic first-pass effect 

[36]. Thus, it is ideal and practical for the delivery of drugs and NPs, in order to treat respiratory 

ailments like asthma and microbial infections, and provide an alternative route to address some 

systemic diseases [37,38]. In general, identifying and analyzing the biokinetics of NPs in terms of 

accumulation in the lungs, translocation to secondary organs, and excretion after exposure are crucial 

from both clinical and environmental perspectives [39]. 
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Figure 5.11. Nanomaterials can be delivered through several administration routes. Each of which 

has its own list of advantages (green) and challenges to be addressed (red) [9]. 

 

 

 The nose serves a fundamental role in intranasal administration as the primary portal for 

respiration. It also has olfactory functions and protects the lungs by heating, humidifying and filtering 

the incoming airstream [40]. Interestingly, the nasal pathway offers an alternative route for the delivery 

to the brain, as therapeutics deposited onto the olfactory epithelium can directly translocate through 

the olfactory and trigeminal nerve pathways. Thus, the strictly selective blood-brain barrier (BBB) is 

avoided and systemic exposure is minimized [9,40,41]. 

In this section, the biokinetics, organ distribution, and clearance of standard NAs 

administered through a single intranasal (IN) application are presented. The corresponding 

evaluations are also compared to the results obtained following a tail-vein IV injection of standard NAs 

(Section 5.1.1). Similar to the previous IV studies, the IN investigation was performed on CD1-Foxn1nu 

mice. Furthermore, IN administration was preferred over intratracheal instillation or nebulization as IN 

is less invasive than the former, and delivers more accurately than the latter [40]. Each mouse 

(average of 30 g/model) was treated with 3 mg NAs/kg mouse, corresponding to approximately 4 µg 

of gold. This amount was significantly lower compared to the quantity of gold administered in the IV 

study (150 mg NAs/kg mouse; 200 µg Au), and below the maximum amounts suggested for inhalation 

experiments on rodents [42]. After IN administration, urine and fecal excretions were collected daily 

for 10 days, and the mice were sacrificed at 4-time points (Figure 5.12A). The time points were 

chosen considering the (bio)degradation timeframe of NAs (Section 3.1) and the reduction of potential 

stress on the mice, which were single-housed in metabolic cages in order to collect excretion and 

prevent cross-contamination. Behavioral changes, pathological signs, and/or mortality in treated mice 

were monitored for the whole experimental period. In general, no adverse effects on the animals were 
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observed. In particular, no significant variations on body weight, food consumption, and water intake 

were noted after NAs administration (Figure 5.12B). 

The biodistribution of gold was quantitatively determined through ICP-MS analysis of organs 

and excretions. It has been already demonstrated that the amount of gold was negligible in mice not 

treated with NAs. Thus, in agreement with the 3Rs concept, experiments on untreated mice were 

omitted [21]. All data in this study are reported as % injected dose (%ID) to provide a direct overview 

of the gold biodistribution with respect to the administered amount. 
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Figure 5.12. Intranasal delivery of NAs in mice. (A) Mice were treated with NAs through IN 

administration, and then excretions and organs were collected for gold quantification. (B) After 

treatment, the body weight (left), water intake (center) and food intake (right) of the mice were 

monitored. The results are reported as mean ± standard deviation with N = 3 mice per time point. (C) 

Electron microscopy images confirmed the presence of NAs in the lungs 24 h after IN administration. 

 

 

At day 1 after IN administration, a significantly higher amount of gold was detected in the 

lungs compared to the trachea, thereby confirming that NAs avoided accumulation in the upper 

respiratory region and reached the lower airways. (Figures 5.12C and 5.13A). The pulmonary 

localization of NAs further encourages their potential ability to produce enhanced effects in the lungs 

[43]. Substantial amounts of gold were also observed in the gastrointestinal (GI) organs (Figure 

5.13A), due to a part of the administered bolus potentially ingested by the mice during the IN 

application. On the other hand, the measured amount of gold in the liver corresponded to 4.37% ID on 

day 1 (Figure 5.13B), which was notably lower compared to the detected values following IV 

administration (Figure 5.13D).  

 

 

 
Figure 5.13. Measurement of gold in various organs after IN administration of standard NAs. (A) Gold 

distribution was monitored in different organs and analyzed per system. (B) The biological samples 

monitored with increased attention include the lungs, liver, and the excretions, which respectively 
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served as the target, retention, and clearance sites. The measurements after IN treatment (C; re-

arranged data from Figure 5.13A) were also compared to the observations following standard NAs IV 

administration (D; reprocessed data from Figure 5.6, reported in %ID). Data are reported as mean + 

standard deviation, with N = 3 mice per time point. 

 

 

The amount of gold collected in all the organs gradually decreased until day 10 (Figures 

5.13A and C). Meanwhile, the cumulative excretion finally reached about 80 %ID and confirmed the 

non-persistence of NAs in the organism (Figure 5.14). In particular, the daily excretion of gold passed 

from approximately 1.62 µg at day 1 to around 0.16 µg at day 10, with an average of 3.32 µg excreted 

within the 10 days of observation period. The total %ID of the excretions after IN administration was 5 

times higher compared to IV administration, in which a cumulative amount equal to 31.8 µg Au (~ 16 

%ID) was recovered 10 days post-IV injection of NAs (Figure 5.14). The different routes of systemic 

circulation respectively involved with IN and IV administration modes feasibly influenced not only the 

organ biodistribution, but also the main excretion course of the gold USNPs [9,44]. In particular, gold 

was mainly recovered in fecal samples for IN-administered NAs, contrary to the favored urinary 

excretion after IV administration  (Figure 5.14).  

 

 
Figure 5.14. Different elimination routes following IN and IV introduction of NAs. The amounts and 

preferred excretion of gold USNPs differ with respect to the mode of administration. Data are reported 

as mean + standard deviation, with N = 3 mice per time point. 

 

 

Aside from the fraction of NAs unavoidably ingested during the treatment, the presence of 

gold in the digestive organs could also be due to the mucociliary escalator clearing mechanism. This 

process involves the entrapment of insoluble particulates in the gel layer of the mucus, directing them 

to the pharynx through the upward motion caused by the metachronous beating of the cilia, ultimately 

leading the particulates to the GI tract [9,33]. The strong involvement of the digestive organs on fecal 

excretion was also supported by the low amount of gold in the liver, suggesting a less pronounced 
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contribution from the hepatobiliary system in foreign material sequestration. It was already 

demonstrated that gold USNPs in systemic circulation can also be excreted through the renal 

pathway, thus the presence of gold in urine was not surprising (Section 5.1) [21,45]. Additionally, the 

amount of gold in the urine samples peaked at day 4, following the maximum amount of gold collected 

in the bladder at day 2 (Figure 5.15). The occurrence of gold in the urines could also be associated to 

the degradation of NAs that accumulated in the urinary system organs, and the potential translocation 

of gold USNPs from the lungs through the blood that was filtered. 

 Particulates that bypass the mucus entrapment and enter the lungs can be cleared through 

slower processes. These include immune system facilitated clearing mechanisms involving alveolar 

macrophage and dendritic cells, and translocation in the alveolar epithelium to the blood circulation 

[9]. Since the mice employed in this investigation are compromised immune system, the excretion of 

nanomaterials from the lung parenchyma might be limited to translocation [46]. Consequently, 

significant amounts of gold were also measured in secondary organs (Figure 5.15). For instance, the 

measured gold in the heart could have resulted from the translocation from the lungs, as the 

nanoparticles crossed the air-blood interface and entered systemic circulation [47].  A significant 

amount of gold was also observed in the blood, mainly at day 1, and the systemic circulation and 

biodistribution of NPs are influenced by the blood supply to specific organs [6,44]. These outcomes 

also suggest a potentially crucial association between inhaled particulates and cardiovascular 

diseases, which similarly need to be considered in risk assessment and management of the use of 

engineered nanomaterials [48]. 

 

 
Figure 5.15. The distribution of gold in various organs could be influenced by vascularization, as the 

blood acted as a medium for the translocation of the NPs. 

 

 

 A notable amount of gold was also found in the brain at day 1 (2.5 %ID), which was 

approximately an order of magnitude higher with respect to the value after IV administration (Figure 

5.15). This outcome is of special interest as the delivery of NPs to the brain is particularly challenging 
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because of the BBB [9]. The translocation of NAs to the central nervous system may result from the 

involvement of the olfactory mucosal and neuronal pathway [49,50]. Indeed, the size of NAs is <200 

nm, and this feature may have allowed them to pass through the cribriform plate where the olfactory 

nerves pass from the nasal cavity to the olfactory bulb [49,51]. Nevertheless, the amount of gold 

significantly decreased within 10 days, confirming the ability of the building blocks of NAs to escape 

the brain and prevent prolonged organ persistence. 

 Overall, it was quantitatively demonstrated that gold ultrasmall-in-nano architectures 

accumulated in the lungs after IN application, translocated to secondary organs, and were almost 

completely excreted within 10 days. The NPs were mainly excreted through the feces due to the 

involvement of the GI track upon the inevitable ingestion of NAs and the mucociliary escalator 

clearing mechanism. On the other hand, the NPs also passed through the air-blood interface and 

entered systemic circulation as evidenced by the detection of gold in the blood and heart. 

Interestingly, NAs were also able to accumulate in the brain through the olfactory neuronal pathway 

and to escape after biodegradation. These results are fundamental and encourage the development 

of systemic or local pulmonary-delivered noble metal-based treatments for oncology and 

communicable diseases. Noticeably, investigations as such, which examine the fate of well-

quantifiable materials (i.e. materials that could be quantified using sensitive analytical instruments), 

may also provide insightful understanding and awareness on biokinetic and excretion behaviors of 

involuntarily inhaled nanomaterials. 

 

 

Materials and Methods 

Synthesis of Standard Gold USNPs and Polymeric Arrays 

Standard gold USNPs were prepared by adding in 20 mL of Milli-Q water 200 µL of aqueous 

solution of HAuCl4 (stock: 10mg/mL) and 10 µL poly(sodium 4-styrene sulfonate) (70 kDa, 30% 

aqueous solution, PSS). The chloroauric solution was stirred vigorously and 200 µL of sodium 

borohydride (stock: 8 mg/mL) was quickly added. The solution continued to stir vigorously for 2 

minutes and was aged for 10 minutes. Then, 75 µL of aqueous poly(L-Lysine) (PL; 15-30 kDa; stock: 

40 mg/mL) was added for controlled aggregation of the PSS-coated Au USNPs. The solution was 

further incubated for 20 minutes. The Au polymeric arrays were collected by centrifugation at 16873 x 

g for 5 minutes and then resuspended in 2 mL Milli-Q water. 

 

Synthesis of Gold Cluster USNPs and Polymeric Arrays 

Gold cluster USNPs with a diameter of approximately 1 nm were synthesized by employing a 

protocol reported elsewhere [52]. Methanolic solution of HAuCl4 (0.25 mmol, 0.1 g, 50 mL) was added 

with 1.0 mmol (0.307 g) of glutathione. The mixture was then placed in a cold bath (~0°C) for 30 

minutes under continuous stirring. Then, 12.5 mL of freshly made cold aqueous solution of sodium 

borohydride (0.1 g, 0.2 M) was rapidly injected into the mixture under vigorous stirring. The mixture 

was allowed to react for another hour. The resulting precipitate was collected through centrifugation, 

and washed three times with methanol (spun at 4000 rcf for 10 minutes) to remove remaining starting 



	

 126 

materials. The washed precipitate was then suspended in Milli-Q water and freeze-dried to obtain 

dark brown powder of gold clusters. To prepare the polymeric arrays, 2 mg of gold clusters was mixed 

with 10 µL of 30% PSS, and 200 µL of 20 mg/mL PL 15−30 kDa in 20 mL of Milli-Q water. The 

mixture was stirred for 15 minutes at room temperature. Aggregated were collected after 

centrifugation at 16873 x g for 3 minutes. The precipitates were resuspended in 2 mL of Milli-Q water 

and sonicated for maximum 4 minutes.  

 

Synthesis of Silver USNPs and Polymeric Arrays 

 Silver USNPs were produced by adding 200 µL of glutathione (100 mM, aqueous solution) 

and 200 µL of 25 mM AgNO3 to 20 mL of cold (~4°C) Milli-Q water. While stirring, 200 µL of 8 mg/mL 

sodium borohydride was added. The color of the solution became light yellow after 2 minutes. The 

solution was stirred for 30 minutes under ice bath, and another 15 minutes at room temperature until 

the color of the solution became intense red. Then, 10 µL of 30% PSS and 200 µL of 40 mg/mL PL 

15-30 Da were added, and the mixture was stirred for 15 minutes at room temperature. The 

aggregates were collected after centrifugation at 16873 x g for 3 minutes, were suspended in 2 mL of 

Milli-Q water, and sonicated for maximum of 4 minutes.  

 

Synthesis of Platinum USNPs and Polymeric Arrays 

Platinum USNPs were synthesized by adding 200 µL of 25 mM H2PtCl6 and 20 µL of PSS 70 

kDa to 10 mL of Milli-Q water. While stirring, 200 µL of 4 mg/mL sodium borohydride was quickly 

added. The color of the solution became brownish-yellow after 2 min. The solution was left 

undisturbed for 20 minutes. Then, 100 µL of 40 mg/mL PL 15-30 kDa was added and the mixture was 

stirred for 20 minutes at room temperature. The aggregates were collected after centrifugation at 

16873 x g for 2 minutes, resuspended in 2 mL of Milli-Q water, and sonicated for maximum of 4 

minutes. 

 

Synthesis of Nano-Architectures  

 Silica shell was grown in the periphery of the polymeric arrays of the metal USNPs through a 

modified Stöber process. For standard Au, Au clusters, and Pt USNPs, two 50-mL tubes were filled 

each with 35 mL of ethanol, ammonia solution (32%; 1.2 mL for standard Au and Au cluster USNPs; 

1.5 mL for Pt USNPs), 20 µL tetraethyl orthosilicate (TEOS), and 1 mL of the USNPs polymeric 

arrays. For Ag USNPs, two 50-mL tubes were filled each with 35 mL ethanol, 20 µL TEOS, and 1 mL 

of the solution with Ag USNPs. After 5 minutes, 200 µL of 30% dimethylamine was added. In all 

cases, the solutions were incubated with moderate shaking for 3 hours. The resulting nano-

architectures were collected by centrifugation at 3220 x g for 30 minutes. The supernatant was 

discarded and the resulting products were washed by resuspending in water and sonicating. After 

centrifugation at 16873 x g for 3 minutes, the washing was discarded and another series of wash-

sonicate-centrifuge was performed. Then, short spin (15 seconds or until rotational speed reaches 

16873 x g) was done to remove larger NAs. Finally, the supernatant was again spun at 16873 x g for 

3 minutes to collect the final NAs, which was then resuspended and stored in ethanol (1 mL). The 
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suspension of standard gold NAs appeared red-violet, while Au cluster NAs was brown, Ag NAs was 

red, and Pt NAs was dark gray. 

 

Electron Microscopy  

 Transmission electron microscopy images were taken using ZEISS Libra 120, operated at 

120 kV accelerating voltage. Nano-architectures were homogenized by sonication and 5 µL was 

deposited to a 300-mesh carbon-coated copper grid. 

 

ICP-MS Analyses 

Aliquots of the nanoparticles were placed in borosilicate glass vessels, dissolved in strong 

acids (AgNAs in 1 mL of ICP-MS grade nitric acid; and standard NAs, Au cluster NAs, and Pt NAs in 1 

mL aqua regia) and digested by microwave irradiation (200 °C/15 min). The digested samples were 

diluted with ICP-MS grade water to a final volume of 10 mL.  

For the in vivo studies, the organs and excretions were dried overnight at 80°C until constant 

weight was obtained. Dried samples were transferred to 10 mL pressure vessels and digested in nitric 

acid (~3 mL) at 150 °C for 30 minutes on a hot plate. The acid was allowed to evaporate before 

another round of digestion using aqua regia at 150 °C for 30 min. Finally, samples were dried and 

diluted to a final volume of 5 mL with 3% nitric acid solution. 

The amounts of metals were determined after analysis on ICP-MS Agilent 7700, using 

standard calibration curves. 

 

 

In Vivo Biodistribution Experiments  

Male CD1-Foxn1nu mice, 8 weeks old (Charles River, Calco, Italy), were used for in vivo 

studies. Animals were group-housed in ventilated cages and had free access to food and water. They 

were maintained under a 12 h light/dark cycle (lights on at 8:00 am) at a controlled temperature of 21 

± 1 °C and relative humidity of 55 ± 10%, for 1 week. After acclimation and treatment, animals were 

housed singularly in metabolic cages, in order to collect urine and feces, at specified periods (For IV 

studies, at days 2, 6, and 10 (n = 3 per group)). The mice were housed in metabolic cages only during 

the experimental period and monitored daily for body weight changes, food consumption, water 

intake, and excretion output. All experiments were carried out in accordance with the guidelines 

established by the European Communities Council Directive (Directive 2010/63/EU of 22 September 

2010) and approved by the National Council on Animal Care of the Italian Ministry of Health. All 

efforts were made to minimize animal suffering and to use the minimal number of animals required to 

produce reliable results. At the end of the experiments, animals were sacrificed and several organs 

were collected and processed for ICP-MS and histological analysis. 

(Intranasal administration) NAs was resuspended in sterile saline solution such that each mouse 

received a final amount of 3 mg NAs/kg of mouse. CD1-Foxn1nu male mice were anesthetized with 

ketamine and xylazine (100 and 10 mg/kg, respectively, intraperitoneal i.p.). Mice were intranasally 

administered with 20 µL of NAs dissolved in saline into both nares by using a pipette. At different time 
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points (1, 2, 3 and 10 days) mice were sacrificed and tissues collected and snap-frozen in liquid 

nitrogen and stored at –80°C until employed for following analysis. 
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6. SUMMARY, CONCLUSIONS, AND FUTURE PERSPECTIVES 
 

 

 Nanotechnology is fundamental in materializing several “magic bullets” for the treatment of 

various diseases, including cancer. This has been exemplified with the fabrication and clinical 

approval of the nanotherapeutics Doxil® and Abraxane®	 [1,2]. Nanomedicine still upholds key 

innovations to look forward to, which may revolutionize cancer management by supporting more 

precise cancer detection and improved/safer treatments. This is despite the moderate number of 

nanomaterials that have actually been integrated in patient care due to predicaments primarily caused 

by the clinical complexities of cancer that affect nanomaterial functionality. In this regard, the findings 

in cancer biology consequently prompted reconsiderations in the design of oncological 

nanotherapeutics [3]. The current generation of nanomaterials is going beyond single drug 

encapsulation, attempting to improve delivery efficiency through active targeting, and incorporating 

multifunctional components [4]. In this thesis, some of these strategies have been explored with the 

use of peptide surface-functionalized NAs for active targeting and multifunctional NAs for localized 

and combined chemo-photothermal therapy. Nonetheless, devising strategies to overcome biological 

barriers and modifying nanomaterial design are only one side of the challenge considering the 

interdisciplinary nature of nanomedicine. Indeed, to advance these materials to clinical settings, the 

incorporated preclinical tumor models have to be improved as well.  

In this thesis, a number of relevant biological aspects associated with nanomaterials 

development and evaluations have been discussed. In particular, the assessment of NAs functional 

efficiency, biocompatibility, and safety were extensively investigated through various biological 

models fundamental in cancer nanomedicine (Figure 6.1). The take-home message of the thesis 

emphasizes the importance of a robust preclinical research workflow incorporating reliable alternative 

tumor models in translational research. In this regard, multicellular tumor spheroids and tumor-grafted 

chorioallantoic membrane have been introduced and presented in various nanomaterial assessment 

studies, which have confirmed their applicability as reliable, accessible, and ethical tumor models. 

Upon optimization, these models are proposed to be integrated in the preclinical research workflow in 

order to address the limitations and complement the results obtained from investigations performed 

on cell monolayers and animal models. Spheroids and tumor-grafted CAMs account for important 

(patho)physiological gradients, cell to cell and cell to ECM interactions, and angiogenesis for the 

latter. These features have been confirmed on the models developed in this thesis and were observed 

to influence the efficacy of therapeutics. Indeed, the assessment of the different types of NAs on 

spheroids and CAM tumor models unveiled some essential adjustments needed to further improve 

the efficiency of the NMs. At the same time, these investigations also demonstrated new functional 

aspects of NAs, which would have been differently evaluated using traditional tumor models. For 

instance, the spatial constraint and lack of vascularization make 2D cell cultures unsuitable for the 

evaluation of intratumoral accumulation and penetration after surface functionalization (Sections 3.2 

and 3.3) and the effects of NAs on tumor angiogenesis (Section 4.3). On the other hand, employing 

animal models would have entailed laborious and time-consuming experimentations (e.g. waiting 
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period for the formation of tumors) and would have required a large amount of nanomaterials for 

assessment. Nonetheless, it should be noted that these alternative models are meant to complement 

and not completely replace cell cultures and/or animal models, which have standardized methods for 

analyses. In fact, studies on NAs biokinetics, distribution, and excretion were included in the thesis to 

highlight the limitations of spheroids and CAM tumor models concerning a similarly important criterion 

in nanomaterial evaluation. On-going and further studies are also directed toward the improvement of 

the statistical relevance of the obtained results, in order to strengthen the validity of the evaluations 

performed on these alternative models. This has been a greater concern with tumor-grafted CAM 

models, which can be partly addressed by increasing the initial sample size during procurement and 

grafting. While the variability in tumor features, such as tumor volume, could be difficult to control, 

having a large initial sample size may allow the selection of population with precise features, which 

can then be randomized among the different subsequent studies.  

 Future endeavors are directed toward taking advantage of the established alternative tumor 

models. A “library” of characterized tumors constructed into spheroids and/or grafted on CAMs can be 

useful in screening various nanomaterials, which could aid in expanding and maximizing their 

potential applications. This effort can be further extended to patient-derived samples (e.g. tumor 

biopsies or extracted cells from tissues) to anticipate applications on personalized nanomedicine. It 

would also be interesting to establish spheroid co-cultures with the inclusion of endothelial cells, and 

perform validation among cell cultures, CAM tumor models, and patient-derived samples. The results 

from these investigations will further strengthen the comparability of the biological systems, which can 

be useful in choosing the adequate models for certain type of study considering other technical and 

practical factors (e.g. seasonal fertility of chicken eggs, availability of reagents for 3D cell culture, 

limitation on observation timeframe). The identification, validation, and measurement of key 

biomolecular markers will also be useful in conducting these comparisons and in establishing 

pertinent indicators of treatment effects. From the nanomaterial fabrication perspective, the versatility 

of the ultrasmall-in-nano design and corresponding synthesis procedures must be exploited to 

construct more multifunctional nano-architectures for enhanced, combined, and localized therapeutic 

effects or concurrent theranostics. Other modalities exploiting NAs, particularly for radiotherapy and 

photodynamic therapy, deserve further examination and optimization.  

 Undertakings outside the laboratory are also substantial to make nanomedicine create 

stronger impacts. One of which is the harmonization of agreements among regulatory boards of 

different nations/territories. Matters concerning the criteria for nanomaterial regulation, evaluation, 

clinical advancement, and approval should be addressed considering variability in terms of material 

design, function, and production. While evaluations on a case-by-case basis have been proposed [7], 

instances when data extrapolation and comparability considering fixed variable(s) could be carefully 

considered as well. Meanwhile, the engagement of physicians in the process of nanomaterial design, 

synthesis, optimization, and evaluation is also encouraged [8]. Expert inputs from both research and 

clinical perspectives will widen the scope of understanding on the underlying principles, which will be 

useful in improving strategies to treat and manage the disease. This active interaction may also 

establish unified metrics and standards in evaluating functional efficiency. In the long run, this 
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endeavor may benefit the advancement of nanomaterials to clinical trials and truly bring 

nanomedicine into patient care. 

 

 

 
Figure 6.1. Thesis summary. Various biological models have been utilized in the studies included in 

this thesis. Special attention was given to multicellular tumor spheroids and chick chorioallantoic 

tumor models, which merits consideration for further application after optimization, and integration in 

the preclinical research workflow for nanomaterial assessment. The utility of each model, as 

presented in the nano-architecture evaluation studies discussed in previous chapters, are written in 

green, while some of the practical and technical concerns encountered are detailed in red.  
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