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ABSTRACT

The use of animals in science and medicine research has significantly benefited human
beings. Although their physiology does not identically mimic the human body, they act as
perfect “models” for studying human diseases and developing potential new drugs and medical
treatments. However, according to the U.S. Food and Drug Administration (FDA), just 8% of
drugs tested on animals are considered safe and effective for human use, 92% are not. These
extremely high failure rates together with dramatically rising costs in drug development have
led many researchers to re-evaluate the value of animal studies. Because of that, over the past
three decades scientists worked hard for finding valid alternatives to in vivo animal testing that
could be more effective, more reliable, and more humane.

The development and use of in vitro models, which involve growth of cells outside the
body in a closed and controlled environment, quickly became a very popular alternative to
animal experiments in pharmaceutical and biomedical research. Among the variety of in vitro
approaches studied during the years, 3D in vitro cell culture was proposed by Regenerative
medicine and Tissue engineering as a crucial and essential step for bridging the gap between
the in vitro and in vivo outcomes in pre-clinical testing. Particularly, dynamic cell culture using
bioreactors was considered a good intermediate step between the conventional in vitro static
approach and in vivo animal studies. The design of a bioreactor should be inspired by
observations of the native environment trying to reproduce the numerous and complex stimuli
on cell behaviour in a controlled and scalable way. All these aspects still make the design and
operation of bioreactors a big challenge for bioengineers.

In the meantime, Nanotechnology and nanomaterials came into play helping and
improving the life sciences with the manipulation of matter over the scale of a nanometer. The

subsequent implementation of nanotechnology in biology and medicine fields showed an



enormous positive impact on human health. Nanobiotechnology held enormous potential for
healthcare, by using nanoparticles as new probes for bioimaging, potential biosensors and
vehicles for delivering drugs more effectively in cellular systems, and in vitro diagnosing
diseases more rapidly and sensitively.

This study is focused on the design and development of an advanced dual-flow perfusion
bioreactor, in which an efficient and tunable radial flow perfusion is applied to enable the
diffusion of nano-systems through micro-porous polymeric matrices. At the same time, the
proposed work presents a wide investigation concerning the synthesis of “ad hoc” polymeric
structures for achieving the most performant 3D in vitro model for cell culture, together with
the production of powerful and versatile nanoparticles useful for multiple applications as probes
for bioimaging or vectors for drug-delivery. With the combination of micro- and nano-
structures in a controlled environment, the bioreactor is suggested here as a potential in vitro
apparatus for new drug pre-screening testing and for studying new human therapies with less

cost/time consuming and less ethical concerns compared to in vivo animal models.



RESUME

L'utilisation d'animaux dans la recherche scientifique et médicale a considérablement
profité aux étres humains. Bien que leur physiologie n'imite pas identiquement le corps humain,
ils agissent comme de « modeles » parfaits pour étudier les maladies humaines et développer
des nouveaux médicaments et traitements médicaux. Cependant, selon la "Food and Drug
Administration (FDA)", seulement 8% des médicaments testés sur les animaux sont réputés étre
srs et efficaces pour un usage humain, tandis que 92% ne le sont pas. Ces taux d'échec
extrémement ¢levés ainsi que les colits en augmentation pour le développement de médicaments
ont conduit des nombreux chercheurs a remettre en question la valeur des études animales. Pour
cette raison, au cours des trois derni¢res décennies, les scientifiques ont travaillé pour trouver
des alternatives valables aux tests in vivo sur les animaux qui pourraient étre plus efficaces, plus
fiables et plus humaines.

Le développement et l'utilisation de modéles in vitro, qui impliquent la croissance de
cellules dans un environnement clos et contrdlé, sont rapidement devenus une alternative treés
populaire a l'expérimentation animale dans la recherche pharmaceutique et biomédicale. Parmi
la variété d'approches in vitro étudiées au fil des ans, la culture cellulaire in vitro 3D a été
proposée par la médecine régénérative et l'ingénierie tissulaire comme une étape cruciale et
essentielle pour combler I’écart entre les résultats in vitro et in vivo dans les tests précliniques.
En particulier, la culture cellulaire dynamique a 'aide de bioréacteurs a été considérée comme
un bon intermédiaire entre 1'approche statique in vitro conventionnelle et les études animales in
vivo. La création d'un bioréacteur devrait se baser sur des observations de I'environnement natif,
tout en essayant de reproduire, de maniere controlée et évolutive, les nombreux et complexes
stimuli sur le comportement cellulaire. Tous ces aspects rendent la création et 'utilisation des

bioréacteurs un grand défi pour les bioingénieurs.



En attendant, la nanotechnologie et les nanomatériaux entrent en jeu pour aider et
améliorer les sciences de la vie au travers de la manipulation de la matiere a 1'échelle
nanométrique. L’application de la nanotechnologie dans les domaines de la biologie et de la
médecine a montré un impact positif énorme sur la santé humaine. La nanobiotechnologie a un
potentiel extraordinaire pour les soins de santé: des nanoparticules peuvent étre utilisées en tant
que nouvelles sondes pour la bio-imagerie; en tant que biocapteurs potentiels; enfin, comme
véhicules pour délivrer des médicaments plus efficacement et pour diagnostiquer les maladies
in vitro plus rapidement et avec plus de sensibilité.

Cette étude porte sur la conception et le développement d'un bioréacteur de perfusion a
double flux avancé, dans lequel une perfusion a flux radial efficace et controlable est appliquée
pour permettre la diffusion de nano-systémes a travers des matrices polymeres microporeuses.
Au méme temps, le travail proposé présente une vaste recherche concernant la synthese de
structures polymeres "ad hoc" pour obtenir le modele 3D in vitro le plus performant, ainsi que
la production de nanoparticules puissantes et polyvalentes utiles pour de multiples applications
en tant que sondes pour la bio-imagerie ou vecteurs de délivrance de médicaments. Avec la
combinaison de micro- et nano-structures dans un environnement controlé, le bioréacteur est
recommandé ici comme un potentiel appareil in vitro pour les tests de présélection de nouveaux
médicaments et pour 1'étude de nouvelles thérapies humaines avec moins de colts/temps et

moins de préoccupations éthiques par rapport aux modeles animaux in vivo.



SOMMARIO

Nella ricerca scientifica e medica, 1'uso degli animali ha apportato notevoli benefici
all’uomo. Sebbene la loro fisiologia non imiti perfettamente il corpo umano, essi agiscono come
perfetti "modelli" per lo studio delle malattie umane e lo sviluppo di nuovi farmaci e trattamenti.
Tuttavia, secondo la Food and Drug Administration (FDA), solo 1'8% dei farmaci testati sugli
animali ¢ considerato sicuro ed efficace per l'uso sull’essere umano, il 92% non lo €. Questi
tassi di fallimento estremamente elevati nello sviluppo di farmaci, insieme ai costi in forte
aumento, hanno portato molti ricercatori a rivalutare il valore degli studi in vivo sugli animali.
Questo ¢ stato il motivo per cui, negli ultimi tre decenni, gli scienziati hanno lavorato duramente
per trovare valide alternative alla sperimentazione animale in vivo, che potessero essere piu
efficaci, piu affidabili e piu umane.

Lo sviluppo e 1'uso di modelli in vitro sono diventati rapidamente un'alternativa molto
popolare agli esperimenti sugli animali nella ricerca farmaceutica e biomedica. Essi
coinvolgono la crescita di cellule al di fuori del corpo (umano o animale) in un ambiente chiuso
e controllato. Tra i diversi tipi di approcci in vitro studiati nel corso degli anni, la medicina
rigenerativa e l'ingegneria dei tessuti hanno proposto la coltura cellulare 3D come un passaggio
cruciale per colmare il divario tra i risultati in vitro e in vivo nei test preclinici. In particolare,
la coltura cellulare in ambiente dinamico, attraverso 1’utilizzo di bioreattori, ¢ stata considerata
un valido passaggio intermedio tra 1'approccio statico convenzionale in vitro e gli studi sugli
animali in vivo. La progettazione di un bioreattore dovrebbe ispirarsi alle osservazioni
dell'ambiente nativo, cercando di riprodurre i numerosi e complessi stimoli che agiscono a
livello cellulare, in modo controllato e modulabile. Tutti questi aspetti rendono ancora oggi lo

sviluppo e I’utilizzo dei bioreattori una grande sfida per i bioingegneri.



Nel mondo della ricerca, nel frattempo, hanno fatto la loro comparsa le nanotecnologie e
1 nanomateriali, aiutando e migliorando le scienze attraverso la manipolazione della materia su
scala nanometrica. L implementazione della nanotecnologia nei campi della biologia e della
medicina ha avuto un impatto positivo sulla salute umana. La nanobiotecnologia possiede un
enorme potenziale per le scienze mediche, grazie all’utilizzo di nanoparticelle come nuove
sonde per il “bioimaging”, come potenziali biosensori e mezzi per la somministrazione di
farmaci in modo piu efficace a livello cellulare, e infine per diagnosticare le malattie in vitro in
modo piu rapido e sensibile.

Il seguente studio ¢ centrato sulla progettazione e lo sviluppo di un bioreattore a
perfusione dotato di doppio flusso, in cui un’efficiente e regolabile perfusione a flusso radiale
viene applicata per consentire la diffusione di nano-sistemi attraverso matrici polimeriche
microporose. Il lavoro proposto mostra anche un'ampia sperimentazione riguardante la sintesi
di strutture polimeriche al fine di realizzare un modello 3D in vitro altamente performante per
le coltura cellulari. Tutto questo, insieme alla produzione di potenziali nanoparticelle utili per
molteplici applicazioni, come sonde per bioimaging o vettori per la somministrazione di
farmaci. Con la combinazione di micro- e nano-strutture in un ambiente controllato, il
bioreattore ¢ proposto come un potenziale apparato in vitro per nuovi test pre-screening di
farmaci e per studiare nuove terapie, con piu benefici costi/tempo e meno problemi etici rispetto

a modelli animali in vivo.

Vi
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CHAPTER 1

INTRODUCTION

1.1. Moving from in vivo to in vitro

The world of drug discovery is exciting and challenging at the same time. The trip from
anew compound discovery to its commercialization is complex, long and expensive and usually
takes 10-12 years and over $775 million for the Research and Development (R&D) [1].
Unfortunately, the efficiency of the drug discovery and development process has decreased
significantly since the mid-20th century and the number of new drugs approved per billion US
dollars used for R&D has halved almost every 9 years. Usually, around 250 new compounds
selected from a million compounds start pre-clinical testing, 10 of them proceed to clinical
trials, and only one will be approved by the Food and Drug Administration (FDA). These
inefficiencies in the targeted drug discovery and development process are motivating the
pharmaceutical industry to employ new and more cost-effective systems which can supply
accurate and predictive information on the effects of chemicals on the human body [2].

High throughput screening assays (HTS Assays) have changed scientific research and
biological testing, allowing for greater efficiency and lower costs. The concept of HTS first
appeared in the mid-1980s and has evolved over the past 25 years to serve the changing needs
of pharmaceutical research. It is important to understand that HTS almost never identifies a new
drug but rather a chemical starting point or cluster of chemicals around which a chemistry
process can be initiated [3]. The HTS is a methodology for scientific experimentation based on
an automatic process that allows the collection of a large amount of experimental data in less

time. It can test hundreds of thousands of compounds per day from large chemical, genetic, or



biological libraries [4]. HTS utilizes nowadays 96-, 384-, or 1536-well microplates to contain
the cell cultures subject to treatment, robotics, liquid handling devices, sensitive detectors, and
automatic data-processing machines to identify a small number of effectors of a particular
biological mechanism (active compounds, antibodies, or genes) from collections that can
contain up to two million drug candidates or leads [5]. However, the multi-well system suffers
from a substantial issue that may affect the significance of a test: the environment divergence
problem. The environment discrepancy problem lies in the fact that the wells in which the tissue
grows is only able to approximate the real physiologic culture environment [6]. Moreover, if
fewer compounds could be tested without compromising the probability of success, the cost is
still high and the data quality would be greatly improved [7].

Another relevant problem related with the actual drug testing is an ethical problem related
to the enormous number of animals that have to be killed every year. Animal experimentation
is an essential component of biomedical and behavioral research. Each year around the World
a big portion of laboratory animals are involved both in research and testing. Research and
testing are not always separable, but generally for evaluating the safety and efficacy of new
consumer products, such as drugs, chemicals, and cosmetics, testing involves the use of
animals, especially rats and mice [8]. The use of animals in pharmaceutical and biomedical
industrial research dates back to approximately the 6™-5" century BC with more prominent
references in the texts of Aristotle, Diocles, Praxagoras in the 4™ century BC and Erasistratus
and Herophilus in the 4"-3" century BC [9]. Animal Testing is still playing a large role in
research and drug development in each part of the World. Under Directive 2010/63/EU1, The
European Union (EU) member states have an obligation to collect statistical data on the use of
animals in scientific research and publish a report every five years to increase transparency and
understanding of the current number of animals used in scientific research and testing across
Europe. In the last report released on the 14 July 2021 the total number of animals used in
scientific research across the 28 EU member states (including UK and Norway) in 2018 was
around 10.5 million per year [10]. As shown in Figure 1.1, among the 10 million animals, 54.1%
are mice, 26.2% fishes and 9.5% rats. According to this report, it is worrying that there has been
a 4% increase in the use of non-human primates (NHPs) compared to 2017. France has the

highest number of animals used, recorded at 1.75 million, followed by UK and Germany, both



at around 1.6 million uses of animals, while the rest of the member states falling significantly
below this number. In 2013, the EU implemented a prohibition on all animal testing for
cosmetic products and cosmetic ingredients under the Cosmetics Regulation 1223/2009.
Nevertheless, in Europe there are areas of scientific research where animal testing still seems
“unnecessarily high”, such as biomedical testing (especially for human cancer research) and

toxicity testing for drugs and various other substances.

Amphibians, Cephalopods, Reptiles
0.3%
Birds \Dogs, Cats, NHPs
Other mammals 5.5% 0.3%

Rats
9.5%
Mice
Fish
Rats
Mice Other mammals
52.1% Birds

Amphibians, Cephalopods, Reptiles
Dogs, Cats, NHPs

Figurel.l: Numbers of animals classified by main classes of species used in research in EU in 2018.

Source: [10].

Since 1996, in the United States (U.S.) the Animal Welfare Act (AWA) is the only Federal
Law that regulates the treatment of animals in research, exhibition, transport, and by dealers.
The AWA is not intended to regulate how animals are used for research purposes, but only to
set standards for how they are obtained and treated at a facility. Among the animals covered by
this Act there are: live dogs, cats, monkeys (NHPs- mammals), guinea pigs, hamsters, and
rabbits. According to the U.S. annual report of Apr. 2021, 797.546 animals were used in labs
for research experiments, testing, and education in the United States and Puerto Rico in 2019,
with an increase of 2.2% from 2018 [11]. Unfortunately, only animals covered by the AWA are

included in this report. Therefore, this is only an approximation because under current law, labs



in the U.S. are not required to disclose data about the animals most often used in
experimentation (rats, mice, birds, and fish) that comprise almost 90 percent of all animals used.
Consequently, the real number of animals employed in the US for experimentation every year
is more than 100 million, however, there are no published statistics to confirm this. Unlike the
U.S., Canada provides regulatory and legal protection for the animals included in science, and
the Annual Report of Canadian Council on Animal Care for 2020 declared around 5 million
animals used in experimentation in the country [12]. A worse scenery is noticeable in China,
where laws regarding laboratory animal welfare are very low and the transparency in the
Chinese laboratory animal industry is non-existent. Moreover, there are no concrete
enforcement or punitive mechanisms for laboratories that break the rules. Statistically each
year, Chinese laboratories use around 12-13 million animals in scientific research, and China
exports approximately 40.000 laboratory primates annually to Western institutions [13].
Despite the extreme use of animal models for the purposes of research, teaching, and
testing, numerous studies confirmed that most of the time animal testing does not achieve its
intended results. Over the last couple of decades, the chances of success for a compound to
progress from Phase I via Phases II and III clinical trials till FDA approval it’s still slightly
under 10% [14]. Moreover, laboratory animal models can only be useful but show many
limitations for predicting effects in human progress or on understanding the human diseases
which need to be treated. Consequently, many researchers accepted the challenge to focus on
new methodologies as valid alternatives to animal testing and avoiding the unethical procedures
[15]. Over the past three decades, thanks to the innovations in science and the tremendous
progress in preclinical development across the pharmaceutical industry, researchers can now
use techniques that allow them to obtain a sufficient level of information with a smaller number
of animals [16]. In vitro models and cell cultures, computer models, and new imaging/analyzing
techniques are only a few examples of good ways to screen the compounds at early stages in
drug development that could help to eliminate unsuitable compounds in preliminary stages and
minimize the use of animals in further testing [17]. Particularly, conventional in vitro
technologies offer new opportunities to improve modeling of the human condition and they can
act both as a valuable helper to and a potential replacement for modeling in animals. Beside the

decrease of animals testing, the advantages of in vitro systems are undoubted and include:



e controlled testing conditions;

e reduction of variability between experiments;

e request of a small amount of tested material;

e a limited amount of toxic waste products;

e same dose range can be tested in a variety of test systems.

There are also limitations in using in vitro cultures, such as the difficulty to estimate
systemic effects and side effects; limitations in cell metabolism; pharmacokinetic effects that
cannot be evaluated [18]. Nevertheless, at present experimental investigations of both drug
development and toxicology start with in vitro studies (Figure 1.2). Since animal studies still
represent the only factor in human studies necessary for providing the final proof for the
effectiveness of a new drug in humans, they represent the big second step after in vitro tests. In
many countries, in vitro cell cultures have completely replaced the use of animals, for example,
for the skin irritancy test and Draize eye irritancy test [19]. The hope for the future is the
availability to obtain more accurate and informative in vitro assays that will represent an

important challenge for the applications in research, toxicity testing and safety screening [20].
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Figure 1.2: The role of in vitro studies in pharmacology and toxicology. [18]



1.2. In vitro cell culture systems

Cell culture is an important and necessary process in drug discovery, cancer research, as
well as stem cell study. It is the process by which a scientist grows and maintains cells under
carefully controlled conditions outside of a living organism [21]. In the 21* century, in vitro
cell/tissue culture has become an indispensable step in the preclinical drug discovery process,
mainly for in vitro toxicity studies. Compared to the expensive in vivo animal models, cell-
based assays using cultured cells are simple, fast and less cost-intensive and the most important
thing is that they require fewer animals as well as they are versatile and easily reproducible
[22]. Moreover, presently cell culture is widely used also into basic research such as biomedical
research, tissue engineering, regenerative medicine, and industrial practices to help discover
fundamental biophysical and biomolecular mechanisms by which cells assemble into tissues
and organs, how these tissues work, and how their specific functions become disrupted in
disease [23]. The global market for cell-based assays in drug discovery was evaluated at USD
13.9 billion in 2019, and is projected to increase at an annual growth rate of 6.3% to reach
nearly USD 18.9 billion in 2024. While North America dominated the market in 2019, Asia
Pacific is expected to register the highest annual growth rate in the market during the forecast
period (Figure 1.3). This is largely driven by the increasing R&D investment by the government

and increasing infrastructural development in that region [24].
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Figure 1.3: Global forecast of cell-based assays market in drug discovery to 2024 by region (USD
billion): North America, Europe, Asia Pacific, and the Rest of the World (RoW). [24]

A first conception of cell culture can be traced back to Roux in the late 19 century, who
showed that it could be possible to maintain alive outside the animal body embryonic chick
cells using a saline solution [25]. Currently, cells removed from an animal/human organ or
tissue can be kept outside the body in a laboratory environment, in suitable growth medium, for
a few days to several months or even for a few years. Usually, in vitro culture of animal/human
cells start from their isolation from each other and subsequently they are grown as a monolayer
over the surface of culture plates/flasks [17]. The main components of a cell-based assay include
cells, device for culturing the cells, and detection system for quantification of cells or cellular
activities. Various types and sources of cells have been used in cell-based assays for drug
screening during the years. They should be sensible to the assays, faithfully represent the system
and express the necessary factors and signaling intermediates. Cell lines widely used for drug
screening assays are the “Immortalized cell lines” that continue to grow and divide in vitro
indefinitely times under optimal culture conditions [26]. The advantages of using these cells
include cheapness, easy growing, reliable and reproducible tests. However, they are usually
derived from a well-known tissue type, sometimes also a tumor tissue, and artificially

manipulated, so they suffer significant mutations and their biological characteristics might be



altered after several passages, becoming more different from those of the native or normal cells
[21]. Another kind of cells very common are the “Primary cells” which derived directly from
healthy tissue and maintained under in vitro culture. They retain the morphological and
functional characteristics of their tissue of origin so scientists can easily obtain more
representative responses for specific cellular behaviours investigated. The major disadvantage
of using primary cell lines is that these cells have a limited lifetime and will always be more
heterogeneous than a culture of immortalized cells [27]. Human cancer cell lines represent the
cancer of origin and are widely used for anticancer drug screening in pharmaceutical research.
Nevertheless, they can contain mutations that might affect the experimental results and the
response to treatment [28]. Recent advances in stem cell research have revolutionized the drug
discovery process. Embryonic Stem Cells (ESCs) can provide an unlimited source of normal
human cells that can be expanded for drug screening and toxicological studies. However, ESCs
present some moral issues since the embryos are destroyed during the process for obtaining the
cells. More recently, the development of induced Pluripotent Stem Cells (iPSCs) has
revolutionized the stem cell field. These cells are pluripotent cells artificially derived from
somatic cells (e.g., fibroblasts and other adult cell types) and genetically reprogrammed to an
embryonic stem cell-like state. iPSCs can be derived from patients with specific diseases and

could be used as a new tool in drug discovery [29].

1.3. 2D vs 3D in vitro cell culture models

Since the beginning of the cell culture era, a two-dimensional (2D) monolayer cell culture
model was mostly used, which involved cultures under an adherent condition [30]. An artificial
plastic or glass substrate (flask or flat petri dish) is used for carrying out this culture, where
cells are adherent and in contact with other cells only from at their periphery (Figure 1.41 A)
[20]. For over a century, 2D cell cultures have been used as in vitro models to study cellular
responses to stimulations from biophysical and biochemical signals and due to its simplicity
and low-cost it is still the most commonly model used in drug discovery for the research of cell-

based assays in order to obtain preliminary results [23]. However, adherent cultures also have



various drawbacks and limitations. The first disadvantage is the failure to accurately mimic the
in vivo architectures and microenvironments. As a consequence, 2D-cultured cells possess
many differences compared with in vivo cells such as shape and morphology, proliferation and
differentiation potentials, cell-cell and cell-surrounding matrix interactions, signal transduction
[31]. Another drawback of 2D cell culture is that the cells in the monolayer have unlimited
access to the ingredients of the medium such as oxygen, nutrients, metabolites and signal
molecules, but also an increasing amount of waste products. On the contrary, in the in vivo state,
the cells are maintained in an environment characterized by a constant fresh supply of nutrients
thanks to the removal of waste products via a complex dynamic transport. Furthermore, in case
of in vivo cancer cells the availability of nutrients and oxygen is more variable due to the natural
multicellular architecture of the tumour mass [32]. The unnatural microenvironment and the
incapacity of cells to form a multi-dimensional structure, alter the responses to a variety of
chemical and physical stimuli which particularly affect drug metabolism and so cell drug
sensitivity, finally causing the failure in drug validation and approval processes. This indicates
that 2D cell culture models are unreliable predictors of in vivo drug efficacy and toxicity and so
could be an inaccurate model for drug development [33]. Such concerns inspired the
development of novel models to solve the inconsistency between the 2D cell culture systems
and clinical trials. The three-dimensional (3D) in vitro cell culture systems proved to be the
perfect candidates by providing novel cell-based assays with more relevance for clinical studies
[30]. 3D cell culture refers to the culture of living cells inside an artificial environment in which
they are permitted to grow or interact with its surroundings in all three dimensions (Figure 1.41
B). Thus, the 3D model more accurately imitates the in vivo cell environment compared to the
classic flat, unnaturally thin, monolayer cell cultures. Growth of cells in their 3D physical shape
allows improvements of the basic biological mechanism, like: proliferation and differentiation,
cell-cell interaction, response to stimuli, drug metabolism, gene expression and protein
synthesis, and all the general cell functions and in vivo relevance [34]. Furthermore, cells grown
in a 3D culture have greater stability and longer life cycles than cells cultured in 2D. Also, it
allows to generate 3D tissue-like aggregates which can be cultured for longer, at least up to 4
weeks, as compared to almost one week with 2D monolayer culture due to cell confluency.

Therefore, they might be more appropriate for long-term studies and surviving cells and for



demonstrating long-term effects of a drug [35]. Thanks to the production of highly fidelity
models and the several advantages compared to the traditional 2D cell cultures, 3D cell culture
is a method more popular today than ever with many and various applications, including cancer
research, stem cell research, drug discovery, and research about new human diseases and their
treatments [36]. In the 90s, the number of publications about 3D models reached just 10 per
year, during the last 10 years, there was an exponential increase that has brought to almost 1000

publications in 2016 alone (Figure 1.4ii) [37].
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Figure 1.4: i) Graphic representation of (A) 2D monolayer of cell culture and (B) 3D cell culture

environment. ii) Number of publications per year (1968-2020) about 3D in vitro cell cultures. [36]

Recent advances in cell biology, microfabrication techniques, and tissue engineering have
enabled the development of a wide range of 3D cell culture technologies, such as: multicellular
aggregates formation, hydrogel-based cultures and scaffolds, 3D bioprinting, and more recently
organs-on-chips [38]. 3D multi-cellular aggregates, commonly known as spheroids, are
aggregates of cells grown in suspension or embedded in a 3D matrix [39]. They represent one

of the first approaches to 3D cell culture, initially developed by Sutherland and coworkers in
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1970 to recapitulate the functional phenotype of human tumor cells and their responses to
radiotherapy [40, 41]. Since then, this culture method has been applied to a wide range of cell
types, including hepatocytes [42], endothelial cells [43] and stem cells [44]. The generation of
spheroids is based on the common basic biological principle of self-assembly that allows cells
to form complex tissue with 3D architecture and intensive cell—cell contacts [45]. Some
important examples are hanging-drop cultures [46, 47], microfluidics devices [48], or cultures
on low-adhesive substrates [49]. Most of the current multicellular spheroid models are applied
for pre-clinical uses in anti-cancer research due to the possibility to faithfully reproduce in vitro
the physiological conditions of tumors in human body, that appears as spheroid with diameter
more than 400-500 um and a typical "hollowed-heart” structure consisting of an exterior layer
of reproducing cells and an internal necrotic core. As a result, this 3D architecture allows the
generation of substantial barriers for drug penetration with a more proper evaluation of drug
efficiency [50]. Despite the success of these models, they still present inherent limitations.
Specifically, it has been demonstrated that microenvironmental conditions influence cell
behaviours and also control tumorigenesis [51]. Spheroids are entirely cell-based, so they do
not offer enough flexibility for engineering the surrounding environment [52].

A more recent approach for creating realistic in vitro cell/tissue models is the use of
scaffolds-based cell culture [34] that involves employing hydrogel-based support, polymeric
hard material-based support, hydrophilic glass fiber, and organoids. Each alternative provides
advantages and disadvantages for applications in different research areas [22]. Among these
methods, scaffolds and hydrogels are unique because of their ability to mimic the 3D structure
of the in vivo Extra-cellular matrix (ECM) for each particular cell type and specific tissue [36].
Hydrogels are a class of highly hydrated polymer materials (water content >30% by weight)
[53] with a gel-like structure, composed of crosslinked hydrophilic polymer chains that allows
an efficient transport of nutrients and oxygen within the 3D porous network [54]. Although
hydrogels have properties such as soft and rubbery consistency [55] which are properly for
tissue repair, their use for in vitro 3D cell culture is limited by various practical drawbacks,
including gel preparation and consistency, expenses for the entire process and the supply of
chemicals, shelf-life and storage [56]. On the contrary, in a solid-scaffold cells can grow and

proliferate into a hard 3D space that is easy to design with different shapes, porosity, stiffness
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and permeability for helping the generation of natural 3D tissue-like structures [57]. Figure 1.5
shows a general appearance of solid scaffold and its microstructure. Indeed, one of the main
advantages of solid scaffolds is their ability to create in vitro organized placement of cells using

controllable and reproducible steps [34].
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Figure 1.5: (A) General macroscopic appearance of scaffolds; (B) SEM micrograph of scaffold cross

section. [58]

1.3.1. Scaffolds

The use of scaffolds for 3D models has increased considerably in the past twenty years.
For obtaining a scaffold with characteristics similar to that of native tissue and supporting the
cell attachment and organisation, the synthesis of complex 3D polymeric matrices needs a wide
number of parameters to consider [59]. Important criteria for choosing an appropriate scaffold
include the biological aspect, chemical composition, structure and physical-mechanical features

[60].

1.3.1.1. Scaffold requirements
A crucial property for scaffold is its biocompatibility and nontoxicity allowing attachment
of cells, ECM secretion and tissue formation without the induction of an inflammatory or toxic

response [61]. To ensure this property, the first important choice for the scaffold development

is the biomaterial selected. Biomaterial is defined by the European Society for Biomaterials
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(ESB) as “a material intended to interface with biological systems to evaluate, treat, augment
or replace any tissue, organ or function of the body” [62]. The most common biomaterials used
for scaffold fabrication are polymers, called biopolymers, due to the easy control of their
chemical and structural properties, important for ensuring the adhesion and spreading of living
cells and protein adsorption and so the cellular attachment [63]. They are typically grouped into

natural and synthetic derivatives.
- Natural biopolymers

Natural biopolymers can be considered as the first biomaterials used for clinical purposes
[64]. They include alginate, proteins, collagens, gelatin, fibrins, albumin, elastin, hyaluronic
acid, cellulose and chitosan (Figure 1.6 A). Natural polymers offer the first significant
advantage of being very similar, often identical, to macromolecular substances of the biological
environment recognized by cells, that means excellent biocompatibility [65]. Furthermore,
intrinsic bioactivity, availability on the market, easy processing, and more closely mimicking
of the natural ECM of tissues make natural polymers perfect candidates for providing support
to cells and regulating cellular activity including growth, proliferation, differentiation and
migration [66]. The use of natural materials, however, owns limitations, such as: short supply
for commercial use, excessive expenses, large variation between one batch to another one,
tendency to denature or decompose if the temperature is below their melting point that limits
their fabrication into different sizes and shapes, susceptibility to contamination and as they are
often derived from non-human tissue, they carry the risk of an immunological reaction and/or

transferring pathogens if implanted in vivo [67].
- Synthetic biopolymers

Synthetic biopolymers represent the largest group of biopolymers used to fabricate 3D
supports. Although relatively biologically inactive, they posses many advantages compared to
natural polymers, including: easily manageable physicochemical properties, no
immunogenicity, processability with various techniques to obtaining different shapes and
morphologies, consistent supply of large quantities, mechanical properties and biostability that

could be well modified depending the desired application [68]. Generally, the surface chemical

13



properties of a biomaterial are essential for controlling the adhesion and spreading of living
cells [63]. Another relevant advantage of synthetic polymers is exactly the possibility to easily
modulate their surface properties through attachment of specific functional groups/proteins by
coating or using specific surface modification techniques such as plasma vapour phase
deposition. Surface coating and functionalization has been proved to improve cell seeding
efficiency, wettability and diffusion of proteins/nutrients through microporous structures [59].
A wide range of polymers can be selected to fit the desired biological, physical, chemical, and
biomechanical properties of the tissue to be mimicked. The most used synthetic polymers for
scaffold fabrication are: poly (lactic acid) (PLA), poly (glycolic acid) (PGA), poly
(caprolactone) (PCL), poly (lactic-co-glycolic acid) (PLGA), poly (ethylene-glycol) (PEG), and
poly (vinyl alcohol) (PVA) (Figure 1.6 B) [69]. Frequently, the combination of synthetic
polymers with natural components to produce composites is considered as a promising way to
simultaneously achieve high biological activity as well as manageable mechanical properties
and so improving annoying issues associated with hydrophilicity, cell attachment, and
biodegradability [70]. Among the synthetic polymers, PLA and its stereoisomers (poly-L-lactic
acid (PLLA) and poly-D-lactic acid (PDLA)) have been used widely in biomedical research
and pharmaceutical applications for the past five decades. They received attention in
biopolymer research due to the unique properties, such as biodegradability, biocompatibility,
and environmental sustainability [71]. The most attractive aspect of PLA is its high
biocompatibility that makes it a natural choice for biomedical applications. As a biocompatible
material, it doesn’t produce toxic or carcinogenic local effects as well as its degradation
products (if at lower concentration). Compared to other biopolymers, such as PEG and PCL,
PLA has a high strength and high modulus thermoplastic so has better processability through
conventional processing by following cooling and heating cycles without losing its properties
to obtain different shapes for the final products [72]. Biodegradability is generally considered
as an indispensable property for scaffolds used for tissue engineering and organ regeneration as
they are used as temporary templates which would support cell attachment, proliferation and
ECM secretion before the new tissue formation. Indeed, it should degrade in time with tissue
regeneration, so that once the tissue is matured the scaffold no longer exists as such and the

created tissue can perform the function of the lost tissue [73]. On the contrary, biodegradability
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is not necessarily an attractive feature for all the in vitro cell cultures especially for long period
testing in drug discovery, where the degradation can lead to changes in the properties of such
biopolymers and so variation of results. In addition, biodegradation during an in vitro
experiment introduces another variable that may influence how cells behave and is therefore
not always a desirable requirement [56]. PLA and its stereoisomers possessed a slow
degradation rate which leads to a long in vivo life time, that could be up to years in some cases
(mostly 3— 5 years), as a consequence of the additional methyl group in the PLA repeating unit
that makes it more hydrophobic than other synthetic polymers [74]. This represent a limit for
PLA scaffold applications in different sectors of biomedical research, but make them a perfect
choice for many long-term drug delivery systems and in vitro pre-clinical investigations in drug
testing, where stable physical dimension, chemical structure, and biological activity over a

prolonged period of time are crucial necessities [75].
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Figure 1.6: Chemical structure of (A) natural polymers and (B) synthetic polymers used as biomaterials.

The biological aspects (biocompatibility and nontoxicity properties) and the chemical
composition (natural or synthetic polymers) belong to the minimum requirements for an ideal
scaffold. Since biological tissues are incredibly complex 3D structures with complex
mechanical functions, the design of the scaffold is another crucial issue [60]. The mechanical
properties (stress and strain) are key factors to consider during the scaffold fabrication and each
application needs a different acceptable range to guarantee the mimic of a specific native
tissue/organ structure. Mechanical strength is identified as the impact resistance of scaffold in

order to maintain its integrity during the implantation in the human/animal body. The most
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common mechanical tests to evaluate scaffold quality include tensile and compressive tests
[76]. Very often the mechanical properties depend on the nature or chemical bonds of the
materials. Among the biomaterials, the synthetic polymers have the advantage of generating
desired mechanical properties only by changing the chemical structure of the polymer by
different methods of synthesis and using cross-linking agents [77]. Furthermore, they possess
higher mechanical performances with mechanical strength and stiffness closer to native
soft/hard tissues compared to the other biomaterials (Table 1.1) [66]. The mechanical properties
to support cell growth can be also improved through the porosity and appropriate pore size of
the scaffold framework [60]. Porosity represents the percentage of empty volume in a scaffold
and it’s a desirable factor for a good cell migration and proliferation. Additionally, the porous
structure aids nutrient supply, oxygen, and waste product exchange during tissue generation.
The preferred porosity for a good cell penetration is generally between 60%-90% [78].
However, since the degree of porosity also influences other properties of the scaffolds such as
its mechanical stability, its value should always be balanced with the mechanical needs of the
particular tissue that is going to be replicated [79]. Similarly, scaffold pore size and geometry
are fundamental issues for assisting cell biological activities, including cellular penetration,
ECM production, and neovascularization of the inner areas of the scaffold [64]. In order to
facilitate cell migration and proliferation, the pore size of the scaffold must be comparable to
the physical cellular size (10100 um). Pore sizes smaller than the size of cells prevent cell
infiltration and migration. However, larger pore size also limits cell migration due to the
insufficient points to generate traction [58]. Beside porosity and pore size, pore
interconnectivity is also a critical issue during scaffold fabrication. Even if the matrix porosity
is high, cell migration and mass transfer of oxygen and nutrients within the scaffold network
can be inhibited if the pores are not sufficiently interconnected [80]. Hence, high porosity,
appropriately sized open pores and a well interconnected geometry must be considered among

the scaffold design criteria to improve diffusion throughout the scaffold inner area [35].
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Table 1.1: Mechanical properties of hard tissues, soft tissues, biomaterials (metallic, ceramic,

polymeric).
Material Young’s Modulus Tensile Strength
(GPA) (MPa)
Cortical bone 7-30 50-150
Cancellous bone 0.05-0.5 10-20
Articular cartilage 10.5 2745
Skin 0.1-0.2 7.6
Stainless steel 200 540-1000
Co-Cr alloys 230 900-1540
Alumina 400 450
Bioglass 35 42
Hydroxyapatite 30-100 60-190
Polyethylene (PE) | 30
Polyurethane (PU) 0.02 35
Polyethilenglicole (PEG) 0.13 2.4-4.2
Poly-lactic-acid (PLA) 2-3 32.8

1.3.1.2. Scaffold fabrication techniques

After selecting the adequate biopolymer, the next step is to choose a suitable processing
technique in order to generate 3D scaffolds fulfilling all the requirements described above.
Several polymeric scaffold fabrication methods have been developed and evolved in the last
decades for producing increasingly complex structures [81]. The conventional techniques for
scaffolding can be roughly classified into two categories: wet methods (i.e., solvent
casting/particulate leaching, phase separation, electrospinning) and solvent-free methods (i.e.,
gas foaming, melt molding, rapid prototyping). In the wet methods, polymers are dissolved in

a solvent to form a solution which is further processed and finally the solvent is removed to
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form a porous polymeric structure. Since most organic solvents used are harmful to cells, one
of the big issues of these techniques is the residual solvent in the scaffolds [82]. These methods
are briefly described below and the micrographs of the scaffold structure obtained with each

technique are shown in Figure 1.8.
- Solvent casting/particulate leaching

Solvent casting/particulate leaching (SC/PL) is one of the most traditional techniques
used to fabricate scaffolds. In principle, the polymer is dissolved in an appropriate organic
solvent and then an insoluble salt (porogen) of a certain size is mixed with the polymer solution
or the homogeneous polymer solution is cast into the porogen-filled mold. The solvent
evaporation creates a salt-polymer composite which is finally washed in the bath to remove the
salt particles and obtain a network of interconnected pores [83]. Sodium Chloride particles,
glucose, and paraffin spheres are generally used as porogen agents to create pores in the
polymer matrix. The content of the added porogens and their size/shape allow to control the
microporous structure of the scaffold in terms of porosity, pore size and interconnectivity.
While, the macro-geometry of the scaffold is determined by the casting mold cavity. Huang and
coworkers have demonstrated that, if the polymer solution is diffused in a stable salt stack and
an appropriate thermal treatment is performed before leaching, even the crystallinity of the
porous foam can be controlled closely [84]. Highly porous scaffolds with porosity range from
50% to 90% can be prepared using this technique (Figure 1.8 a). SC/PL technique is relatively
simple to carry out, easy to manipulate and low cost. One of the drawbacks of this fabrication
technique is the high residual content of organic solvents involved in the process, which takes
a lot of time to evaporate (days or weeks) and limits as-produced scaffold applications in
biomedical research due to the toxicity of the residual solvent for the cells. Moreover, some
authors question the homogeneity and interconnection of the pores, thickness limitations and

limited mechanical properties intrinsic to the SC/PL process [85].
- Electrospinning

Electrospinning (ES) is known as a technique for making fibers from a solution by using

electricity. In recent ten years, ES has been introduced and became an indispensable technique
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for preparation of nanofibrous scaffolds [86]. It has a very complicated mechanism in which a
polymer droplet is held at the tip of a metal needle by surface tension. Under high voltage (10—
20 kV), the droplet becomes charged and the strength of the electric field exceeds the surface
tension of the droplet to produce a jet of polymer solution that is then extended and whipped
continuously by electrostatic repulsion until it is deposited on a grounded collector. Before
reaching the collector, the solvent evaporates and the jet solidifies into thin fibers that generate
the porous scaffold (Figure 1.8 b) [82, 87]. The most attractive characteristic of electrospinning
is the possibility to produce polymer fibers with diameter ranging from tens of nanometres to
tens of micrometres with a specific orientation that can be adjusted using different collection
devices. Another advantage of this technique is that the ultrafine fibers in the electrospun
scaffolds possess suitable high surface-to-volume ratios and porosity for cellular growth both
in vitro and in vivo and subsequent tissue organization by mimicking the natural ECM of body
tissues [66]. Moreover, the ES setup is very simple, inexpensive and with high efficiency. The
main drawbacks of this fabrication method are: the nanoscale pore size, which is not sufficient
for cell seeding and penetration, the lack of control on the porosity and pore size, and solvent
residues in the scaffold which may be dangerous for cells and organs [79]. Therefore, scaffolds
with complex structures and homogeneous distribution of pores are still a challenge for this

technique, that limit many applications in biomedicine [60].
- Phase separation

Phase separation (PS) is a versatile technique for 3D scaffold designing in which the
formation of porous structure depends upon the induced phase separation of a homogeneous
polymeric solution [88]. In the process, a polymer is dissolved in solution by using a specific
solvent and the phase separation is induced, either thermally (Thermally Induced Phase
Separation, TIPS) or through the addition of a non-solvent to the polymer solution (Diffusion
Induced Phase Separation, DIPS). The polymer solution under this condition becomes
thermodynamically unstable and tends to separate into two phases [89]. The advantage of the
phase separation process is that it is a relatively simple procedure and requires minimal
apparatus. The main drawback instead is that this is a small-scale technique that is suitable only

for certain polymers that are susceptible to phase separation, such as thermoplastic polymers
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[90]. In the last decades, TIPS has been widely adopted in different fields from biomedical to
pharmaceutical one. It is one of the most effective processes to produce scaffolds with an
intrinsically interconnected polymer network and tunable properties in one-single step by
manipulating processing parameters and system composition [91]. It ensures a good control of
the scaffold structure, especially porosity, pore diameter and interconnectivity, besides
mechanical properties and biodegradability [92, 93]. Basically, the principle of TIPS is to
induce the demixing of a homogeneous polymer solution, or polymer—solvent—non-solvent
solution, at elevated temperature by cooling the system to a lower temperature and obtaining a
polymer-rich phase and polymer-lean phase. After the solution saturation, which leads to
polymer precipitation followed by polymer organization, the as-obtained structure is frozen and
finally the solvent is removed by extraction, evaporation, or freeze-drying, forming a porous
structure (Figure 1.8 c) [82]. As a function of polymer-solvent affinity, the TIPS process can
follow two typical mechanisms: Solid-Liquid (S—L) phase separation and Liquid-Liquid (L-L)
phase separation. In case of good compatibility of the polymer-solvent couple, the S-L phase
separation occurs with the crystallization of the solvent part that governs the structuration of
the scaffold matrix, and a final irregular 3D network structure with relatively small pores is
formed. On the contrary a L-L phase separation occurs when the polymer-solvent affinity is too
weak. In this case, the addition of a non-solvent lowers interactions between the polymer and
the good solvent and induces the demixing. Moreover, L-L separation needs a higher
temperature than the own solvent freezing temperature [91]. A typical schematic representation
of L-L phase separation for a binary polymer-solvent solution presenting an upper critical

solution temperature is shown in Figure 1.7.
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Figure 1.7: Schematic representation of a binary thermally induced phase separation in polymer solution

by L-L phase separation. (Figure adapted from [82])

Briefly, the solid binodal curve represents the thermodynamic equilibrium of L-L
demixing, which is often used to approximate the cloud point at which the clear solution
becomes turbid. Immediately below this curve, in the metastable region, a first type of demixing
takes place in which the two phases separate following nucleation and growth mechanisms. L—
L demixing in the metastable region leads to spherical or pseudo-spherical pores poorly
interconnected. In the unstable region crossing the dashed spinodal curve, a spinodal
decomposition takes place with a 3D polymer network characterized by open porous and well-
interconnected structure. A third scenario is possible if the temperature of the solution is
decreased to or beyond the solution glass transition temperature (freezing point) before the L-
L phase separation leading to a S-L phase separation [82, 94]. DIPS is a second type of PS
technique which allows the production of porous membrane with a rather simple procedure.
The main steps involved are: a dip coating by casting a polymer solution on a specific support
and then the immersion into a coagulation bath composed by a nonsolvent. The exchange of

solvent and nonsolvent modifies the composition of the casted solution, inducing the L-L or S-
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L phase separation again following nucleation and growth and/or spinodal decomposition
mechanisms [95]. Among all the fabrication techniques, the easy implementation due to the
absence of required expensive specialised equipment makes TIPS and/or DIPS one of the most
effective processes to produce scaffolds with tunable properties [96]. As it is well-known, an
accurate control of scaffold architectural parameters (i.e., pore geometry, size, interconnectivity
and orientation) is necessary to maximize nutrient diffusion, control cell growth and function,
manipulate tissue differentiation, and mimic the mechanical properties of regenerated tissue
[73]. For this reason, the principal advantage of PS is the easy control of scaffold morphology
by changing parameters such as polymer type and concentration, type of solvent/non-solvent,
freezing temperature and cooling rate for TIPS [97], while the composition and temperature of
coagulation bath and the desiccation environment for DIPS [95]. Additionally, to improve cell
adhesion on the scaffolds as well as their mechanical properties, composite scaffolds can be
fabricated using different types of porogens, such as the bioactive ceramic Hydroxyapatite (HA)
for bone regeneration [98]. However, long time for solvent sublimation, solvent residuals,
possibility to use limited polymers, low mechanical stability, sensitivity of the technique
(processing parameters have to be very well controlled) and small-scale production together

with inadequate resolution are the main disadvantages of this methods [79].
- Gas foaming

Gas foaming (GF) method can be applied for highly porous foams fabrication by avoiding
the use of organic solvents to dissolve polymers. This process involves high-temperature
compression for molding the polymer into a solid disk-like structure. This structure is exposed
to a high-pressure inert GF agent such as carbon dioxide (CO») or Nitrogen (N) for several days.
At this point, the pressure is rapidly decreased and the bubbles created by gas expansion escapes
the polymer, leaving a porous, sponge-like structure [99]. Up to 90% porosities and pore sizes
up to 100 um could be obtained using this technique (Figure 1.8 d) and pore size can be
modulated varying the temperature, pressure, and rates of parameter reductions. However, the
main disadvantage of GF is the poor interconnectivity of the foam that makes cell seeding and

migration within the scaffold difficult, and usually the surfaces are mostly non-porous. Also,
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even if organic solvents are not used, the high temperature which is involved in the disc

formation prohibits the incorporation in the matrix of cells or bioactive molecules [100].
- Melt molding

Similar to GF technique, Melt Molding (MM) is a non-solvent scaffold fabrication
process. Powder polymer mixed with a suitable porogen compound is filled into a mold and
heated above its glass transition temperature while applying pressure. The polymer tends to
bind together producing a scaffold with the shape of the mold. Finally, the mold is removed,
and the porogen is leached out of the scaffold leaving behind a porous structure with specific
surface morphology (Figure 1.8 €) [101]. Using this method, it is possible to construct scaffolds
of any shape just by changing the mold geometry as well as to obtain the desired shape and pore
size by varying the size and amount of the porogen particles. The drawbacks of MM include
the difficulty of removing the porogen particles and high processing temperatures that preclude

the ability to incorporate bioactive molecules as well as for GF technique [102].
- Rapid prototyping (3D printing)

Rapid Prototyping (RP) is a common name for a group of advanced manufacturing
processes that can produce 3D objects through repetitive deposition and processing of material
layers using directly computer data such as Computer Aided Design (CAD) data (Figure 1.8 f)
[103]. One of the attractive uses of RP is associated to produce scaffolds with controlling over
pore size, pore interconnectivity, porosity and spatial distribution of pores [104]. 3D printing
was the first RP technique to be proposed for biomedical purposes. It uses ink-jet printing
approach to accurately writes a ‘‘binder’’ solution like polymer latex or silica colloid, which
moves uniformly with the CAD cross-sectional data through the ink-jet print head, on to
metallic, ceramics or composites powder [105]. Although RP technologies have gained a lot of
interest in the field of biomedical research, there are some challenges that need to be addressed
before these methods can replace the conventional fabrication methods. The surface roughness
of scaffolds is a very important factor that influences the cell-matrix interactions, and powder-
based techniques produce rough surfaces that may enhance cell adhesion. The feasibility of

scaffold fabrication by RP processes also depends on the resolution of the machines, that is a
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consequence of several machine-specific parameters [106]. Due to the fact that cells cannot be
directly assembled to the 3D structures, recently 3D bioprinting has been developed as a channel
by simply providing a 3D cell assembly with printing. It needs to prepare a bio-ink, which can
be defined as mixtures of hydrogels and cells with good printability for 3D cell assembling and
realization of tissues and organs. Despite challenges, 3D bioprinting is poised to play a key role

in future implementing biomedical research [107].
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Figure 1.8: SEM micrographs of polymeric scaffolds produced with different techniques.

1.4. Static vs Dynamic 3D in vitro cell culture

Flat 2D surfaces like tissue culture flasks (T-flasks) are still “gold standard” [108] for
many in vitro cell cultures at laboratory scale, even if it is well known that despite the simplicity,
ease of handling and low cost, these static 2D culture systems present several and serious
limitations [109]. As previously mentioned, 2D cultured cells do not mimic the natural

structures of natural tissues because of the deficiency of cell-cell and cell-extracellular

25



environment interactions [32]. The need to overcome these issues inspired the emergence of 3D
cell cultures systems, a promising approach to provide cell-based assays with more
physiological importance, especially the behaviour similar to the in vivo cells. Although 3D
culture models guarantee an optimal spatial organization of cells by mimicking tissue-like
structures, the traditional 3D static condition of culture has received gradually less attention in
the last years while in the meantime 3D dynamic (3DD) cell cultures have generated great
interest in the scientific and medical communities [30]. Static technologies satisfy the external
requirement for medium flow together with waste removal and nutrient transport by manually
changing the medium about every two days (or on the base of the specific cell metabolism and
activity) [110]. The medium in these systems follow the path of least resistance and prefers to
circumnavigate the scaffold, consequently the poor convection of medium alone at the external
surface does not guarantee nutrient transportation within the porous confines in the 3D volume
[111]. Furthermore, static cultures have several other problems such as low seeding efficiencies,
small number of cells that can be maintained in culture due to the limited available surface with
the correct amount of nutrients, gas-liquid exchange (such as oxygen) occurring only at the
medium/scaffold interface and leading to presence of concentration gradients (pH, dissolved
oxygen, nutrients, metabolites, etc.) in the entire scaffold volume [112]. On the contrary, when
the culture is carried out in dynamic conditions the mass transfer rates for gases, nutrients,
metabolites and growth factors are improved and thus the formation of gradients is prevented,
the transport of oxygen and nutrients is increased, and the sedimentation of cultured
cells/constructs is avoided [113]. The most common 3DD cultures are based on bioreactor
systems, where cells in a 3D scaffold environment are cultured and incubated in the presence
of shear stress that can resemble the physiological relevant shear stress conditions. Thereby,
this apparatus proved to have the potential to bridge the gap between the conventional in vitro
static approach and in vivo studies by mimicking physiological key-features of organs and

tissues [114].

1.4.1. Bioreactors

From a general point of view, bioreactor is the name given to any closed culture

environment (typically mixed) that is designed to control at least one operating parameter of a
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physio-chemical environment to obtain aseptic feeding and sampling and to improve
reproducibility and automatization of a process [115]. In biomedical and pharmaceutical
industry, bioreactors are essentially used in three ways: to mimic the in vivo state of cells thus
to better understand normal cell and molecular physiology or to study the pathophysiology of a
disease; to expand cells for potential clinical use such as in gene and cell therapies or
transplantation; to create new therapeutic targets and test potential new treatments and drugs in
a more realistic environment than simple in vitro conventional static culture. Thus, a better drug
design is allowed and simultaneously a potential way to reduce the numbers of animals in
research is proposed [116]. There are complex stimuli in vivo that a cell may be exposed to,
both chemical and mechanical stimuli, that impact cell performance. As a consequence, for cell
growth by using bioreactor devices, a precise measure and control of the in vitro physiological
environment is essential during culture [115].

Bioreactor design is complex and includes key requirements as follows: increased cell-
seeding efficiency maintaining a desired uniform cell concentration within the scaffold;
microenvironmental parameters control (i.e., temperature, pH, pressure, oxygen tension,
metabolites, regulatory molecules, shear stress); improved mass transfer (i.e., nutrient and
oxygen supply and removal of waste products and toxic metabolites) and physiological stimuli.
Contemporary bioreactor design may incorporate biological, mechanical, or electrical stimuli
in order to apply greater influence over cellular differentiation and development into functional
tissue constructs and specific tissue phenotypes [117]. Furthermore, each type of tissue structure
(e.g., skin, bone, blood vessel, liver, kidney, cartilage, myocardium) requires a unique kind of
bioreactor design in which both biological and engineering conditions have to be approached
along with reliability, reproducibility, scalability, and safety issues [118]. For example, the
performance of blood vessels depending on their role: the make-up of a vein usually delivering
low pressure flow at low shear stress, compared with an artery responsible for high flows at
much higher pressures which are designed with thicker musculature in vessel walls and more
elastic. This means that for modelling blood vessels in a bioreactor, not only the correct cell
type is necessary but also the mechanical structures capable of delivering specific functions
[116]. Among the design parameters described above, the mass transfer and mechanical stimuli

represent the major obstacles for a 3DD culture of cell seeded constructs which also impact on
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cell physiology and limit application of bioreactors in different research areas [119]. Mass
transfer in 3D culture systems involves the transport of nutrients and gases from the place that
they are supplied to the site of the cells distributed throughout porous scaffolds (opposite path
for waste products elimination). Thus, there is an external mass transfer, from the bulk culture
medium to the scaffold surface, and an internal mass transfer to the cells within the tissue
construct [118]. Commonly, two processes govern mass transfer of nutrients to cells: convective
mass transfer in the bulk motion of the media flow that will get the nutrients to the surface area
of the scaffold and the cells; and diffusion, that involves the movement of species down a
concentration gradient through the porous network. The ratio between convective transport and
diffusive transport is a key design parameter for bioreactors [115]. External mass transfer rates
depend primarily on hydrodynamic conditions in the bioreactor. In contrast, internal rates may
depend on a combination of bioreactor configuration and the scaffold structure and porosity,
the overall cell or scaffold construct size, and the diffusion rate through the biomaterial [120].
Amongst mass transfer mechanisms, oxygen transfer is a big challenge due to its poor solubility
in aqueous culture medium with a diffusive penetration depth within in vivo tissues in the range
of only 100 to 200 um for fully oxygenated culture medium at 37°C. Consequently, maintaining
a good equilibrium between oxygen delivery to cells and their oxygen consumption is a critical
issue, considering the diffusive distance. Therefore, the oxygen tension and level adjustment
are important biochemical parameters that need to be closely monitored for a successful design
process of any bioreactor [121]. Biomechanical stimuli management, such as shear stress, are
another important requirement in bioreactor design, particularly for musculoskeletal tissue
engineering, cartilage formation, and cardiovascular tissues [122—124]. During tissue growth
under 3DD culture, mechanical interactions between different components, that is cells,
medium, and scaffold material, can influence the final generation of cell aggregates or a
dispersion throughout the scaffold. Indeed, it is widely accepted that shear stress has a dominant
impact on tissue function and viability. Different values for the maximum tolerable shear stress
for different types of cells are reported in literature. For example, high shear stress on the
scaffold surface due to the flow of fluid, can peel off attached cells and reduce the speed of
tissue growing compared with static cultures [118]. Usually, biomechanical stimuli can be

applied throughout the bioreactor by the culture medium flow and so nutrient and waste transfer
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are automatically regulated. Other types of mechanical stimuli can also be applied to tissue

constructs using a bioreactor, including axial compression or tensile forces [125, 126].

1.4.1.1. Common types of Bioreactors

Over the years, several types of bioreactors have been developed and employed in
biomedical research areas to induce different types of physiological and biomechanical
stimulation to cells in vitro dynamic culture [127]. Recently, bioreactors have been also applied
in the pharmaceutical industry as systems for investigating the response of tissues and cells to
potential new drugs during pre-screening tests [128]. The most common are: spinner flask,
rotating wall vessel and perfusion bioreactor. Simple systems, such as spinner flasks and
rotating vessels, in which the culture medium is exchanged at appropriate intervals, minimize
the nutrient gradient and metabolite concentration around the construct; while perfusion
chambers directly perfuse media inside the scaffold with a continuous medium recirculation,

thus guaranteeing a good mass transport within the porous matrix [129].
- Spinner flask

The spinner flask and rotary vessel use convection to ensure that the media surrounding
the scaffolds is well-mixed. Within spinner flasks (Figure 1.9 A), cell seeded scaffolds are
attached at the end of needles hanging from the lid of the flask and immersed in the culture
medium. A magnetic stirrer bar forms vortex fluid flows in the superficial pores, providing
dynamic mixing of the medium and mass transfer between the medium and the scaffold surface.
It is via the generated vortexes that nutrient diffusion is allowed and cell proliferation is
promoted throughout the porous network in comparison to static condition [62]. However, these
bioreactors suffer from some drawbacks that limit their upscaling and standardization of the
process. First, mass transfer in these flasks is not good enough to deliver homogeneous cell
distribution throughout scaffolds and cells mostly reside on the construct periphery.
Furthermore, the shear stresses acting on the constructs are very high and heterogeneous, which
prevents homogenous tissue development. These adverse conditions can affect cell growth rate

and metabolism limiting efficiency and reproducibility of the culture process [113].
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- Rotating wall vessel

A low-shear stress culture environment, allowing to partially overcome the limitations of
stirred tanks, is generated in the rotating wall bioreactors (Figure 1.9 B). They were originally
developed by NASA in order to protect cell culture from high forces during experiments in
space. In these devices, the scaffolds are free to move in a vessel and they are suspended in the
medium due to the balance between hydrodynamic drag force, provided by the wall rotation,
and the downward gravitational force. Indeed, to ensure the scaffold remains in suspension, the
rotational speed must be increased during tissue growth to balance the gravitational force [62].

In these systems, a dynamic laminar flow enhances external mass transfer bypassing the
diffusion limitations for the delivery of nutrients and removal of waste products. As compared
to the turbulent flow within stirred flasks, the laminar flow condition provides a more uniform
distribution of the cells and better metabolism [130]. Additionally, it also protects fragile tissues
from cracking because of the reduced levels of mechanical stresses experienced by cells on the
construct [131]. A weakness of these devices is the complexity of the technological solutions
adopted for rotation that make them not easily scalable and unsuitable for continuous medium
replacement and real-time monitoring. The potential critical limitation of both stirrer flasks and
rotating systems is the insufficient mixing on scaffold surface to deliver the necessary nutrients
and gases, especially oxygen, to the core of the foam and so compromising development and
survival of tissues during in vitro culture [132]. Due to mass transfer limitations within scaffolds
in the as mentioned bioreactors, high concentrations of viable cells and deposits of ECM are
exhibited on the external portion of the scaffold leaving the interior almost empty of cells.
Moreover, necrosis occurs if an adequate amount of oxygen is not delivered to the cells
throughout the entire scaffold that leads to engineered tissues developed with inhomogeneous

cellular distributions.
- Perfusion Bioreactor

The improvement of mass transport and maintaining a uniform cell distribution
throughout porous networks is guaranteed by the design and employ of perfusion bioreactors
[133]. Commonly, the term perfusion bioreactor refers to a system consisting of a pump and a

scaffold chamber connected by flexible tubes with an open or closed loop (Figure 1.9 C). In a

30



closed loop, a medium reservoir is also present and the medium after perfusing the interior of
the scaffold can be recycled. Thus, the growth factors, cytokines, matrix proteins, and other
signals that are secreted by the cells during tissue development can be helpful to tissue
generation. With these systems the circulation of medium and a constant aeration throughout
the culture chamber is allowed [130]. In the last twenty years, culture using flow perfusion
bioreactors has been shown to provide more homogeneous cell distribution through scaffolds
in comparison to the traditional static culture and other bioreactor models. For example, J. S.
Greenberger and co-workers [134] showed that collagen scaffolds seeded with bone marrow
stromal cells and cultured in a flow perfusion bioreactor display greater cellular infiltration
within the scaffold, implying that better nutrient exchange occurs due to the perfusion flow.
Another incredible advantage due to the medium flow throughout the construct during the
perfusion mechanism, is the flow-induced shear stress at which cells may be exposed. As
described before, shear stress is a beneficial mechanical stimulus for tissue development and
for maintaining its normal structure and function during 3DD culture. However, nowadays the
cellular mechanisms underlying the responses to mechanical stresses are still not well
understood [124]. Flow perfusion bioreactors have been also designed to mimic physiologically
relevant levels of shear stress, thus offering an environment more favourable to tissue
development than scaffolds cultured in the absence of mechanical stimuli [135]. ]. In the end,
the perfusion bioreactor seems to be the most convenient for in vitro dynamic cell culture on
solid porous scaffolds between the different types of bioreactors, since it offers both convection
and diffusion mechanism for mass transfer and can provide in vivo-like physicochemical and
environmental stimuli for engineered tissue constructs [118]. One of the limitations with the
perfusion systems is their relative complexity and difficulty in assembling and operating.
Nevertheless, comparison of it with the other system issues is sufficient to justify its utility

[132].
- Magnetic and Ultrasonic Bioreactors

The bioreactors described above mainly use direct application of mechanical stimuli on a
macroscopic scale to seeded scaffolds. However, recent studies have demonstrated how

microscale mechanobiological stimuli, such as magnetic forces and ultrasounds, can positively
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affect tissues and cells growth and proliferation. Traditionally, magnetic bioreactors (Figure 1.9
D) consist of one or more permanent magnets which influence cell behaviour through static or
dynamic magnetic field strengths [136]. An advanced high-throughput magneto-mechanical
stimulation bioreactor for cartilage TE was developed from M. Brady et al. [137]. They showed
how their device was able to provide a novel platform for studying the effects of both
electromagnetic phenomena and mechanical stimulation on chondrocyte culture.
Subramanian’s research group [138] realized an ultrasound (US) assisted bioreactor (Figure 1.9
E) that stimulate chondrocyte proliferation and differentiation through the polyurethane-
polycarbonate/chitosan-based scaffold under low-intensity continuous US stimulation during
long-term culture periods. They placed a 6-wells plate with cell-seeded scaffolds above the
transducer array and a US signal was applied. Their results showed that the bioreactor had
positive effects on cell proliferation, viability and the gene expression of specific chondrocyte
markers. However, many questions about the cell response to magnetic fields and ultrasound

stimulation remain unsolved and more studies should be performed in the future.
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Figure 1.9: Schematic of the most common bioreactor used for 3D dynamic cell culture. (A) spinner

flask; (B) rotating wall vessel; (C) perfusion bioreactor with a direct waste disposal at the outlet (open

flow loop) (left) and a perfusion bioreactor with a medium reservoir between the culture chamber and

the pump (closed flow loop) (right); (D) Magnetic bioreactor; (E) Ultrasonic bioreactor. (Figure adapted

from [129, 133, 136])

33



1.5. Nanoparticles: from micro to nano

Nanotechnology represents one of the most interesting fields of modern science, which
deals with the manipulation of matter with at least one dimension of size from 1 to 100
nanometres (Figure 1.10) [139]. It possesses a highly interdisciplinary character by including
different doctrines like chemistry, biology, physics and engineering and taking advantage of
their principles and their processes [140]. In the last years, nanotechnology products have
become increasingly useful in biomedicine and have led to the advent of a hybrid science named
“nanobiotechnology” [141]. The two big applicative areas of nanobiotechnology are: tissue
engineering (TE) and biomedicine. In TE, metallic, ceramic, and polymeric materials with
improved material properties at the nanometer scale dimension, such as increased surface area
and finer surface roughness, have been investigated as new scaffolds that may produce better
biological cell responses and effective tissue-implant mechanical interaction [142].
Nanotechnology products have revolutionized the biomedical sciences in different areas from
disease diagnosis and treatment to monitoring and control of biological systems (bioimaging

and biosensing) to drug design and drug delivery [143].
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Figure 1.10: Dimensional scale from nanoscopic to macroscopic. [144]
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Nanoparticles (NPs) are a wide class of materials with unique properties derived from
inorganic, organic, metallic or semiconductive compounds [145]. Depending on their physical
(morphology, size) and chemical properties, NPs can broadly be divided into various categories.
Some of the common classes are: metal NPs, Ceramic NPs, Semiconductor NPs, and Polymeric
NPs [146]. One of the major advantages of NPs over larger sized particles are the high surface-
to-volume ratio that means higher surface energy, unique optical and electronic properties and
also excellent magnetic properties. Usually, these size-dependent properties have been observed
to be very useful for biomedical applications. For example, the magnetic properties of
nanoparticles are utilized to develop drugs for targeted drug delivery systems as well as
Magnetic resonance imaging (MRI) contrast agents in place of conventional gadolinium-based
contrast agents [147]. NPs optical properties are mainly utilized to find alternatives to organic
dyes for imaging and diagnostic purposes since bio-optical imaging still suffers from problems

such as resolution, sensitivity, speed, and penetration depth [148].

1.5.1. Quantum Dots (QDs)

Quantum Dots (QDs) are one of the first nanotechnologies to be integrated with the
biological sciences [149]. QDs are nearly spherical semiconductor particles composed of
groups I-VII, II-VI, or III-V elements and with diameter range from 2 to 10 nm, comprising of
approximately 200-100,000 atoms [150]. They are defined as particles with physical
dimensions smaller than the exciton Bohr radius, which is the distance between the electron
(negatively charged) and the hole (positively charged) left in the valence band by the electron
after exciting and jumping to higher energy levels. From quantum mechanical point of view,
when the radii of the particles are smaller than the bulk exciton Bohr radius there is a
“confinement quantum regime” in which the energy levels that the electrons inhabit become
discrete, with a finite separation between them, in place of continuous valence and conduction
bands typical of macroscopic semiconductors [151]. Due to this regime, the optical properties,
such as absorbance and Photoluminescence, and electronic properties of QDs are size-
dependent and can be easily controlled [152]. The effect of changing size on the electronic
structure of QDs is shown in Figure 1.11: the larger a quantum dot becomes, the more

continuous its electronic structure becomes and the closer its band gap becomes to that of the
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bulk material. Consequently, bigger QDs with shallow and small band gaps require less energy
to excite the electron and emit photons in the red-orange wavelengths. Similarly, smaller size
QDs have larger bandgaps and emit in blue wavelengths [153]. Moreover, changing the
nanocrystal composition influence the wavelength range over which the optical properties can
be tuned, since the lowest wavelength at which the nanocrystal will absorb and emit, is dictated
by the bulk band gap of the semiconductor. For example, switching from Cadmium (Cd) to
Zinc (Zn) will lead to bluer nanocrystals due to the wider bandgap of Zn [149]. An essential
parameter to evaluate the emission properties and the efficiency of this process is the
fluorescence Quantum Yield (QY), which is described as the ratio of the number of emitted

photons divided by the number of absorbed photons [154].
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Figure 1.11: Schematic representation of energy band gap variation and color in quantum dots with the

size variation. [153]

Due to the unique optical and electronic properties size-tunable, improved signal
brightness, high fluorescence QY, resistance against photobleaching and simultaneous
excitation of multiple fluorescence colours, QDs have gained considerable attention in the last
decade in biology and medicine as novel biological agents and a valid competitor for the

conventional fluorescence dyes for being applied where they have failed [155]. Conventional
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fluorophores are inclined to photobleaching, which means they lose their fluorescence in a short
amount of time in high-intensity studies and long-term imaging, like confocal microscopy or
laser irradiation. Additionally, properties that particularly influence fluorophore behaviour, and
thus their applicability to different situations, include the width of the absorption and emission
spectra which makes it difficult to effectively and simultaneously detect multiple signals,
photostability, and the decay lifetime [156]. QDs, in comparison, offer superior photophysical
properties and several advantages over organic dyes. First, they have a broad absorption
spectrum, enabling excitation by a wide range of wavelengths, and their emission spectra are
symmetric and narrow (Figure 1.12). Consequently, multicolor nanocrystals of different sizes
can be excited by a single wavelength shorter than their emission wavelengths, with minimum

signal overlap [157].
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Figure 1.12: The absorption (a) and emission (b) spectra of an organic dye (thodamine 6G, red line)

and quantum dots (black line). [157]

QDs are also extremely stable light emitters, due to their inorganic composition, and can
undergo repeated cycles of excitation and fluorescence for hours with a high level of brightness
(10-20 times brighter than organic dyes) and photobleaching threshold. QDs have been shown
to be more photostable than a number of organic dyes, including rhodamine and fluorescein
[158]. Another interesting characteristic of QDs is their fluorescence lifetime after excitation,
typically five to hundreds of nanoseconds, which is significantly longer than typical organic

dyes or auto-fluorescent proteins that decay on the order of a few nanoseconds. The fast
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fluorescence emission of organic dyes upon excitation coincides with short-lived
autofluorescence background from many naturally occurring species, thus in time-gated
analysis they are often disregarded to decrease background noise and increase sensitivity.
Contrariwise, QDs comparatively long decay time at room temperature, enables clear temporal
discrimination of the signal from cellular autofluorescence and scattered excitation light in
time-gated measurements, enhancing the sensitivity [159].

Despite their several advantages, QDs applications in clinical practice are limited because
of their high toxicity for the living system. Several toxicological studies have demonstrated that
toxicity increases with decreasing size of the particles, generally less than 100 nm, because of
its easy penetration across bio-membranes and interference with basal metabolic reactions
within the cell. Also, these particles are easily translocated throughout the body not only
through the circulatory system, but also the neural network (nerve cells) and they also tend to
accumulate in the body that could lead to deadly diseases with the passage of time [147].
Furthermore, the presence of heavy metals, such as cadmium or lead, are the cause of toxic
manifestations since they can leak out of the QDs over time, upon Ultraviolet (UV) irradiation
or oxidation that potentially cause degradation of the particles and release intracellularly toxic
ions. A direct way to avoid the possible toxicity of QDs is to make them well coated and so
become biologically inert. Addiction of organic biopolymers (e.g. PEG) or inorganic silica
(Si02) and ZnS shell can reduce oxidation and toxicity levels, and improve QY by passivizing
nonradioactive recombination sites [160]. However, both oxidation and toxicity are unable to

be totally eliminated under exposure to UV light and/or oxidative conditions [155, 161].

1.5.2. Carbon Dots (CDs)

From the beginning of this century, a new subclass of fluorescence nanoparticles called
Carbon Dots (CDs) have received significant attention worldwide and provide a promising
alternative to conventional toxic metal QDs in traditional fields, such as biosensing,
biomedicine, bioimaging, optoelectronics, energy conversion and photocatalysis [162]. They
show several advantages over the traditional QDs, including high water solubility, remarkable
biocompatibility, robust chemical inertness, good thermal and optical photostability, simple and

inexpensive preparation methods from renewable sources, high conductivity and abundant
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functional groups and so easy surface functionalization [163]. Since when they were first
discovered by Scrivens’s research group in 2004 [164] as fluorescence impurities isolated from
the purification of single-walled carbon nanotubes, the research interest in such carbon-based
nanomaterials increased during the years as clearly showed in Figure 2.13, which report the

constant increase in publishing of scientific literature studies related to CDs [165].
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Figure 1.13: Google Scholar search results about the number of published literature studies using

“carbon dots” as keyword. [165]

CDs are typically described as fluorescent carbon-based zero-dimensional nanomaterials
with sizes less than 10 nm and quasi-spherical shape, consisting of a nanocrystal core
(conjugated sp? -domains) embedded within an amorphous carbon (C) matrix, containing
defects, which are stabilized by surface functional groups (e.g., carbonyl, carboxyl, hydroxyl,
and amine groups). Due to this specific structure CDs show tunable physical, chemical,
electronic and optical properties [166]. In general, they display a strong absorption band in the
UV region (200-400 nm) and moderate in the visible range (400-700 nm). The absorption in
the first UV band located around 230-280 nm is often suggested to be ascribed to the n—n*
transition of C=C bond of the carbon core, while the second band around 300-340 nm is due to

n-* transitions of C=0 surface groups. Ultraviolet—visible (UV-vis) absorption peaks at longer
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wavelengths were also reported at 440-450 nm which could be associated with the trapping of
excited state energy by certain surface states [167].

One of the most interesting optical properties of CDs is their tunable Photoluminescence
(PL) across the entire visible spectrum. The fascinating PL phenomenon occurs upon the
energetic relaxation of photoexcited electrons from a series of higher states when they return to
their ground states. However, the exact origin of CD’s PL and the explanations behind the
mechanism responsible for that, still remain unclear and contradictory. Typically, CDs show
excitation-dependent PL. This may be attributed to the surface states created on CDs,
particularly the surface defects generated by surface oxidation that could trap more excitons
during the excited stage and would subsequently result in radiative recombination of the trapped
excitons to generate fluorescence emissions [168]. CDs have also been reported to exhibit
solvent-dependent PL [169] and/or concentration-dependent PL [170]. The local pH value [171]
and temperature [171] can also influence the PL properties. Relatively low QYs of CDs
(approximately 0.10) compared to those of commercially organic compounds and
semiconductor QDs limit the general use of CDs as luminescent materials [172]. Moreover, a
majority of CDs exhibit intense emission into blue or green visible light regions under UV
excitation, while the long wavelength emissions are very weak [173]. This behaviour limits
their applications, especially for in vitro and in vivo biomedical tests, due to blue auto-
fluorescence of biological matrix that reduces the contrast between the area tagged with CDs
and the biological matrix, together with severe photodamage of UV excitation light [174]. CDs
with long-wavelength emissions (far-red and near-infrared (NIR) (=600 nm) region) are rare
but more attractive for applications dealing with in vivo biological environment [168],
especially as probes for bioimaging, thanks to their superior properties, such as deep tissue-
penetration and low interference with biological tissues strong blue auto-fluorescence [175].

Numerical approaches have been developed for modulating both the absorption spectrum
and PL emissions of CDs to obtain red shifts and high QYs. Degree of surface oxidation,
selected precursors and/or solvents nature, especially nitrogen source, and specific synthetic
routes controlling reaction temperature and time, are only some factors that have been already
demonstrated to red shift CDs fluorescence [173, 176]. Several surface states mean different

energy levels which may result in a series of emissive traps leading to numerous electronic
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transition possibilities and diverse PL properties [177]. It has been reported that surface
passivation and functionalization with carboxyl groups also help to enhance the fluorescence
intensity. Among the nitrogen-containing groups, amines are known to be the best passivating
agents by affecting the absorption and emission properties of CDs by modulating the HOMO
(Highest-energy Occupied Molecular Orbital) -LUMO (Lowest-energy Unoccupied Molecular
Orbital) gap of the aromatic C domains [178]. Moreover, the presence of small aliphatic
diamine molecules has been demonstrated to increase the nitrogen content and generate surface
passivation with an enhancement of the PL and QY of the functionalized CDs [179]. The
isomers of phenylenediamine (pD) (o-, m-, p-pD) can easily lead to heterocyclic compounds
and polymers by oxidation which covalently linkage onto the CDs’ surface leading to
improvement of PL intensity [180]. Among the pD, p-pD has been studied and proposed as a C
source for preparing red-emissive CDs since 2015, while blue and green CDs can be prepared
from o- and m-PD, respectively [180—-182]. J. Joseph and coworkers [183] prepared CDs from
p-PD by hydrothermal method for obtaining high fluorescence emission at a longer wavelength
and additionally they demonstrated the potential of these red color-emitting/amine-
functionalized dots for the determination of Cystine levels in human blood plasma and urine
samples. Two-photon photoluminescence and excitation-wavelength-independent fluorescence
are the properties of the red-emitting CDs proposed by Tan et al. [182], obtained from p-PD
water solution with the assistance of the strong acid H>SO4 and tested as probes for bio-imaging.
HNO;3 is the acid used from Yang’s research group [184] for the hydrothermal synthesis of
highly efficient red emissive CDs by using 0-PD as C source. Their results demonstrated the
importance of acid-assistance for obtaining red emissive CDs not only because the acid acts as
a catalyst for the reaction rate but also could react with the polymer and affect the structure of
the dots under high temperature and high-pressure conditions, with consequent effects on the
optical properties.

Recent research advances proposed Hetero-atom doping as an alternative robust
technology to adjust the chemical structure and optical properties of CDs. By replacing few
components of the host’s surface and/or interior with substitutional atomic impurities (e.g.,
nitrogen, boron, sulfur, phosphorus, zinc, nickel, etc.), the electronic structure related to the

energy gap of the CDs is strongly influenced by introducing new energy/electronic states [185].
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The impurities may be non-metal and metal ions which it is believed that affect the interaction
between p- and n-states by the extent of orbital overlap and electron withdrawing/donating
abilities. The introduction of extra electrons (n-type doping) or extra holes (p-type doping)
determines variation in the emission may be caused by an increase in the radiative
recombination of electron—hole pairs that many studies attested as origin of the observed CDs
bright PL. The non-metal-based doping showed tremendous potential and, among various non-
metals, Nitrogen-doping is the most adopted, due to the easy doping process and the atomic
size of nitrogen comparable to C atoms. Compared to most non-metallic heteroatoms, in the
metal ions there are more electrons easy to lose and unoccupied orbitals outside and larger
atomic radius. Hence, the metallic heteroatom doping not only improves the optical properties
of CDs giving more opportunities for changing charge density and charge transition forms
between the metal ions and graphene matrix of CD, but can also impart novel functionalities
[162]. For example, Zou and co-workers [186] designed gadolinium-doped carbon dots (Gd-
doped CDs) for magnetic resonance imaging (MRI) and as novel agents for radiotherapy of
tumors. By Gd capsulation into carbonaceous dots they overcame the intrinsic unstable
characteristic and considerable biological toxicity of Gd-based compounds and at the same time
they introduced for CDs a new feature of radio-sensitization. One concern for metal atom
doping is the associated increase in biotoxicity that affects their potential in bio-applications
[187]. In recent years, the combination of different dopants (called co-doping) has also been
proposed to improve the optical properties of CDs. Barman et al. [188] demonstrated that
phosphorus co-doping with nitrogen containing carbon dots (N-P-doped CDs) favors the
photophysical properties (i.e. radiative decay rate and average decay time) compared to nitrogen
containing carbon dots (N-doped CDs) and also boron co-doped nitrogen carbon dots (N-B-
doped CDs). Although the as-mentioned CDs can emit red fluorescence, their emissions are
always accompanied by intense decreases in PL intensity and QY's which limit their application
in the biomedical field. Therefore, it is still a great challenge for the researchers to prepare

highly efficient pure red emissive CDs with good biocompatibility [173].
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1.5.2.1. CDs fabrication techniques

Another key factor in CDs development is the synthesis approach. Numerous routes have
been investigated and proposed in the past decade. Generally, the manufacturing approaches
can broadly be classified into two categories, namely top-down and bottom-up, which basically

differ in degrees of quality, speed and cost [189].
- Top-down approach

The top-down is essentially the “breaking down” of larger carbon structure into smaller
nano-size particles through hard and strong conditions. It mainly includes arc-discharging, laser
ablation, electrochemical etching or chemical oxidation [190]. Both arc-discharging and laser
ablation methods involve the condensation of C atoms generated from evaporation of solid
carbon sources. In arc-discharge, high currents pass through opposing C anode and cathode and
C atoms are evaporated by the generation of an energetic plasma of helium gas. In the case of
laser ablation C nanoparticles are detached from the C target by the irradiation with a laser beam
energy. All these approaches are integrally easy and with simple set-up but don’t have a good
control of the particle size and structure, resulting in CDs with quite heterogeneous size and

many surface imperfections [191].
- Bottom-up approach

The bottom-up methods synthesize CDs from small organic molecules or polymer
precursors under suitable and relatively facile conditions, such as Hydrothermal/Solvothermal
(H/S), thermal combustion, template-assisted, microwave assisted pyrolysis, ultrasonic, and so
on [192]. Microwave synthesis routes and H/S treatments are the most common bottom-up
approaches used for CDs synthesis. In the microwave-assisted synthesis the electromagnetic
energy given by the microwaves is converted into heat by the substances, allowing the reaction
between the precursors and solvents, passing through the polymerization, the carbonization and
finally the generation of the CDs [193]. H/S method brings to carbon-based materials by sealing
in an autoclave environment a solution of selected precursors that react at high temperature and
high pressure. A wide range of solvents (polar and non-polar) and organic precursors of

different nature (molecular or polymeric) can be involved in the reaction path, even if water is
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the green solvent widely used in hydrothermal synthesis [191, 194]. Both these techniques are
cheap, eco-friendly and low-cost routes. Microwave is faster than H/S thanks to the reaction
acceleration due to the microwave energy source, however the allowed reaction volumes are
small and the pressure of the system is limited, limiting the use of solvents with lower boiling
points [193].

Bottom-up approaches have noticeable advantages, compared with top-down methods, in
producing nanostructures with less defects and more homogeneous chemical composition by
controlling the deposition parameters and the careful selection of diversified organic precursors
and carbonization conditions. However, with most of the bottom-up methods it is still difficult
to control the morphology and size distribution of CDs since the strong surface tension of these
quantum-sized particles leading to random conglomeration during the carbonization process
[195]. Adopting one of the top-down approaches may solve some issues of the other techniques,
even if many other drawbacks persist, including the requirement of expensive materials, severe
reaction conditions, and long reaction time [196]. Thus, it is urgent to establish novel bottom-
up and top-down methods that can provide an opportunity to fabricate CDs with defined
morphology and properties [195].

1.5.2.2.  CDs for biomedical applications

Biocompatible CDs appear to be the new promise in nanomedicine and healthcare
applications (Figure 1.14). They have demonstrated that they are safe for both in vitro and in
vivo studies and a wide range of cells, even in the case of bioimaging when high concentrations
are required. Moreover, CDs can be rapidly excreted from the body, thanks to their ultrasmall-
scale, without any significant alterations of many biochemical tissue parameters [197]. Efficient
and smart bioimaging tools are extremely useful for an early diagnosis of diseases. Over the
past decades, Fluorescence Imaging (FI) has emerged as a potential method for medical
diagnosis due to its low cost, easy operation and non-invasiveness.

Among various fluorescent probes, CDs emerged as a next-generation probe for in vitro
and in vivo bioimaging thanks to unique properties, such as good photostability, excellent
biocompatibility, water solubility, and multicolor emission [166]. The scientific literature is full

of studies about the use of CDs as fluorescent bio-probes for photomediated imaging and their
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wide versatility and superiority to conventional fluorophores in biomedical and healthcare
fields. As shown in the work of Jiang et al. [180], full-color emissive CDs were developed by
using Phenylenediamines as precursors, and the as-prepared CDs could emit bright and stable
red (p-PD), green (0-PD) and blue (m-PD) colors of luminescence and work as multiplexed cell
bioimaging reagents. Eco-friendly multi-functional nitrogen/sulfur co-doped CDs were
developed by Wei et al. [198] by hydrothermal treatment of Allium fistulosum. They showed
great biocompatibility and were explored for multicolor imaging in MCF-7 and K562 cell
cytoplasm, without adoption of any surface passivation. In addition to the CDs’ intrinsic
properties as new platforms for FI, their elevate photonic performances have been applied in
many other nanomedicinal and healthcare applications. For example, Yang et al. [199] proposed
Mg-doped CDs as a new kind of osteogenic biomaterials for promoting osteoblastic
differentiation by improving alkaline phosphatase (ALP) activity and upregulation related
mRNA expression and maybe promising nanodrugs for bone loss therapy. Moreover, due to the
multicolor fluorescence properties the as-mentioned Mg-CDs showed cell labeling abilities. N-
S-co-doped red-emitting CDs were synthesized by a green and facile hydrothermal method by
Sun’s group [200]. The doping with N and S created functional groups on the dot surface by
giving a unique behaviour for rapid identification and quantification of Ferric ions (Fe3+ ions)
and L-cysteine (L-Cys) traces in the human body, mainly involved in biological processes that
lead to various diseases. Unlike the as-mentioned works, Zhang and co-workers [201] followed
a novel green microwave-assisted method for CDs synthesis. Essentially, they prepared red-
emissive CDs by an easy carbonization of p-PD in an ethanol/H>O solution by microwave
irradiation. The CDs were used first as fluorescent chemosensors for the detection of
glutathione (GSH). Furthermore, they discovered that the CNDs—GSH mixture could be utilized
as a “turn-on” fluorescence sensor (off—on) for the determination of temperature through the
fluorescence quenching and recovery processes, respectively. The GSH interaction with the
surface group on CDs quenched the fluorescence, but this interaction could be destroyed by
increasing temperature and the quenched fluorescence could be recovered. A novel “turn-on”
carbon-dot-based fluorescent nanothermometer device and a perfect candidate for cellular

imaging and temperature sensing at a molecular level was developed.
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In recent years, the extraordinary optical/physicochemical properties and unique
biocompatibility with low toxicity have guaranteed to CDs promising applications not only for
bioimaging, chemical sensing, fingerprint detection and so on, but also as new non-invasive
agents in cancer diagnosis and treatment [202]. The integration of diagnosis and therapy into a
single nanoplatform, so called Nanotheranostics, have attracted growing interest for cancer
treatment. In comparison with traditional anticancer models, this integration makes it possible
to collect more detailed information and monitor the metastasis and relapse of tumor to obtain
high therapeutic efficacy [203]. A tumor microenvironment (TME) stimuli-responsive
nanoplatform for FI and cancer therapy was developed by Prof. Hengwei Lin’s group [204].
Red-emissive CDs were first derived from citric acid and PEG through a facile one-pot
solvothermal method. The incorporation of the photosensitizer Chlorine e6 conferred them a
superior photostability and bright red emission, guaranteeing an efficient cell penetration and
excellent TME stimuli-responsive for FL imaging. Furthermore, the introduction of Cu?"
provided Photodynamic therapy (PDT) functions which can destroy tumor cells just reacting
with hydrogen peroxide (H20:) and enhanced the production of cytotoxic reactive oxygen
species (ROS). Therefore, doping transition-metal (e.g. Cu, Fe) into carbon dots can widely
increase their near-infrared absorption and thus allow their applications in photodynamic and
photothermal cancer therapy. Recently, Yue et al. [205] fabricated ruthenium-containing carbon
dots (Ru-CDs) via the partial pyrolysis of ruthenium complexes and the carbonization of citric
acid. The as-prepared Ru-CDs exhibited interesting features as bioimaging agent for cancer
cells and zebrafish thanks to the good biocompatibility and strong red luminescence in aqueous
solution. They also acted as photodynamic nano-agents for cancer therapy due to the efficient
ROS generation. Finally, their results showed that Ru-CDs and light can damage plasmid DNA,
giving to the doped-CDs good prospects and wide range of biological applications. Although
in-depth studies on CDs have gained rapid development, numerous unsolved issues are still a
big challenge for researchers. For this reason, further studies on CDs in terms of their basic
studies (chemo-physical properties, optical properties and photoactive capability) and practical

applications will continue to be a hopeful and challenging field for the future [206].
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Figure 1.14: CDs in various Biomedical and Healthcare Applications. [166]
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CHAPTER 2

GENERAL MOTIVATION AND AIM
OF THE PROJECT

2.1. Overview

On 16™ October 2021, the European Commission approved a motion about the urges of plans
and actions “to accelerate the transition to innovation without the use of animals in research” [207].
Starting from 2010, one of the main goals of the European Union (EU) is the gradual phasing out
the use of animals for scientific purposes by following the 3Rs principle of Replacement,
Reduction and Refining. Currently, the use of animals in research still remains necessary since
non-animal methods are not yet available across all scientific research areas. For this reason, the
Reduction of the number of animals used to obtain precise information, and the Refining as “to
reduce to a minimum value the amount of stress imposed on animals in each experiment”, remain
the only two options to minimise the impact of the use of animals in scientific procedures [208,
209].

As already mentioned in Chapter 1, in vitro technologies and applications of in vitro models
have received an exponential increase in the last decade. Scaffold-based platforms and bioreactors
are driving the global market of 3D cell culture and their application is expected to rise by the end
of 2026 (Figure 2.1). Over the past 10 years there was a remarkable increase in the use of 3D
polymeric scaffolds, particularly for cancer cell culture [210]. The state-of-the-art has shown that
the tumor microenvironment is complex and dominates cancer cell behavior with tumor formation,

progression, and metastasis [211]. Understanding the connection between tumors and the
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microenvironmental conditions and correctly mimicking in vitro the complexity of the tumor
microenvironment, represent fundamental aspects for the development of more realistic in vitro
models for drug-screening and cancer biology studies [212, 213]. 3D scaffolds applied in
biomedical and cancer research are predominantly fabricated by using synthetic polymers, such as
PLGA, PCL, and PEG. Here are some examples of polymeric scaffolds used as tumor models in
the last years. Nowadays, breast cancer is one of a few cancers for which an effective prevention,
detection, and treatment is available. However, it is still a major cause of cancer-related mortality
in women worldwide [214]. Rijal et al. [215] have cultured mammary epithelial cells on PLGA or
PCL scaffolds fabricated by using a modified GF approach. They observed a distinct behaviour of
the breast cancer cells in terms of morphology, proliferation, responses to anticancer drugs and
also development into tumors compared to those cultured on 2D polymeric surfaces. More
recently, Puig and colleagues [216] suggested electrospun-PLA scaffolds as suitable 3D supports
for Triple-negative breast cancer cell culture in short culture periods with no breast cancer stem
cells-enrichment. Among the numerous cancer types already studied, only a small proportion of
patients with brain cancer (glioblastoma) achieve 5-year survival. Furthermore, glioblastoma
tumor cells quickly become resistant to current chemotherapies and radiation techniques [217]. In
order to create this lethal tumor in in vitro environment for improving studying on molecular
mechanisms of cancer development, identifying therapeutic targets, and testing drug candidates,
Kievit et al. [218] have produced chitosan-alginate 3D scaffolds and developed an artificial in vitro
model for studying the tumor microenvironment. They showed how altering the tumor
microenvironment in vitro affects tumor growth and malignancy and alters the expression of
glioblastoma stem-like cell markers that play a significant role in tumor aggressiveness and
progression. Despite the progress in utilizing 3D models for studying cancer cell biology and
screening/testing of potential anticancer drugs, developing a 3D tumor model that more closely
mimics the in vivo tumor microenvironment, particularly for rare tumors, remains a formidable

challenge and unsatisfied need [219].
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Figure 2.1: 3D in vitro cell culture market trend, by product (https://www.researchdive.com/73/3d-cell-

culture-market)

The use of bioreactor devices is also a promising approach for long-term in vitro cell culture
enabling high-throughput screening in drug development and toxicity tests [220]. Compared to the
different existing bioreactors, in the perfusion mode higher cell density is sustained for much
longer periods, by constantly feeding fresh media and by supplying the appropriate nutrients and
removing toxic waste products. Within the pharmaceutical industry perfusion bioreactors
represent a valid platform to overcome the common drawbacks to study in vitro drug efficacy and
toxicity, by offering the closest in vitro model of natural physiological state, lightening the
problems of the 3D static culture, maintaining 3D architecture and extending the functionality,
heterogeneity, structural complexity and cell-cell interactions during the dynamic culture [221].
For example, a novel perfused bio-fabricated 3D ovarian cancer spheroid model was designed in
Woodfield’s lab [222] to demonstrate the potential of perfusion system for anticancer drug
screening and the capacity to support in situ non-destructive computer tomography imaging.
Starting from a 96-well microplate, the 3D printed bioreactor can support a large number of
samples at the same time, and guarantee both fluid transport and mechanical stimulation on the

constructs. A perfusion microbioreactor was realized by Huber and coworkers [223] using 3D

50


https://www.researchdive.com/73/3d-cell-culture-market
https://www.researchdive.com/73/3d-cell-culture-market

printing technology. The system consists of up to four independent-operating parallel bioreactors
and integrated microsensors to measure the oxygen concentration during the cultivation period. In
addition, an automated cell seeding procedure facilitates the distribution of cells within the scaffold
before the culture. More recently, Talo G. et al. [224] developed and validated a perfusion
bioreactor to culture decellularized tendon matrices after cell reseeding. Multiple independent
chambers are able to combine a bidirectional perfusion with a programmable uniaxial strain to

obtain a local alignment of the new collagen fibers.

2.2.Aim of the project

Despite the continuing advancements in the field, there remains a constant need to develop,
enhance and implement in vitro systems [225]. The use of bioreactors in the pharmaceutical
industry, especially for drug pre-screening testing, is still one of the big challenges for researchers.
The combination of perfusion systems for 3D dynamic cell culture, and the generation of
engineered new constructs, with the investigation on toxicity and drug-sensitivity using a single
system could represent the next generation of in vitro technologies.

The principal aim of this research project is to develop a low-cost and compact in vitro
apparatus that could be used for multiple purposes in both biomedical and pharmaceutical areas
by reducing as much as possible the in vivo animal experimentations. An original dual-flow
perfusion bioreactor is proposed as a potential candidate for stimulating in vitro diffusion of nano-
systems throughout microporous matrices emulating the in vivo path of nutrients, growth factors
or drugs in living organisms. To achieve this, polymeric porous scaffolds were also developed as
perfect supports for 3D cell culture, together with the synthesis of promising nano-systems as

future drug carrier models.

2.3.Experimental objectives

The thesis is based on 5 main experimental objectives:
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Synthesis and characterization of different polymeric microporous scaffolds to be used
as 3D in vitro supports for cell culture and diffusion of nanoparticles.

In vitro 2D and 3D cell culture to select the best scaffold structure acting as a model for
growth and proliferation of living cells, particularly tumor cells.

Design and fluid-dynamic characterizations of a dual-flow perfusion bioreactor, with a
particular attention on its radial perfusion properties.

Testing of the radial diffusion generated by the bioreactor throughout microporous
matrices by using nanoparticles of different nature as potential nano-carriers.

Synthesis and characterizations of Red-emitting Carbon Dots to be used as fluorescence

probes for bioimaging/tumor tracking, biosensor or carriers for drug-delivery.
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CHAPTER 3

MATERIALS AND METHODS

3.1. Part 1: Production and characterization of PLLA
scaffolds

3.1.1. Scaffold for in vitro cell tests

PLLA (Resomer® L 209 S; supplied by Evonik Health Care) was chosen as a biopolymer
to produce 3D porous scaffolds (Figure 3.1 A) and the adopted technique for the synthesis was the
TIPS. Firstly, a ternary solution of PLLA-dioxane-water (polymer-solvent-nonsolvent) was
prepared as described in Lombardo et al. (2019) [226]. The polymer at 4% (wt/wt) was dissolved
into 1,4 dioxane (Merck KGaA, Darmstadt, Germany) by stirring at a temperature of 120 °C. After
a complete dissolution, deionized water was added dropwise with a constant dioxane to water
weight ratio of 87/13 (Step I). The final transparent solution was kept at 60°C. Next, 5 mL of the
hot solution was poured into a High-Density Poly-Ethylene (HDPE) cylindrical sample holder
(Figure 3.1 B) (inner diameter 17.6mm and 35.7mm height) that was immersed into a thermostatic
water bath (TWB) at a well-defined temperature (demixing temperature), for a specific time
interval (demixing time) (Step II). Subsequently, a quench by direct pool immersion at -20°C in
an ethyl alcohol bath (EAB) was performed (Step III). The as-obtained foams were washed in
deionized water and dried at 35°C under vacuum overnight, in order to completely remove any
remaining solvent trace.

To obtain different porous structures, batches of scaffolds were prepared by varying

demixing temperature and demixing time. A schematic representation of the steps followed for the
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scaffold synthesis is provided in Figure 3.1 C. In the first case (Fig. 3.1 C, case 1), two demixing
temperatures were investigated, 25 °C and 30 °C, keeping a constant demixing time of 30 min. In
the second case, the sample-holder was directly placed at -20°C in a EAB for 20 min and subjected
to Direct Quench (DQ) (Fig. 3.1 C, case 2); as reported in previous papers, according to this
experimental route a spinodal decomposition takes place that deeply modifies the scaffold
microstructure [227, 228]. Finally, in order to slow down the cooling rate and consequently control
the scaffold porous structure, in the third case PLLA scaffolds were synthesized by using a
demixing time of 20 °C and a demixing time of 15 minutes by embedding the sample holder in a
Polytetrafluoroethylene (PTFE) shell (coating) for the immersion in the TWB and/or in the EAB
(Fig. 3.1 C, case 3 a,b,c).
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Figure 3.1: A) Chemical structure of PLLA. B) HDPE cylindrical sample holder. C) Schematic

representation of the steps adopted for scaffold preparation via TIPS. [226]

3.1.2. Cylindrical 3D Scaffold for perfusion testing with the Bioreactor

In order to obtain an engineered construct that simulates a natural vascularised biological
tissue, a double-structured polymeric scaffold was produced. It consists of a cylindrical porous
matrix that is able to host cells. The inner structure, that emulates a blood vessel, is a porous
tubular-shaped scaffold obtained via DIPS after a dip coating, around a support with a diameter of
~2 mm. Both Polypropylene (PP) and stainless steel AISI 316 supports were tested. Briefly, the
support was first immersed into a homogeneous PLLA/dioxane (PLLA 8% wt/wt) solution kept at

30°C (dip coating bath, Figure 3.21, left). Then, the support was slowly pulled-out from the solution
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at a rate of 10 cm/min and immersed quickly into a second bath, at the same temperature,
containing distilled water (DIPS bath, Figure 3.21, right). During this step, a L-L phase separation
and/or polymer crystallization is induced by the diffusion of the solvent from and to the casted
solution that changes its composition [95]. Finally, the support was extracted from the bath and
the samples were desiccated in an environment with controlled humidity for 24 h. Subsequently,
the as-prepared vessel-like scaffold was incorporated into a 3D matrix by performing a TIPS
around the vessel. The ternary solution described above, initially kept at 60°C, was hot poured into
an “ad hoc” cylindrical Al sample holder shown in Figure 3.2 ii [229]. It consists of an empty
cylinder with an outside diameter (OD) of 3.5 cm and height (H) of 4 cm, with a cover that perfectly
closes off the system, thus preventing the communication between the inside and the outside
environment. Both the base of the central hole cavity (internal diameter (ID) = 2.8 cm, H = 1.8
cm) and the cover incorporate a 0.2 cm hole, which allows fixing the support bringing the tubular-
shaped scaffold. By pool immersion of the sample holder into a TWB, the temperature of the
system was suddenly lowered to 0°C and kept at this temperature for 10 min. Afterwards, a quench
by immersion in an EAB was performed for 20 min. Lastly, the polymeric structure obtained was
removed from the sample-holder and also the support was gently pulled out from the foam. The
sample was finally washed in deionized water for 24 hours and dried under vacuum overnight.
The morphology of all the as-obtained samples was analysed by SEM (Phenom ProX,
Phenom-World, The Nederland) operating at an accelerating voltage of 10.0 kV. The dried
samples were kindly cut crosswise into smallest pieces (thickness of around 0.5 cm) with a surgical
scalpel. Then, they were mounted on a metal stub using a C tape and finally coated with gold
(thickness ~4 nm) in a sputter coater under argon atmosphere for increasing the conductivity. The
average pore size was determined by image analysis on the SEM micrographs using Image-J

software.
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Thermostatic bath
PLLA/dioxane solution

Water Dioxane/Water Solution

Figure 3.2: (i) Schematic illustration of dip-coating process (left) and a DIPS bath (right) [95]. (ii) Al
sample holder for tubular scaffold production via TIPS: body (A), cover top view (B), cover bottom view

(C), sample holder assembled (D). Scale bar 1cm. [229]

3.2. Part 2: Dual-flow perfusion bioreactor design and set-up

3.2.1. Bioreactor design

In this work, a novel dual-flow perfusion bioreactor was implemented and optimized. It is
basically composed of two glass-made cylindrical tubes (a main column and a bubble column)
connected to each other. As shown in Figure 3.3i, the main column presents an ID of 3.6 cm and
H of 21 cm. A glass tube (ID = 0.5 cm and H = 3.5 cm) is located at the base of the column and
allows fixing the bottom of the scaffold. The lid of the column is characterized by a unique
configuration (Figure 3.3i A-B). A central hole is present through which a thin glass tube (ID =
0.5 cm) is inserted to block the upper part of the scaffold. The distance between the upper and
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lower glass tubes can be adapted to accommodate scaffolds with different heights. In addition, a
grid was realized inside the lid to break the bubbles generated during the recirculation of the culture
medium, thus preventing foaming and leaking of the medium outside the device. The bubble
column is a smaller glass tube (ID = 1.2 cm and H = 15 cm) that is connected to the main one and
works as a conventional bubble column (Figure 3.31).

The singular configuration of the device allows a separate control of two perfusion flows:
the Inner Perfusion Circuit (IPC) and an External Perfusion Circuit (EPC). The IPC (Fig. 3.31i,
left) consist of the main column that works as a culture chamber and where the hollow cylindrical
scaffold is located. To connect the scaffold to the two glasses tubes, standard biocompatible PP
Luer-Lock connectors with 0.15 cm ID tubing were used (Figure 3.4). The fresh culture medium
is pumped inside the lumen of the scaffold, from top to bottom, by a syringe pump (New Era Single
Syringe Pump NE-1000) which allows infusion rates from 0.73 pL/hr to 2100 mL/hr and with a
dispensing accuracy of +/-1%. A pipe system with silicone tubes (ID = 0.55 mm, OD = 0.65 mm)
carries the medium from the pump to the top of the main column.

The EPC (Fig. 3.3ii, right) is integrated in the bubble column that is connected to the main
column and to a peristaltic pump (Model M025; VerderFlex) by means a silicone tube (ID = 0.2
cm) and a syringe membrane filter (0.22um) for the inlet air helping to maintain a good sterility
of the system. The air bubbles rise through the column, and drag part of the liquid to the main
column, thus allowing a recirculation of the medium. In addition, the gas phase that is bubbled
vertically through the liquid phase promotes the gas—liquid mass transfer, as in a conventional
bubble column [230], thus improving the oxygenation of the medium. The equipment was
sterilized by steam autoclave and the apparatus was assembled under sterile conditions in a laminar
flow biosafety cabinet. During operation, the entire system was placed in a standard cell-culture
incubator at 37°C in a humidified atmosphere of 95% air and 5% CO> to maintain constant

operating conditions for the future cell culture tests.
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Figure 3.3: (i) Scheme and dimensions of the main column and the bubble column of the dual-flow

perfusion bioreactor. (A) Photograph of the glass lid; (B) Bottom view of the glass lid. (ii) Scheme of the

IPC (left) and the EPC (right). [229]
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lcm

Figure 3.4: PP Luer-Lock connectors (left); real picture of tubular PLLA scaffold assembled with the

connectors for being fixed inside the bioreactor (right).

3.2.2. Fluid-dynamic characterizations (IPC and EPC)

Upon completion of the device construction, evaluation of bioreactor fluid dynamics was
carried out. An IPC flow analysis was first carried out to determine the best operating medium
flow rate inside the lumen of the scaffold by evaluating the flow regime and the shear stresses on
the lumen wall. For each flow rate delivered by the syringe pump, fluid velocity and Reynolds
number were estimated. The shear stresses (dyne/cm?) on the lumen surface were calculated by
using the Hagen-Poiseuille equation (Eq. 3) which directly links the shear stress to the flow rate
by considering a stationary laminar flow of an incompressible Newtonian fluid in a long rigid pipe

with inelastic walls:

4%
T = ”*Q Eq. 3
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where Q is the volumetric flow rate (cm®/s), u is the viscosity of the medium (Pa*s) and r is the
radius of the lumen of the scaffold. An EPC flow analysis was also assessed to precisely control
the air and liquid flow rates only by varying the RPM (revolutions per minutes) of the pump. The
air flow rate was measured by using a bubble soap flowmeter shown in Figure 3.5. Briefly, the
main column was connected to a volumetric glass tube containing a small amount of liquid soap
on the base. While the peristaltic pump guarantees air circulation through the system, a flat soap
bubble is interposed in the air flow path moving from one volume mark to another. Usually, the

travel time of each single soap film can be measured with a stopwatch and together with the known
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tube volume allow to directly calculate the flow rate. Here, I measured the distance covered by the
rising bubble generated by the water soap solution after 1 minute, and consequently I were able to
determine the air volume. A varied range of RPM (from 27 to 110) for the peristaltic pump was
evaluated. This analysis was carried out for both empty (Figure 3.5A) and liquid-filled bioreactor
(Figure 3.5B). Furthermore, the volume of liquid dragged in the main column by the rising air
bubbles in the bubble column was also evaluated in order to confirm a good and uniform
oxygenation and supply of nutrients to cells seeded in the scaffold. For this test, the main column
was connected to a larger diameter reservoir which kept constant the liquid level inside the main
column during the measurements (Figure 3.5C). The liquid volume dragged in 1 minute was
collected in a silicone box and measured by weighting. A working range between 27 and 85 RPM

for the peristaltic pump was investigated. The results were expressed as mean + standard deviation

(SD).
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Figure 3.5: [Illustration of the system used for the air flow rate investigation. The operations were
conducted for both the empty (A) and filled (B) bioreactor. (C) Schematic diagram of the system used for
liquid flow rate analysis. [229]

3.2.3. Perfusion system characterization

For evaluating the efficacy of the perfusion system of the bioreactor and the potential of the
device to manage the direction path of the radial flow throughout a 3D microporous matrix,
permeability tests were performed. First a qualitative test was carried out adding an organic dye
(toluidine blue) to the deionized water (0.1% v/v) in order to visibly observe the staining of the
scaffold. A known volume of the aqueous solution (60 mL) was pumped inside the lumen of the
scaffold with a constant flow rate of 1 mL/min which corresponds to a superficial linear velocity
of 10 mm/s. After 30 minutes, the cross-sections of the as-treated scaffold were observed both

macroscopically and under stereo-microscope (Euromex, Holland).
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To investigate the possibility to control the radial perfusion, in terms of flow direction and
flow rate, a second test was performed. Via the IPC, deionized water at a constant flow rate (0.5
ml/min and 1 ml/min) was dispensed by a syringe pump (New Era Single Syringe Pump NE-1000)
inside the lumen of the scaffold located inside the water-filled main column. The water coming
out from the circuit was weighted at specific time points. The radial flow through the scaffold was
calculated by subtracting the mean weight of the water outflowing from the syringe pump
(measured independently previously) from the mean reading of three measurements. Several tests
were conducted by varying the height level H defined as the distance between the bottom of the
scaffold and the outlet of the IPC tube, and depicted in Figure 3.6. Five different levels were
investigated with AH of 5 centimeters among each level. The distance between the outlet of the
IPC tube (S2), and the bottom of the scaffold (S1) was assumed as Level 0. The resulting values

were plotted by using Origin Lab Software.

Figure 3.6: Experimental apparatus for efficacy of perfusion system. The level S1-S2 was assumed as Level

0. [229]

3.3. Part 3: 2D and 3D in vitro cell culture

3.3.1. Cell culture and scaffold seeding

Human invasive breast cancer cell line MDA-MB 231 was grown in high-glucose (4.5 g/1)
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) FBS (Euroclone,
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Celbar), 100 units per ml penicillin G, 100 pg ml-1 streptomycin (Euroclone, Celbar) and 2 mM
L-glutamine (Euroclone, Celbar). The cells were cultivated at 37°C, in a humidified atmosphere
of 5% CO; and maintained in sterile conditions. For the 2D culture, cells were grown in tissue
culture Polystyrene (PS) T-flasks inside a conventional cell-culture incubator. Instead, the 3D
culture was performed by using the as-prepared PLLA scaffolds as support. As a preliminary
study, a static culture was carried out to select the best scaffold morphology allowing to reproduce
a tumor microenvironment. After being cut into 6 mm diameter (2 mm thickness) circular discs,
the scaffolds were sterilized by immersion in 70% ethanol overnight under vacuum. Then, the
samples were washed several times with Phosphate buffered saline (PBS) by shaking at 100 rpm
on an orbital shaker to remove any remaining ethanol traces. This was followed by a pre-treating
the scaffold with acidic type-I collagen solution to improve cell adhesion on the hydrophobic
polymeric structure. After achieving a confluence up to 80%, cells were trypsinized, counted by a
hemocytometer and 4 x 10* cells were seeded on each scaffold placed inside 12-well plates. The
PLLA discs were incubated for 1 h in 100 uL DMEM to allow cells to migrate through and adhere
to the porous structure. Then the samples were immersed in 1 mL DMEM and incubated at 37°C

with 5% CO, for 14 days with regular media changes.

3.3.2. Cell viability and proliferation rate

The cell viability and proliferation rate were evaluated with the CCK-8 assay at several time
points during the incubation period. For the assessment, samples were incubated for 3 hours at
37°C in 10% CCK-8 reagent solution in fresh DMEM in order to permit its reduction by
mitochondrial dehydrogenases of the living cells into soluble formazan dye that is directly
proportional to the number of living cells. After this period, 100 puL of the reagent solution was
transferred to a 96-well plate and the absorbance at a wavelength of 460 nm was measured using
a microplate DU-730 Life Science spectrophotometer (Beckman Coulter). The viability was
expressed as percentage respect to the negative control (100% of cell viability). A blank scaffold
without cells was used as control. Three parallel replicates were read for each sample for a

statistical evaluation.
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3.3.3. Cell migration inside the PLLA scaffold

Cell migration and distribution inside the 3D porous polymeric matrix were investigated. At
different time points the samples were rinsed twice with PBS and then treated with 100 mL of 10%
formaldehyde for 30 min for cell fixation. After washing three times with PBS, few drops of 4’,6-
diamidino-2-phenylindole (DAPI; Sigma Aldrich) (dilution of 1: 10000 in water) were added to
each scaffold and kept for 5 min at room temperature in the dark for cell nuclei staining. The cell
morphology was observed under a fluorescence microscope (Leica DM 2500, Leica
MicroSystems) equipped with a charge-coupled device camera. All tests were performed in

duplicate.

3.3.4. Cell morphology

The evaluation of cell morphology was performed by SEM analysis. Cell-seeded scaffolds
were fixed in a 50/50 (v/v) solution of 4% glutaraldehyde in 1X PBS at 4 °C for 30 min. Samples
were then dehydrated in a series of ethanol washes (15%, 35%, 50%, 70%, 95%, and 100%), dried
and covered with gold under Argon atmosphere using a sputter coater. The images were obtained

from the FEI VERSA 3D (FEI) SEM microscope.

3.4. Part 4: Diffusion tests and biocompatibility of
nanoparticles
In this work, two different types of nanoparticles were used as models for fluorescent

drug/colloidal carriers. The synthesis of the tested nanoparticles, characterized by different

chemical, physical and optical properties, are reported below.

3.4.1. Polymeric Fluorescent Nanoparticles (FNPs)

Professor Gennara Cavallaro’s research group (Laboratory of Biocompatible Polymers,
Department of “Scienze e Tecnologie Biologiche, Chimiche e Farmaceutiche” (STEBICEF)) of
the University of Palermo, synthesized Polymeric Fluorescent Nanoparticles (FNPs) starting from

the multifunctional polymer o,B-Poly(N-2-hydroxyethyl)-D,L-aspartamide (PHEA). Fluorescent
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amphiphilic graft copolymers were first synthesized by covalently linking on PHEA other three
molecules: Rhodamine B (RhB) moieties, PLA and PEG chains [231, 232]. The chemical structure
of the obtained PHEA-RhB-PLA-PEG copolymer is reported in Figure 3.7A. The graft copolymer
was used to realize FNPs by following the well-known high-pressure homogenization (HPH)-
solvent evaporation method [233]. Finally, the FNPs were diluted with NaCl aqueous solution to
obtain an isotonic aqueous dispersion (milli-Q water with 0.9% NaCl) at a concentration of 0.1

mg/ml.

3.4.2. Nitrogen-doped Carbon Dots (N-CDs)

N-CDs were developed and characterized by Professor Fabrizio Messina’s research group
(Physic and Chemistry Department- Emilio Segre) of the University of Palermo. The N-containing
CDs are composed of a hexagonal -C3N4 crystalline core structure and a high amount of amide
groups grafted on the surface (Figure 3.7B). The nanoparticles were synthesized by microwave-
induced decomposition of an aqu