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RESUME

Titre : Modéle de tumeur sphéroide multicellulaire pour ['évaluation de ['efficacité de
I'administration de médicaments a base de nanoparticules

Mots clés : modéle cellulaire 3D ; microsystémes a base d'hydrogel ; nanoparticules ; Imagerie
optique 3D ; radiothérapie

Le développement d'un modele 3D in vitro standard pour le criblage des nanothérapies reste un
défi. Plusieurs modeles de culture de tumeurs en 3D ont été développés, dont les sphéroides
multicellulaires de tumeurs qui gagnent en popularité en raison de leur capacité a imiter certaines
des caractéristiques des tumeurs naturelles. Les sphéroides peuvent étre fabriqués de différentes
manieres, mais les méthodes traditionnelles présentent plusieurs inconvénients.

Dans cette étude, des micropuits a base d'agarose ont été utilisés pour la génération de
sphéroides tumoraux multicellulaires uniformes d'une lignée de cancer colorectal (HCT-116).
Selon les résultats de ce projet, la pénétration des nanoparticules AGulX®- Cy5.5 dans les
sphéroides dépend du temps et de la concentration. Alors que les nanoparticules ont été
observées dans l|'espace extracellulaire et intracellulaire des sphéroides, la localisation
intracellulaire dominante des nanoparticules AGulX®- Cy5.5 était dans les lysosomes ; les
endosomes précoces et les mitochondries, par contre, ont montré une certaine colocalisation
avec AGulX®. Lorsque la localisation des nanoparticules AGulX®- Cy5.5 dans les sphéroides et la
culture cellulaire 2D a été comparée, la différence dans la localisation des nanoparticules en 2D
et en 3D a mis en évidence les avantages de l'utilisation de ce modéle in vitro 3D pour le criblage
des nanothérapies en raison de sa capacité a récapituler les caractéristiques tumorales
influengant l'internalisation des nanoparticules et leur destin intracellulaire.

Le modéle in vitro 3D mis au point s'est avéré bénéfique pour I'évaluation de la thérapie associée
a la radiothérapie, car les cellules en sphéroides (3D) ont montré une radiorésistance plus élevée
que les cellules monocouches (2D), ce qui indique que ce modele in vitro 3D peut étre utilisé pour
évaluer l'efficacité thérapeutique des nanothérapies dans une configuration plus réaliste. Le suivi
de la croissance des sphéroides HCT-116 irradiés a révélé leur capacité a croitre pour toutes les
doses 6 jours apres l'irradiation, contrairement au test classique de survie clonogénique, qui a
révélé qu'ils étaient incapables de former des colonies aux doses plus élevées. Le meilleur effet
radiosensibilisant d'AGulX® a été observé a une irradiation de 2 Gy, selon l'analyse de la
prolifération de cellules uniques dans les sphéroides.
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ABSTRACT

Title: Multicellular Tumour Spheroid (MCTS) model for evaluation of the efficiency of
nanoparticle drug delivery

Keywords: 3D cellular model; hydrogel-based microsystem; nanoparticles; 3D optical imaging;
radiotherapy

Developing a standard 3D in vitro model for screening nanotherapeutics remains challenging.
Several 3D tumor culture models have been developed, multicellular tumor spheroids among
them are gaining popularity due to their ability to mimic some of the characteristics of natural
tumors. Spheroids can be made in a variety of ways, but traditional methods have several
drawbacks.

In this study, agarose-based microwells were used for generation of uniform multicellular tumor
spheroids of a colorectal cancer line (HCT-116). According to the findings of this project, the
penetration of AGulIX®- Cy5.5 nanoparticles within spheroids is time and concentration
dependent. While nanoparticles were observed in both extracellular and intracellular space of
spheroids, the dominant intracellular localization of AGuIX®- Cy5.5 nanoparticles was in
lysosomes; early endosomes and mitochondria, on the other hand, showed some colocalization
with AGuIX®. When the localization of AGulX®- Cy5.5 nanoparticles in spheroids and 2D cell
culture was compared, the difference in nanoparticle localization in 2D and 3D highlighted the
advantages of using this 3D in vitro model for nanotherapeutics screening because of its ability to
recapitulate tumor features influencing nanoparticle internalization and intracellular fate.

The developed 3D in vitro model has been shown to be beneficial in therapy assessment
associated with radiotherapy, as cells in spheroids (3D) showed higher radioresistance than
monolayer cells(2D), indicating that this 3D in vitro model can be used to assess therapeutic
efficacy of nanotherapeutics in a more realistic set up. Growth monitoring of irradiated HCT-116
spheroids revealed their ability to grow for all doses, 6 days after irradiation, in contrast to the
classical clonogenic survival assay, which revealed they were unable to form colonies at higher
doses greater. The best radiosensitizing effect of AGulX® was observed at 2 Gy irradiation,
according to single cell proliferation analysis in spheroids.
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Motivations and Objectives

Cancer is a multifaceted pathology in which cellular and acellular factors interact to promote
cancer progression and, in the worst-case scenario, metastasis. Replicating the tumor
environment in vitro is an intriguing challenge for biologists and bioengineers trying to assess
novel drugs and nanotherapeutics in preclinical studies (1).

Conventionally, two-dimensional (2D) in vitro cancer models and small in vivo animal models are
utilized for drug testing and screening (2,3). However, due to the difficulties of reproducing the
natural tumor microenvironment in 2D culture, as well as the cost and ethical questions
associated with animal models, both approaches have become less attractive for routine drug
testing. When compared to conventional methods, new three-dimensional (3D) in vitro cancer
models have been developed as an alternative strategy and have demonstrated the potential to
reproduce the natural microenvironment of tumors in a relatively simple and inexpensive manner
(4-8).

In the pharmaceutical sector, cancer cells are commonly cultivated on 2D plastic substrates;
however, certain signaling pathways that are critical in defining a cell's natural response in terms
of growth, metabolism, and differentiation are lost in cancer cells growing on a 2D surface (9,10).
Furthermore, poor penetration into tumors that might be an underlying reason for inefficient
therapeutic effect of nanoparticle delivery systems (11), is not accessible to investigate in
monolayer in vitro models (12).

Several 3D tumor culture models have been reported, including tumor tissue explant models,
scaffold-based models, microfluidic models, 3D bioprinted models and multicellular tumor
spheroids (MCTS) (13,14). MCTS models are particularly popular among them, many of the
shortcomings identified in monolayer cultures are compensated in the multicellular tumor
spheroid models. Spheroids on the scale of 200-500 um create chemical gradients of oxygen,
nutrients, and metabolites, as well as tumor-like physical and functional properties (15,16). As a
result, when compared to monolayer cultures, assays relying on the MCTS model allow for the
assessment of nanotherapeutics efficacy are more predictive of in vivo success (16,17).

MCTS can be produced using a variety of techniques that allow single cells to spontaneously self-
assemble and eventually form multicellular aggregates (18). These approaches, on the other
hand, produce spheroids with a broad distribution in size. As the cellular functions within
spheroids are correlated to their size (19), spheroid size uniformity is critical for achieving a
homogeneous and meaningful level of biological activity and obtaining highly reproducible
nanotherapeutics screening results. Furthermore, several approaches have been linked to limited
throughput and difficulty in extracting cells for analysis (20). Microfluidic technologies have been

1



developed to produce spheroids on-chip in order to address such issues associated with
traditional techniques. However, the polymer materials frequently utilized for such devices
(Polydimethylsiloxane -PDMS) have significant drawbacks, making them unsuitable for drug
screening in physiological settings (21). On the other hand, microfluidic devices designed for
spheroids are incapable of meeting all criteria required for high throughput screening (HTS) of
nanotherapeutics using different kinds of biological assays and in particular assays based on
optical microscopy such as long-term time-lapse analysis (i.e. compatibility with high-resolution
video-microscopy, efficient medium and oxygen renewal, in situ immunostaining/drug
application).

Innovative hydrogel-based microsystems have been designed in the Biophysics team of Institute
of Light and Matter (ILM) to address these types of challenges connected with spheroids
preparation, culture maintenance, and subsequent investigation (22).

The main goal of this project was to validate this microsystem for generation of uniform
multicellular tumor spheroids, exploring various aspects of cell-nanoparticle interactions using
optical microscopy characterizations, as well as the assessment of therapeutic efficacy of
nanoparticles in such 3D in vitro model.

Ultra small and radiosensitizing nanoparticles named AGuIX® made of polysiloxane and
gadolinium (Gd) chelates, which have been developed by the FENNEC team of Institute of Light
and Matter ILM (23), were chosen for this proof of concept study. These nanoparticles are now
in clinical trials for whole brain radiation therapy (NANORAD 2, Phase |l, multicentric), brain
metastasis (NANOBRAINMETS, Phase I, Hardvard Medical School), Cervical cancer (NANOCOL,
Phase Ib, Gustave Roussy), Pancreatic/Lung Cancer (NANOSMART, Phase |, Hardvard Medical
School) , Glioblastoma (NANO-GBM, phase |, Centre Jean Perrin), and for other irradiations
(NANOREC, NANOPRO, NANORT-MSK, Phase I/Il).

In this project, colorectal cancer cell lines, HCT-116 (capable of making coherent spheroids (24))
have been used for making spheroids in a hydrogel-based microsystem. The interaction of AGulX®
nanoparticles with these spheroids has been studied in different ways;

(1) Cellular uptake of AGuIX® nanoparticles — Cy5.5, kinetics of penetration in HCT-116
spheroids and their transport within spheroids

Confocal fluorescence microscopy with subsequent image analysis using Matlab and ICP-MS
technique were used for these experiments.

(2) Extracellular and intracellular localization of AGuIX® — Cy5.5 nanoparticles in HCT-116
spheroids and comparing it with 2D cultured HCT-116 cells

The localization of AGulX® — Cy5.5 nanoparticles were analyzed with confocal fluorescence
microscopy and images were analyzed using a routine in Matlab



(3) The therapeutic efficacy of these AGulX® — Cy5.5 nanoparticles for radiotherapy in HCT-
116 spheroids

This part was carried out in collaboration with Delphine Vernos-Brichart, Ph.D. student of Dr.
Claire Rodriguez-Lafrasse in the Laboratoire de Radiobiologie Cellulaire et Moléculaire, Faculté
de Médecine Lyon Sud, and Dr. Olivier Tillement in FENNEC Team of ILM. Classical clonogenic
survival assay, time-lapse optical microscopy and confocal fluorescence microscopy with
subsequent image analysis were used to assess AGulX® therapeutic efficacy.

This manuscript is divided into four chapters. Chapter one (Introduction) explains the complexity
of the native tumor microenvironment and emphasizes the importance of developing more
complicated in vitro models for evaluating different therapeutics in cancer research and making
a first screening of new drugs before animal studies for further clinical translation. In subsequent
part of this chapter, different 3D in vitro models, specifically MCTS, the techniques for generation
and characterization of them and the importance of studying cell-nanoparticles interactions and
the interest of using MCTS for such studies will be discussed. Chapter two contains the copy of
the article that has already been published in Lab on a Chip - The Royal Society of Chemistry and
presents the first set of results related to cell- AGuIX® — Cy5.5 nanoparticles interactions. The
results of applying this methodology for screening distribution and localization of a type of
polymer nanoparticles are also reported in this chapter. In Chapter three, the results related to
therapeutic efficacy of AGulX®- Cy5.5 nanoparticles in irradiation of HCT-116 spheroids are
presented in the format of an article in preparation. Chapter four will be conclusions and
perspectives of this PhD.
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1.1. Natural Tumor microenvironment

Cancers are more than just clusters of malignant cells; they are sophisticated villain organs that
attract a variety of different cells that can be corrupted by transformed cells to aid the malignant
progression. Cancer is distinguished by its multiplication, invasion, metastasis, apoptosis
resistance, angiogenesis promotion, immunological evasion, genome instability and mutation
(25,26).

Cancer cells with genetic or epigenetic instability activate signaling networks, which, in
collaboration with adjacent cells and extracellular matrix (ECM) proteins, promote the
establishment of a tumor microenvironment (TME) that is specifically supportive of tumor
growth. The TME, in fact, plays a critical role in tumor differentiation, epigenetics, dissemination,
and immune evasion (27). Oncologists have also discovered that a healthy microenvironment can
help protect against cancer and invasion. In contrast, if TME is not in a healthy state meaning TME
components are corrupted by cancer cells, it will become a collaborator in tumor progression
(26).

The TME's various components combine to produce a complex network that precisely controls
tumor fate and tumor cell interactions with other components(25). TME components are
classified into two main categories: non-cellular components and cellular components. While
communication can be mediated via cell-cell interactions, intact ECM macromolecules or some
of their domains released by limited proteolysis and known as matrikines or matricryptins can
also mediate it (28). Endothelial cells, stromal fibroblasts, infiltrating immune cells, adipocytes,
and inflammatory cells also contribute in tumor growth and progression (29). In the following
section, the main components and characteristics of TME will be discussed in more details.

1.1.1 Cellular components of tumor microenvironment

The tumor microenvironment contains a variety of cellular components (Fig.1.1), including
cancer-associated fibroblasts (CAFs), immunological and inflammatory cells, blood and lymphatic
vascular networks, adipose cells, and neuroendocrine cells (26).

Cancer-associated fibroblasts (CAFs)

Cancer-associated fibroblasts are a subpopulation of fibroblasts with a myofibroblastic phenotype
found in cancerous wounds (CAFs). CAFs secrete matrix proteins that are distinct from those
produced by normal tissues. CAFs influence cancer progression by altering ECM, generating
angiogenesis, attracting inflammatory cells, and directly boosting cancer cell proliferation via
growth factor release, immune suppressive cytokines, and mesenchymal-epithelial cell
interactions (26,27,30).



Immune and inflammatory cells

Immune and inflammatory cells are another category of cells found in the tumor
microenvironment. Immune cells in TME have low tumor detection and killing capability, despite
their primary duty of tissue homeostasis surveillance. Tumors form when transformed cells
escape immune control during the elimination phase; however, in the following stage called the
equilibrium stage, tumor cells cannot be eliminated and only tumor progression is under control.
As a result, cancer cells change their morphologies via mechanisms like EMT to acquire survival
benefits and avoid immune system surveillance. In other words, the immunological
microenvironment aids cancer cells in selecting the dominant cells, allowing the tumor to
progress at the highest possible rate in a constrained environment (26,30). Tumor-associated
macrophages (TAMs) are important cells in this category that support tumor growth. Studies have
shown that thereis a link between high TAMSs density and a poor overall survival rate in individuals
with a variety of cancer types(30,31).

Blood and lymphatic vascular networks

The blood and lymphatic vascular networks, like those in normal tissues, supply oxygen and
nutrition while also removing carbon dioxide and metabolic wastes, allowing the neoplasm to
continue to grow. Unlike healthy tissue, the vasculature surrounding tumors are inefficient,
tortuous, or leaky in tumors, and the angiogenic switch stays active during carcinogenesis,
resulting in ongoing proliferation of natural blood vessels. This network of blood and lymphatic
vessels aids tumor cells in evading immune surveillance. Furthermore, lymphatic arteries around
tumors provide a physical link between sentinel lymph nodes (SLNs) and the primary tumor,
acting as a highway for tumor cells to migrate to other locations (26).

In addition to these cell types, other cells in subcategories reside in tumors, allowing them to
escape immune surveillance and helping tumor progression (32—34).

The second category of tumor microenvironment components called non-cellular components,
which primarily consists of extracellular matrix that will be discussed in more details in the
following section.
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Figure 1.1. Cellular Components of TME. The TME consists of cellular and extracellular components. The
cellular components are mainly composed of immune cells, resident stromal cells. ECM and cell-secreted
proteins constitute the extracellular components. The interaction between these components regulates
tumorigenesis and progression. Abbreviations: NKs, natural killers; TAMs, tumor-associated macrophages;
DCs, dendritic cells; MDSCs, myeloid-derived suppressor; CAFs, cancer-associated fibroblasts; ECs,
endothelial cells; ECM, extracellular matrix; From (35).

1.1.2. Non-Cellular components of tumor microenvironment

In addition to cellular components of TME, the non-cellular components in the character of
extracellular matrix (ECM) also play a significant role in tumor growth. The extracellular matrix
(ECM) is a complex network of fibrous proteins, glycosaminoglycans, and matricellular proteins
that give structural support as well as biochemical and biomechanical cues to cancer cells (34).
ECM is highly dynamic and participates in various cellular processes such as proliferation, cell
migration and growth, thus the main function is providing structural support to maintain tissue
architecture and nutritional support to the surrounding cells (36). Due to high levels of ECM
molecule expression, ECM can account for up to 60% of the tumor mass in many cancers. These
molecules are produced by tumor cells, but to a greater extent by the CAFs mentioned earlier.
The tumor ECM, like all other components of TME, differs significantly from normal tissue ECM in
terms of amount of deposition, composition, organization, and post-translational modification
(37).



Here, the main components of ECM in tumor microenvironment will be discussed.
Collagens

Collagens are the most abundant proteins found in the animal kingdom being the major
components of the ECM (38). The synthesis and maturation of collagens is a complex process.
During tumor progression, many ECM proteins are significantly deregulated. The deposition of
some proteoglycans and collagens is increased, leading to the reorganization of the tumor
microenvironment. This ECM remodeling causes biochemical and biomechanical alterations that
promote tumor metastatic progression. In this way, collagens can act as a scaffold, facilitating
migration of invading cancer cells or stromal cells (39,40).

Proteoglycans

Similar to collagens, proteoglycans (PGs), also constituting an important part of the ECM, require
enzymes for correct production and assembly. In many tumors, increased levels of PGs are
observed, but the story seems to be more complex as the changes in PG content between normal
and malignant tissue lie mainly in shifts between various PGs often between low- and high-
molecular weight PGs (37).

Hyaluronic Acid

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) that is not conjugated to peptides, and in
contrast to the three others, it is not synthesized in the Golgi apparatus. HA production is
increased in many cancers, most notably in pancreatic carcinomas (41,42) but also in breast
cancers (43,44) CRC (45) prostate cancer (7), and even in brain tumors (46). Stromal cells, i.e.,
fibroblasts, are often identified histologically as the main source of HA in the tumor, and tumor
cells can increase HA synthesis in cocultured fibroblasts (47). HA levels, and expression of HAS1-
3, are correlated with poor prognosis (37,43,48).

Laminins

Laminins form a group of large heterotrimer glycoproteins. They represent the main non-
collagenous proteins of basement membranes that constitute the extracellular matrix proteins
and are involved in multiple important biological activities. They modulate several cellular
homeostatic functions in normal cells which are often found deregulated in carcinomas (40,49—
51). Laminins are also often stronger expressed in malignant tissue. Laminins were reported to
promote tumor progression. (37,52).

The cellular and non-cellular components of TME that have been introduced give tumors unique
properties. TME complexity emphasizes the need to better understand TME features in order to



design better in vitro models. In the next section, some features of solid tumors resulted from
tumor heterogeneity will be discussed.

1.1.3. Physical and chemical characteristics of TME

The TME formed by the stromal, immunological, and malignant plays a role in tumor progression,
provides a hostile environment and numerous obstacles to the cancer cells, including physical
pressure, oxidative stress, nutrient deprivation and competition, hypoxia, and immunological
surveillance (Fig. 1.2) (53-55). These variables are intricately linked to every stage of tumor
development, metastasis, and metabolism.

Hypoxia

In addition to nutrition and waste, insufficient tissue coverage and aberrant tumor vasculature
impede gas exchange and cause hypoxic zones. Tumor hypoxia is a well-known tumor
microenvironment factor that contributes to cancer development and resistance to cancer
treatment (56). Approximately 60% of human tumors exhibit distinct levels of hypoxia and even
anoxia in tumor tissues. Adaptation to the hypoxia environment is said to be the foundation for
cancer tissues' survival and growth (57).

There is a link between TME acidity and tumor hypoxia; accordingly, hypoxic regions of tumors
are more likely to have a reduced supply of nutrients like glucose and critical amino acids. Tumor
cells gain energy by glycolysis (the conversion of glucose into lactate to make ATP), which results
in the generation of CO; and carbonic acid. A decrease in the clearance of these acidic metabolic
products results in a low interstitial pH (53,58).

Extracellular pH (Tumor acidity)

Even when the oxygen supply is adequate, tumor cells can create a low pH environment by
increasing glycolytic activity (known as the Warburg effect). Interactions between intrinsic
metabolic networks and extrinsic(59) affecters result in a spectrum of cancer cells inside a tumor
with varied properties and metabolic requirements (53). Tumor cells accumulate high levels of
metabolism production and low glucose concentrations during this process(54). At the same time,
many tumors exhibit pronounced extracellular acidity, with pH values as low as 6.5 which
influences tumor metabolism and encourages local invasion (30).

Interstitial Fluid Pressure (IFP)

High cell density, increased vascular permeability, impaired venous or lymphatic drainage, and
abnormal ECM are thought to cause elevated tumor interstitial fluid pressure (IFP) (60). Increased
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IFP results in a positive pressure gradient, which acts as a driving force for connective transport
back into capillaries or to low-IFP regions nearby (61). As a result of the drop in convection
between the intravascular and extravascular spaces caused by the high IFP, drug delivery efficacy
is greatly reduced, limiting drug distribution into the TME (62).

Tumor Fibrosis

Tumor fibrosis caused by an excess of crosslinked collagen matrix deposition by CAFs, MSCs,
stellate cells, and fibrocytes (63). In summary, chronic inflammation leads to cancer fibrosis.
When tissue is injured, a "nonhealing wound" is formed. Normal tissue fibrosis inhibits cancer
initiation and spread. Cancer-related fibrosis, on the other hand, increases cancer cell interactions
and advancement.

Lymphocytes

(T cells, B cells)

Metabolic we
y Adipocytes

Nutrients, Oz /

Figure 1.2. Features of the Tumor Microenvironment That Contribute to Metabolic Heterogeneity,
gradients in pH, nutrients, oxygen and metabolic waste, From(53).
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1.1.4. Role of tumor microenvironment in cancer pathobiology and
therapy resistance

As introduced above, TME has a significant role in tumor destiny including promoting tumor
formation, progression, metastasis and therapeutic response of solid tumors (25,27).

Cells in the tumor mass grow in a 3D tissue structure, with uneven oxygen exposure depending
on their position within the tumor tissue. Because of increased tumor cell proliferation, cells in
the tumor core are further away from the support blood arteries than cells in the outer layers of
the tumor, resulting in a hypoxic microenvironment within the center that can contribute to
variable treatment responses.

Tumor cells with p53 mutations or reduced p53 transcription can circumvent p53-mediated
apoptosis pathways in hypoxic settings, resulting in the selection of tumor cell clones and the
creation of apoptosis-resistant cells. Hypoxia also plays an important role in autophagy, which
can lead to drug resistance (64). Chemotherapeutic resistance may also be caused by low
extracellular pH (65). Tumor acidification has also been associated to apoptosis suppression in
colon cancer cells, as well as a loss of function in p53 (57,66).

1.1.5 Summary

The research in recent decades has revealed to critical role of TME in cancer development and
progression (67). As discussed earlier, cellular and non-cellular components of TME create a
complex network with unique physiochemical properties in tumors. Moreover, tumor-associated
stromal cells and ECM remodeling have been shown in studies to have both pro- and anti-
tumorogenic effects. The failure of 2D cell cultures to address these complexities in TME
highlights the need for improved in vitro models capable of recapitulating this complex
environment in order to better understand the underlying molecular and cellular pathways,
allowing for the identification of novel drugs that are more effective at combating drug
resistance(57). Various 3D in vitro models, established in cancer research in recent decades for
analyzing prospective therapy options, will be discussed in the next section.
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1.2. In vitro models seeking to reproduce tumor micro-
environment

Prior to clinical trials and FDA approval, the medicines and delivery system must be thoroughly
studied to determine efficacy, toxicity, and safety. The initial step in this approach starts with in
vitro testing of the drugs and subsequently by subcutaneous mouse xenograft cancer models
(68,69). Such biology studies and disease models for drug screening and testing of delivery
systems against target cells traditionally have been carried out in 2D, multi-well plate-based cell
culture formats with the hypothesis that monolayer cells replicate some features of the
physiology of native tissues (67,70,71), however, they lack predictive potential of in vivo and
clinical outcome (69).

This method produces a well-controlled and uniform cell environment, which permits microscopic
analysis and medium renewal while also sustaining cell growth in the majority of cell types.
Considering their simplicity, 2D cancerous cell monolayers remain the most widely used model
for assessing uptake and local drug delivery therapeutic efficacy. This is mostly owing to their ease
of use and maintenance, as well as the ability to quickly evaluate combined therapies by adjusting
several parameters (e.g., exposure time, concentrations, drug selection, and so on) (72).

However, cells in such a two-dimensional platform are normally exposed to a stiff solid surface
on the basal side and a liquid on the apical side. Furthermore, studies have shown that due to the
lack of cell-cell and cell-matrix interactions, as well as the loss of tissue-specific architecture,
mechanical, and chemical cues that are essential for the unique functions of real tissues in the
human body, two-dimensional cell culture cannot replicate real microenvironment and cell
behaviors in vivo. That is, two-dimensional systems are not capable of providing a complex and
dynamic microenvironment for cells, and consequently force cells to regulate to an artificial and
rigid surface with cytoskeletal rearrangement, which may result in artificial polarity resulting in
aberrant cell metabolism, gene and protein expression culminating in inaccurate findings
(67,73,74). Consequently, the conclusions of these reductionist monolayer models are rarely in
agreement with clinical trial outcomes (69,75).

Inefficiency of 2D cell culture models is widely understood from the standpoint of drug delivery
due to a lack of suitable physiological barriers arranged in an acceptable shape in 2D cell culture.
Therefore, to better predict drug effects and delivery mechanisms, in vitro models of relevant
tissues that are more physiological than conventional 2D culture are required (71).

Additionally, a large number of studies have reported that cellular responses to drug treatments
in 3D cultures are likely to give better in vivo predictions compared to 2D cultures (76—79). Most
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of them show higher chemoresistance in 3D models, which is possibly a result of the limited drug
diffusion through the tumor cell mass and to hypoxia (80,81).

Animal models, on the other hand, are used widely in cancer research to assess drug
bioavailability, therapeutic efficacy, and dose-limiting toxicity (82). Prior to human clinical trials,
all new drugs must undergo preclinical testing in animal models. These models, however, have a
variety of drawbacks, including higher costs, species variations, restricted availability, and
feasibility (83). Furthermore, ethical concerns about the use of animals in tumor research are
widely contested. As a result, new in vitro cell culture models appear to be promising in terms of
reducing the number of animals needed in cancer research and drug screening (84,85).

3D culture systems offer the unique opportunity to culture cancer cells in a spatially-relevant
manner, together with the additional components of TME, mimicking native cell-cell and cell-
matrix interactions and physico-chemical and mechanical properties (Table 1.1) (67,86-90).

Table 1.1. Key differences in cellular characteristics and process in 2D versus 3D

Cell features | 2D 3D Refs
Cellmorphology | Altered  shape, flat and | The natural cell shape and polarization is | (91)
elongated; loss of epithelial cell | preserved; grow in 3D aggregates

polarity
Gene Cell adhesion-, proliferation-, | Accurate representation of gene expression | (9,92,93)
expression and patterns

survival-related genes are
usually modified

Cell interactions | Lack of cell-cell and cell-ECM | Cell-cell junctions and cell communication (94)

interactions
Access to | all cells receive the same Better approximation and representation of (95,96)
nutrients and | amount of nutrients and the TME; nutrients and oxygen are not
oxygen oxygen; inaccurate replication equally supplied, hypoxic regions

of the TME
Analysis and | Easy interpretation of results; Difficult to analyze data, especially with (5,95)
guantification better long-term cultures multiple cell types or when in

spheroid/organoid conformation

Cellular Lack of sufficient heterogeneity | heterogeneous cellular layers; proliferative, (53,95—
heterogeneity to mimic natural tumor quiescent and necrotic zones similar to 97)

natural tumors in spheroids/organoids model

As indicated in the preceding section, TME exhibits distinct heterogeneity as a result of tumor
associated cells and diverse molecular signals, which works as a fuel for potential therapy
resistance. One of the main challenges in in vitro assessment of anti-cancer nano drugs is
recapitulating such spatial and temporal heterogeneity. In recent decades, various 3D in vitro
models have been developed and each of them are designed to fulfill one or more complexities
of natural tumor microenvironment. Tumor-on-a-chip, patient-derived tumor organoids, tumor
bioprinting, tumor spheroids, and scaffolds-based 3D models for tumor-like tissue growth are
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examples of innovative tumor models aimed at better replicating the TME. Each of these models
meets particular requirements of the TME that are depicted in four quadrants in Fig.1.3.

Bioprinting Bioprinting

Bioreactor-perfusable scaffold Bioreactor-perfusable Scaffold

Tumor-on-a-chip Tumor-on-a-chip

TIME Heterogeneity

Organoids

Spheroids

Q’ TCs Lymphatic

(57 CAFs drainage

ik

W — Bioreactor-perfusable scaffold Bioprinting
B ECs Tumor-on-a-chip Tumor-on-a-chip

Figure 1.3. Comparison of Different innovative tumor models aiming to better mimic the TME, From (81)

1.2.1. Scaffold- based 3D in vitro models

Scaffold-based 3D tumor models rely on tumor cell attachment, proliferation, and migration to
artificial 3D structures (72). Two main approaches for it includes: (a) cell seeding on an acellular
3D

artificial matrix (e.g., inserts, membranes, and sponges) and (b) dispersion of cells in a hydrogel
often followed by its ionic cross-linking or radical polymerization (98-100). The artificial 3D
scaffolds act as a mechanical support for cells, and their properties can be modified by employing
adhesive molecules, modifications in surface charges, porosity, hydrophobicity, stiffness, and
surface area to produce a 3D structure similar to natural ECM. (100,101). Bulk materials such as
ceramics, glasses, polymers, and metals can be used to create artificial 3D structures. Polymers
(natural or synthetic) are the most commonly used of these because of their ability to control
their chemical and structural properties (101). The artificial 3D structures can be produced
through various techniques, such as 3D printing, electrospinning, freeze-drying, foaming,

15



leaching, lithography, particulate molding, selective laser sintering, and solvent evaporation
(102). Most of these methodologies are time-consuming and costly, as they necessitate high-tech
equipment and techniques to create the artificial structure in a highly reproducible manner
(102,103). Other drawbacks of scaffold based 3D cell culture models for drug screening include
the formation of interactions between the materials and the drugs, which affect absorption and
adhesion (10), and the difficulty in isolating/recovering cells or proteins from the structure for
further assays (104).

1.2.2. Bio-printed models

3D bioprinting is the layer-by-layer deposition (additive manufacturing) of bioinks like cancer
tissues, cancer cell pellets, microcarriers, decellularized ECM (dECM) components, and cell-laden
hydrogels to mimic cancer initiation and progression and to explore cellular crosstalk or cellular
morphogenesis (105-108).

The range of 3D bioprinting technologies available to biomedical researchers is broad. 3D
bioprinting classified into different groups based on the working principle. These techniques that
could be used alone or mixed-mode are fused deposition modeling (FDM), Stereolithography (SL),
inkjet bioprinting, extrusion-based bioprinting, Laser-assisted bioprinting and Vat polymerization
being introduce in review articles (108—110).

3D bioprinted tumors have been developed into a wide variety of structures ranging from fibers
(122,212), microbeads (113), discs (114), grids (115), or multilayered grids (116,117), to sandwich
structures (118), mini organs (119) and customized shapes (120). Moreover, 3D bioprinting has
been used to enhance microfluidic devices (14,121) to enable modeling of cell migration and
metastasis (122,123), endothelial barrier function (124), and vascularization (125). Current 3D
bioprinting platforms have allowed the incorporation of multiple cell types, diverse ECM
materials, and spatial and temporal introduction of signaling molecules and growth factors (126)
. Using this technique, 3D bioprinted models for different tumors, Breast cancer (127),
Gliblastoma (111), Ovarian and cervical cancer (117,128), Lung cancer (129) and other types of
cancers have been developed. These models have been useful for different pharmaceutical
purposes and also testing immunomodulatory agents (130).

The major advantage of bioprinting is that it allows more realistic, accurate and facile 3D tumor
modeling compared to the well-established 2D techniques (106). Despite the promising potential
of 3D bioprinted models, challenges are still remained in terms of resolution, printing speed,
biocompatibility, suitable bioink, bioprinting time, dimension of bioprinted tissues to mimic
cancer tissue. The biocompatibility of 3D printing has been limited in cell viability and basic
functions, and the effects on gene or protein levels have yet to be determined. In addition, to
obtain large-scale tissue constructs, further studies are needed in both printing strategy and
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bioink. Another limitation requiring extensive efforts is to develop appropriate technologies for
real-time monitoring of cell functionality in the constructs.

Standardization and optimization of the printing process for the construction of effective models
is essential which require intensive investigation of the relationship between the printing
parameters and the characteristics of the obtained constructs. Therefore further development of
bioink preparation and bioprinting process can significantly improve 3D bioprinted models for in
vitro drug screening and evaluation of various therapies (105,106,131).

1.2.3. Organoids

Organoids are in vitro miniaturized and simplified model systems of organs that have gained
enormous interest for modelling tissue development and disease, and for personalized medicine,
drug screening and cell therapy (132). Compared with traditional 2D culture systems, 3D
organoids better resemble the native organ in terms of gene and protein expression, metabolic
function and microscale tissue architecture, moreover they can surpass 2D cell culture in
structural resemblance to corresponding tissue and recapitulation of function such as producing
mucus or absorbing and secreting biomolecules (133,134).

Organoids are widely used to model tissue development. Cancer organoids can be obtained from
tumor biopsy samples such as gastrointestinal tract (135-137) breast (138), prostate (139,140),
liver (141,142) and lung (143,144). These organoids capture the disease heterogeneity and
present an excellent tool for personalized medicine to predict outcome of clinical treatments.
They also allow mid-throughput to high-throughput screening of therapeutics and drug screening
(134).

However, none of the established organoid systems reproduces the full functional repertoire of
their respective organ and often lack key specialized cell types failing recapitulation of native
organs. Another drawback of organoids is limited time span of maintaining them in culture, on
the other hand optical monitoring of routinely used as readout providing little information about
the functionality of organoids and the other techniques for in situ monitoring are technically
challenging for organoids (134).

Organoid systems also suffer from considerable variability in organoid formation efficiency, end-
point morphology and function, which is often inherent to the stochastic nature of in vitro self-
organization and cell fate choices. These issues which limit the translatability of organoids are
inherent to design of organoids, therefore design of organoids systems needs to be modified to
increase the number of controllable parameters (134).
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The growth environment of organoids is ill-defined which leads to high variability of resulting
organoid phenotypes. Therefore, environments need to be designed for precise spatiotemporal
modulation of bioactive cues to guide organoids growth. In addition, accurate and high
throughput readouts are important for optimization of organoid models.

Although organoids can be made more robust and more physiologically relevant by using
engineering approaches, they will probably never be as robust and reproducible as cell-line-based
models, nor will they be able to fully reproduce the complexity of animal models. Therefore, to
be able to choose appropriate models, a set of organoids with varying levels of complexity is
required. The desired level of complexity should correlate with the scale of the process that needs
to be modelled (134).

1.2.4. Multicellular tumor spheroids

3D tumor spheroids are self-assembled cultures of tumor cells that maintain strong cell-cell
interactions (81). Multicellular tumor spheroids refer to the aggregates of single tumor cells or
co-cultures with other types of suspended or embedded cells grown in scaffolds in a 3D
environment (13,126).

Multicellular spheroids are the most common and versatile scaffold-free method for 3D cell
culture (70). These microsized cell aggregates can be used to model many different tumors for in
vitro studies (145,146) and, in particular, could represent a reference model for avascular tumor
microregions (147,148). This model partly recapitulates in vivo tumor microenvironments (149).
For example, larger MCTS sustain oxygen and nutrient gradients that often result in the formation
of a necrotic core similar to those in poorly vascularized tumors (18).

Several literatures depict the genomic stability of multicellular spheroids, indicating the
preservation of genomic profile of human malignant cells such as glioma in spheroid but lacks in
monolayer (150,151). They have a well-defined spatial organization in which there is an actively
proliferative outer layer due to the high availability of oxygen and nutrients, an intermediate layer
composed of quiescent and senescent cells, and an inner apoptotic/necrotic core resulting from
the limited distribution of nutrients and oxygen (96,148,152).
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Figure 1.4. Schematic representation of the main characteristics of 3D spheroids that are crucial for their
application in the screening of anticancer therapeutics, From (96)

Spheroids make excellent tools for tissue-based mechanistic assays, as well as for probing cell-
cell and cell-matrix interactions. Spheroids have also been used as a tool to investigate the role
of adhesion molecules in tumor biology. Multicellular tumor spheroids have greater
chemotherapeutic resistance than the same cells in monolayer culture (24,149). Spheroids have
been used in four main applications: (1) the study of cell function (e.g., cell proliferation,
migration, and invasion) in an avascular tumor microenvironment, (2) the development of new
therapies and drug screening, (3) the study of tumor angiogenesis, and (4) the study of tumor—
immune cell interactions (16,149,153—-156)

Yet, for drug screening purposes, they are commonly prepared out of immortalized cancer cell
lines (157), which ensure the generation of standardized and reproducible models. They present
several structural, physiological and biological features resembling the in vivo TME such as: (1)
multicellular structure including proliferative, senescent and necrotic cancer cells; (2) the

19



formation of oxygen and nutrient gradients as they grow in size; (3) cell-cell signaling; (4) cell-
matrix interactions; (5) gene expression; (6) stem-like properties (18,72,76). The features making
spheroids an excellent in vitro model in cancer research were shown in Fig.1.4.

1.2.5. Summary

Different classes of developed 3D in vitro models try to recapitulate natural tumor
microenvironment. Among them MCTS is an attractive model to recapitulate in vivo tumor
features. Although spheroids have increased our understanding of tumor biology, there are
certain limitations linked to reproducibility due to low size/morphology consistency, which
impedes the establishment of standard models (151). Furthermore, some procedures have been
linked to low throughput and difficulty in retrieving cells for analysis (20,151). Several techniques
have been developed to generate spheroids trying to increase homogeneity of spheroids and
throughput of experiments. The next section provides an overview of various approaches for
generating spheroids.

1.3. Spheroids preparation techniques

There are varieties of spheroid construction processes available today (Fig.1.5 and Table 1.2),
each with their advantages and disadvantages(84), several of which have been improved for
large-scale production under extremely repeatable conditions (96). They primarily include the
application of cell attachment-resistant surfaces or physical pressures to stimulate cell-to-cell
contacts and encourage the creation of 3D spheroid structures (158).

1.3.1. Liquid overlay methods

This method primarily employs non-adherent 96-well plates that have been coated with poly-2-
hydroxyethyl methacrylate (poly-HEMA) (159-162) or agarose (163-166) to prevent cell
attachment. This approach may be used to make mono- and hetero-type spheroids, with the size
and morphology of the spheroids being carefully controlled by changing the amount of cells
seeded in each well (167-170), with or without addition of diluted extracellular matrix such as
Matrigel to provide cell-matrix adhesive cues.

Because of the enormous number of spheroids produced and the ease of handling, this method
is suited to a variety of high-throughput experiments (167,170).
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The time-consuming plate-coating phase, on the other hand, is a significant disadvantage.
Although pre-coated low cell adhesion plates are commercially available (e.g., Corning® Ultra-low
Attachment Surface; Sumitomo Bakelite Co. PrimeSurface low adhesion culture plate), their use
raises overall expenses (171).

Table 1.2. A comparison of MICTS generation techniques.

Generation Methods | Advantages Disadvantages Ref
Liquid overlay Easy to operate Labor intensive (172,173)
methods Low shear stresses Variation in LCTS size and

High yield shape

N Low cost Inability to stimulate cell-
tr ECM interactions

Hanging drop methods | Easy to operate Labor intensive (174,175)

Good size control Low vyield

Low shear stresses Difficulties in mass

Co-cultivation of multiple cells | production
Difficult to change the

medium
Difficult to transfer the
spheroid
Agitation-based Mass generation High sheer stresses (176)
approaches Easy to operate Variation in MCSs size and
Long-term culture shape
Dynamic microenvironment Inconvenient to observe the
L Co-cultivation of multiple cells | generation
L process of the spheroid

Inability to stimulate cell-
ECM interactions

Patterned surfaces and | Realistic microenvironment Requiring professional (177-182)
microfluidic devices High yield equipment

Long-term culture Higher requirements for

Good size control operation

Low sheer stresses Higher cost

& @& @& @ |High-throughputanalysis
Labor saving

Dynamic microenvironment
Generate aggregates of
different shapes
Co-cultivation of multiple cells
Low reagent consumption
Low cell usage
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1.3.2. Hanging drop methods

Surface tension is used to hang small cell suspension droplets (20-50 uL) on the underside of a
tissue culture dish lid (155,170). Gravity then pushes cell accumulation at the drop's tip (liquid-air
contact) and produces fast aggregation into a single spheroid (155,169). Control of spheroid size
has been achieved with high reproducibility for various cell lines (171) in mono and co-cultures
by adjusting cell density (183). The volume of the seeding suspension, on the other hand, is often
limited and does not give adequate nutrients for a long-term culture (155,169).

As a result, once generated, spheroids must be moved to 96-well plates or embedded in polymer
matrices for further investigation (184—187). Not only does such transfer influence the integrity
of spheroids, but it also renders this procedure very labor intensive and time-consuming,
prohibiting its widespread implementation (155,169,170). Commercially available systems
(InSphero GravityPlusTM technology and 3D Biomatrix PERFECTA3D™ hanging drop plates) can
minimize workload and enable high-throughput studies, albeit at a significant cost increase (158).

1.3.3. Agitation-based approaches

Spinner flasks and rotational culture systems (e.g., NASA Rotary Cell Culture System) are
bioreactors in which cell aggregation and spheroid formation are mediated by continuous
spinning that keeps a cell suspension in motion, allowing cell-to-cell interactions while preventing
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cell attachment to the container wall (171). The mobility of the medium maintains the transit of
nutrients and waste, allowing for (i) long-term culture and (ii) large-scale production.

Although it is possible to affect the average spheroid diameter by adjusting cell-seeding density,
spinning rate, and culture time (155), overall control over the amount of cells per spheroid and
their size is quite weak (169,171). As a result, prior to any additional testing (e.g., cytotoxicity,
penetration, etc...), manual selection of similarly sized spheroids and their transfer in different
supports are required (188,189). It should be emphasized that spinning flasks can only be used
to culture cell lines that can endure significant shear stress (170,171).

1.3.4. Patterned surfaces and microfluidic devices

Patterned surfaces, in conjunction or not with microfluidics devices, have lately been developed,
providing a new spectrum of advanced spheroid formation methodologies (171,190-193). Arrays
of microwells manufactured with the micromolding or photolithography techniques, for example,
have been used to create spheroids with defined size and composition (71,155,190,194-198).
Non-adherent materials such as poly(dimethyl siloxane) (PDMS) with cell-repellent coatings
(196,197,199) or agarose (198,200) or Pluronic® F-127 (201) have been used to achieve low
adhesion surfaces. Microwell plates that are compatible with classic well plate formats and
microscopes are ideal for high-throughput applications.

Similarly, the production of cellular aggregates in a controlled environment and with significant
simplification of liquid handling methods has been achieved using microfluidic devices with
various micro-sized chambers and channels (71,169,193).

Microfluidic technologies are defined by the advanced manipulation of tissue
microenvironmental conditions and can include both tissue and micro-organ (individual or
multiple tissue types) models. The unique experimental conditions that distinguish microfluidics
from other research methodologies are the temporal manipulations of liquid movement and
mechanical parameters through defined compartments (202). They are particularly appealing and
convenient for drug screening applications since they require only a little amount of cells,
medium, and chemicals and provides a unique control of cell environment. Yet, the inability to
extract and fully characterize the generated spheroids is a general downside of these procedures
(158,171,203). In addition there are issues associated with validation of models and
standardization of materials and approaches (204,205).
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1.3.5. 3D in vitro platform used in my PhD

3D in vitro model used in this project consists of a hydrogel-based microsystem for spheroids
formation and culture. This microsystem with a pattern of microwells is made of agarose gel. The
agarose gel as a hydrogel has interconnected pores allowing diffusion and transport of O,
nutrients and metabolic wastes. As previously, discussed uniformity of spheroids plays a critical
role in cellular response to treatments and reproducibility of results. This microsystem with
microwells pattern, compatible with classical and available multi-well plates, enables generation
of more than one hundred homogenous spheroids with single-step pipetting (Fig.1 in article,
chapter 2). Thanks to this agarose based microwells, all steps of experiments from cell seeding,
treatment, fixation to immunostaining could be performed in classical multi-well plates without
transferring spheroids. However, in case of requiring transfer of spheroids, microwell can be
transferred easily and without manipulating spheroids. Another advantage of these microwells is
their compatibility with high throughput optical microscopy techniques, biological assays or other
analysis techniques (using either intact spheroids, either single cells after spheroid dissociation).

1.3.6. Summary

Recent interest in MCTS models has resulted in an ever-increasing number of novel solutions for
the challenges of such 3D in vitro models. As a result, commercial and noncommercial techniques
for the generation of spheroids were developed. In addition to forming spheroids and maintaining
them in culture for longer periods, these techniques must be compatible with existing
characterization techniques in order for researchers to analyze the effect of nanotherapeutics on
cells in MCTS. In this regard, the most appropriate spheroids formation procedures are those that
are compatible with nanotherapeutics characterization techniques.

1.4. Tools for characterization of multicellular tumor
spheroids

Currently different techniques are employed to study 3D tumor spheroids characteristics
including morphology, topography, size, cellular organization, protein and gene expression,
invasive and metastatic potential of cancer cells. In addition these techniques are extensively
used for evaluating anti-cancer treatment efficacy and changing tumor cell properties in response
to these therapeutics (96). Below is a detailed description of the methodologies used for
investigation of these properties (summarized in Table 1.3).
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1.4.1. Drug screening assays

Colorimetric, fluorometric, and luminescent techniques are frequently used to analyze the activity
of specific enzymes or the amount of metabolites that are connected with the state of health of
the cells in 2D cell cultures.

Some of these methods, which were developed for 2D cultures, are now used to assess drug
cytotoxicity in 3D models, but they can be a source of variability, and the data obtained must be
carefully evaluated because the experimental procedures used are optimized for monolayer
culture and are not always directly compatible with 3D models.

In fact, spheroids' compactness combined with limited mass transfer impedes the uniform
distribution of solutes, particularly in the interior sections of the spheroids, resulting in incorrect
results. Nonetheless, many of these assays have been used to evaluate therapy in tumor
spheroids, including MTT (206), AlamarBlue® (207), Trypan Blue (208), and lactate dehydrogenase
(206).

Due to the lack of a reference method, novel assays specially tailored for 3D spheroids and
capable of giving rigorous data have been developed. CellTiterGlo 3D and Perfecta 3D cell viability
assays (WST-1 assay) were developed specially for 3D culture and allow for improved reagent
penetration into the compact mass of the spheroids, resulting in sensitive and reliable results
(70).

1.4.2. Biochemical assays

The viability of MCTS is affected by poor O; delivery combined with metabolic waste
accumulation. Acid phosphatase (AP) and resazurin are cell viability assays that are both sensitive
and high-throughput compatible (75,152,209). The MCTS-produced acid phosphatase catalyzes
the dephosphorylation of the phosphate group of p-nitrophenyl phosphate (AP substrate),
resulting in a yellow-colored product that can be measured using a colorimeter. The degree of
yellow color indicates acid phosphatase activity and thus serves as an indirect indicator of the
number of living cells in MCTS.

The resazurin reduction assay is a fluorescence assay that determines viability based on the
metabolic activity of living cells. Dehydrogenase enzymes generated by metabolically active cells
convert the nonfluorescent blue substrate resazurin to fluorescent resorufin, the intensity of
which could be read with a fluorescent plate reader. The number of metabolically active cells in
MCTS is proportional to the number of relative fluorescence units (67).
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1.4.3. Western blot and qRT-PCR

Standard cell biology techniques such as Western Blot (WB) and qRT-PCR, which are used to
assess protein and gene expression fluctuation in 2D cultures, can also be employed in 3D
spheroids. The approach utilized to harvest protein from the 3D culture is the fundamental
difficulty with these approaches. In reality, the combination of chemical buffers containing
detergents like SDS with mechanical pipetting or sonication, as well as prolonged incubation
durations, is required to disrupt the spheroids' compact structure (208). The isolated proteins are
then semi-quantified using normal WB analysis. Quantitative RT-PCR can also be used to assess
gene expression in spheroids. Spheroid sample preparation for gRT-PCR analysis is very similar to
that for Western blot analysis; namely cellular aggregation disruption and cellular homogenate
preparation (210), but as with WB, a suitable lysis process is required to ensure that RNA is
collected from all of the cells that comprise the spheroid. Although for these analysis, numerous
spheroids need to be dissociated that is hard to achieve using standard ULA 96-well plates.
Researchers employed these two methods in tandem to uncover distinct genes and proteins in
spheroids that are important in tumor growth (211) and response to therapy (212).

1.4.4. Flow cytometry

Flow cytometry is a popular cell biology technique that can be used for quantification of cell
viability, growth kinetics, apoptosis, and CSC phenotypic studies in MCTS. It is a highly effective
method that provides quantitative and reliable data. Flow cytometry is commonly used to assess
the cytostatic and/or cytotoxic effects of anticancer drugs in spheroids (213).

In flow cytometry, cells must be in suspension in order to be examined individually. As a result,
spheroids in their natural condition are ineffective, and cellular disaggregation is required to
generate a single-cell solution, thus, flow cytometry may not be the most efficient technique for
assessment of drug penetration and localization within different layers of spheroids.

Spheroids are collected and processed using enzymes (e.g., trypsin) or enzyme mixtures (e.g.,
accutase® or accumax®) that induce cellular dissociation and damaging spheroids integrity and
reduces cell survival in MCTS (12,214,215). Single cells are stained with calcein-AM and ethidium
homodimer to represent live cells and cells with damaged membranes, respectively, for live/dead
cell analyses. COPAS flow cytometers, but on the other hand, are a non-destructive technology
that permits analysis of intact MCTS. They are a specially engineered fluidic system that permits
measurement of particles ranging in size from 20 to 1500 um. As a result, COPAS flow cytometers
enable reliable viability determination and provide insightful knowledge about the cancer stem
cell niche in MCTS (67,148).
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1.4.5. Microscopy

Electron microscopy

Electron microscopy (scanning or transmission) enables for the capture of high magnification and
resolution images of 3D spheroids (67). Electron microscopy can be used to see the ultra-
structural changes that occur during apoptosis and necrosis (216,217).

Scanning electron microscopy produces high-resolution images of MCTS's superficial topography,
whereas transmission electron microscopy produces high-resolution 3D images of large MCTS's
interior structures (213).

The most frequent electron microscopy modality for 3D spheroid observation is high vacuum
scanning electron microscopy (high vacuum SEM) (218,219). There are four key steps to sample
preparation for this sort of microscopy: (1) fixation in which the spheroid structure is retained
and stabilized), (2) dehydration (water in the sample is replaced by alcohols or acetone), (3)
critical point drying (The sample is entirely dry; there is no ethanol or acetone in the sample) (4)
sample sputter coating with gold to allow imaging (67) (Fig. 1.6 D).

Another electron microscopy technique that has been frequently used for 3D spheroid
investigation is transmission electron microscopy (TEM). Spheroids are chemically fixed, then
dehydrated and sectioned into thin slices for sample analysis. Specimen fractures may occur even
though spheroid sectioning is normally done after immersion in resins (e.g., epoxy) (213).

The most typical application of TEM in spheroid analysis is the investigation of nanoparticle
penetration and distribution within the spheroid (Fig 1.6 E) (220). Analyzis of spheroids made in
standard ULA 96-well plates with TEM is complicated as a large number of spheroids must be
collected and pulled together before resin embedding. It is difficult to retrieve spheroid
orientation and original shape. The agarose-base microsystems offer an easy sample preparation
for electron microscopy. It was used in my PhD to prepare samples for analysis with nanoSIMS
(Fig.5 in article, Chapter 2).
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Table 1.3. Summary of the main microscopy techniques and methodologies used to characterize the
effect of anticancer therapeutics on 3D tumor spheroids.

Analysis of the expression of proteins

Techniques Parameter analyzed Description Ref
Optical and fluorescent | Size and growth Monitoring of spheroid size, area or (221,222)
microscopy Cellular organization volume. (219)
Morphology Observation of live and dead cell (222)
Drug penetration distribution. (218)
Cellular death Observation of spheroids labelled with (219,223)
Proteins expression antibodies. (198'224)
Invasion/metastasization | Observation of spheroids stained using !
of cancer cells simple histological protocols.
Observation of spheroid shape and (225)
symmetry.
Determination of the penetration and (226,227)
dispersion capacity of drugs.
Assessment of the expression of proteins
before and after drugs administration
Visualization and determination of
spheroid cell invasion/metastatic capacity.
Scanning electron Topology Visualization of the spheroid surface and (219,224)
microscopy (SEM) Cellular death cell-cell physical Interactions
Visualization of the superficial destruction
of spheroids.
Transmission electron | Cellular organization Observation of specific characteristics of (218)
microscopy (TEM) Drugs penetration each spheroid Layer
Cellular death Visualization of cell-cell physical (228)
interactions
Observation of modifications to spheroid
structures.
Flow cytometry Drug penetration/uptake | Observation of mitochondrial status. 12,185
Cellular death Quantification of the percentage of 213
Cell cycle proliferating and senescent cells.
Protein expression Quantification of the percentage of cells
that express specific proteins.
Western blot and qPCR | Cellular death Analysis of the expression of cellular death | (215)
Protein expression biomarkers. (225)
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Figure 1.6. Samples of spheroids imaged acquired with different microscopy techniques; (A) Top view of
SW-480 spheroids with phase contrast microscopy (24). (B) Maximal image project (MIP) of confocal
fluorescence microscopy image of AGulX®-Cy5.5 nanoparticles in HCT-116 spheroid [my PhD work]. (C)
Confocal fluorescence microscopy image of slice of HCT-116 spheroid labelled for actin (green) and nuclei
(blue) [my PhD work]. (D) Scanning electron microscopy (SEM) image of the MCF-7 spheroid surface (96).
(E) Transmission electron microscopy (TEM) image of L-MSC spheroid (229). (F) Two-photon microscopy
image of F-98 spheroids stained with Hoechst 33342 (green: live) and Ethidium Homodimer (red: dead)

(230).
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Optical microscopy

Conventional optical microscopy techniques combined with image-analysis software are
extremely beneficial for studying the morphology, size, form, and structural organization of
spheroids before and after anticancer therapeutics exposure. Growth evolution of spheroids may
be observed for several days using a common phase-contrast microscope by evaluating several
morphological parameters and modifications in their area, sphericity index, and volume (70,231)
and analyzing them with appropriate software (Fig. 1.6 A) (212,232).

Light-sheet-based fluorescence microscopy (LSFM) and its variant, selective plane illumination
microscopy (SPIM) generate high-contrast images of huge spheroids and enables live-cell division
dynamics in spheroids to be monitored. The specimen is illuminated throughout a plane with a
light sheet perpendicular to the microscope objective's axis. This allows for the specimen's focus
sectioning to be done in a sequential manner, resulting in high-resolution images (233,234). SPIM
is particularly beneficial for acquiring high-resolution images of the hypoxic core of spheroids,
which is difficult to image using conventional light microscopy (96,235).

Two-photon or multiphoton microscopy is fundamentally different from traditional linear
excitation microscopy. For contrast generation, multiphoton microscopy employs higher-order
light—matter interactions involving several photons (236,237). Multiphoton microscopy, as a
result, considerably improves depth penetration of photon. The biologic impacts of
chemotherapeutics or nanomaterials on 3D tumor spheroids, previously undetected by standard
light microscopy, may now be observed (Fig 1.6 F) (213).

Confocal images of spheroids reveal important details on cytoskeletal architecture and protein
expression in situ (238). By staining MCTS cryosections with hematoxylin and eosin, the distinct
biological zones (the outer proliferative rim, middle quiescent zone, and dark necrotic core) may
be observed (213). ECM deposition can be seen in confocal and fluorescence microscopy pictures
of MCTS immunostained with antibodies against fibronectin, laminin, collagen IV, tenascin, and
other ECM proteins (225). Hoechst or DAPI staining, phalloidin, Ki-67, caspases, Annexin V,
propidium iodide, and TUNEL staining can provide additional information regarding the
morphology, cytoskeletal arrangement, proliferation, and live/dead state of cells in spheroids
(Fig. 1.6 B, C) (216,239).

Imaging large spheroids using optical microscopy techniques is extremely difficult, owing to low
light and antibody penetration, as well as attenuation of fluorescent signal by light scattering.
Furthermore, the movement of spheroids in suspension makes imaging of living spheroids
difficult (67).
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1.4.6. Optical clearing

Due to the great thickness of 3D cell cultures, which causes a light scattering effect that limits
light penetration, imaging them is extremely difficult. The light scattering is caused by mismatches
in the refractive index (RI) of the cellular constituents, which cause the excitation light to disperse
through the sample, limiting its penetration, or by reducing the amount of emitted light that
reaches the detector (240). These Rl mismatches cause variations in the speed and angle of light
propagation (in the visible and near-infrared spectrum), i.e. light refraction from molecules,
membranes, organelles, and cells (240). This effect promotes light refraction and is primarily
responsible for tissue opacity. The fluorescence light emitted by the excited fluorophore, on the
other hand, can be dispersed and hence may not reach the detector with high intensity or may
indicate its origin incorrectly, resulting in images with poor contrast (241).

To bypass these constraints, sectioning processes or optical clearing processes can be applied.
Both procedures necessitate spheroid fixation prior to analysis, making it difficult to analyze
dynamic changes in spheroids in real-time or over time. Sectioning processes are time-consuming
and require well-defined techniques as well in order to avoid sample fractures and morphological
deformation (242), moreover they can permanently change spheroid initial structure
(240,243,244).

Several clearing procedures are currently being employed to increase tissue transparency (245),
reduce multiple refraction by homogenizing Rl across the sample to allow for deep tissue
visualization. This procedure creates transparent 3D biological samples, which improves light
penetration, imaging depth, and contrast; that is, the majority of the light will reach the focus
point and subsequently the majority of the fluorescence light will be detected without deviations
in its course (Fig. 1.7) (240,244). However, depending on the clearing process utilized, moderate
structural distortion in tissue structures may occur, as tissue shrinkage/expansion and labeling
artifacts (245).
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Figure 1.7. Representation of the light propagation in a non-cleared and cleared spheroid, From (246)

1.5. Cellular uptake of nanoparticles and application of MCTS
model in hano-drug screening

Despite the promising potential of nanoparticles for targeted tumor therapy, difficulties
associated with their journey through the biological environment have limited clinical translation
success. There are various biological barriers in the efficient delivery of systemically administered
nanoparticles to target tumors that stem from bio-interactions in the blood (247,248). and
sequestrations in some organs such as the spleen and liver before reaching the tumor (249,250).
Those nanoparticles that make it to the tumor encounter obstacles inside it. Interstitial pressure
and tumor vasculature obstruct extravasation into tumors. Although the complexity of TME
features discussed previously makes deep and uniform penetration of nanoparticles within
tumors complicated (251), nanoparticle properties such as size, shape, and surface charge can
influence intratumoral transport (252). Cell type, as well as the physiochemical properties of
nanoparticles, influence cellular uptake and intracellular trafficking, which can affect
bioavailability, drug release, and the overall functionality of the nanoparticles administered (253).
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The complexities of nano-bio interactions emphasize the critical need for more relevant and
complex preclinical models, such as tumor-on-chip devices capable of replicating many tumor
features (254). Following that, some aspects of cell-nanoparticle interactions and the use of MCTS
in such studies will be discussed.

1.5.1. Cell-nanoparticles interactions

Nanoparticles (NPs) are a diverse category of materials that include in particular inorganic metal
and metal oxide nanoparticles, polymer particulate materials, and carbon-based nanomaterials
in a variety of forms. NPs have distinct physicochemical features, including ultra-small size (1-100
nm), a significant surface area to mass ratio, strong reactivity and new properties appearing at
the nanoscale size, that set them apart from bulk microscale materials of the same composition
(255). There are several properties of NPs that influence their interactions with cells. These
properties are summarized in Fig. 1.8. When engineered nanoparticles with specific
physiochemical features reach the exterior membrane of the cells their cell-NPs interactions
begin with NPs internalization.
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Figure 1.8. Factors influencing the interactions between NPs and cells. Factors influencing the interactions
between NPs and cells. The main factors reported are: size of the nanosystem, surface charge, presence of
functional groups on the surface, shape of the material, composition of the material, and composition of
the protein corona formed upon incubation of the particles with biological media, From (256).
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1.5.2. Cellular uptake of nanoparticles

Cellular uptake or internalization of nanoparticles is a highly regulated mechanism, in which
biological membrane acts as a barrier for nanoparticles to enter cells. When nanoparticles reach
the exterior membrane of the cells, they could interact with plasma membrane or ECM and enter
the cells(257).

During in vivo and in vitro cell exposure, nanoparticles can pass the cell membrane by a variety of
processes, the most frequent of which are subcategories of endocytosis. Endocytosis is the
process by which NPs are engulfed in membrane invaginations, followed by their budding and
pinching off to form endocytic vesicles, which are then transported to specialized intracellular
sorting/trafficking compartments.

Endocytosis pathways can be classified in five distinct mechanism: (a) clathrin-dependent
endocytosis; (b) caveolin-dependent endocytosis; (c) clathrin- and caveolin-independent
endocytosis; (d) phagocytosis; and (e)macropinocytosis. Schematics of these pathways are shown
in Fig. 1.9.
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Figure 1.9. Schematic overview of nanoparticle uptake pathways via endocytosis. Multiple different
pathways exist for cellular entry of nanoparticles via endocytosismechanisms: (a) clathrin-dependent; (b)
caveolin-dependent; (c) clathrin- and caveolin-independent; (d) phagocytosis; and (e) macropinocytosis
pathways. From(253).

Although the different endocytosis pathways are widely recognized as the major mechanisms NPs
enter the cells, NPs can be internalized by the cells via other processes including passive diffusion,
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hole formation, direct microinjection and electroporation. You can see the schematics of these
mechanisms in Fig 1.10. After successful cellular entry, nanoparticles need to overcome
intracellular barriers to reach cellular compartments and organelles, which is called intracellular
trafficking of NPs.
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Figure 1.10. Schematic overview of nanoparticle cytoplasmic delivery pathways and strategies. Major
pathways and strategies for nanoparticles to cross the cell plasma membrane for direct cytoplasmic entry
include: (a) direct translocation; (b) lipid fusion; (c) electroporation; and (d) microinjection. Each of these
pathways allows nanoparticles to enter the cell’s cytoplasm, directly, from(253).

1.5.3. Intracellular trafficking of nanoparticles

After cellular internalization, nanoparticles undergo transport and trafficking to various
intracellular destinations. Intracellular trafficking of NPs has a critical role in the cellular fate of
NPs and their therapeutic/imaging efficacy. For example, If nanoparticle cellular uptake occurs
via endocytic pathways, their ultimate fate is usually determined by the intracellular
sorting/trafficking mechanisms mediated mainly by a network of cellular endosomes in
conjunction with the Golgi apparatus, endoplasmic reticulum (ER), and lysosomes (258,259)(see
Fig. 1.11 for details).

Endosomes are relatively large (up to 1 um and even larger) intracellular membrane-bound
compartments initially produced by the plasma membrane, and later they convert to late
endosomes followed by fusing with Golgi-derived vesicles (260). It is difficult to provide a
complete picture of all intracellular events and processes that occur once nanoparticles enter
cells due to the intricacy of nanoparticle intracellular trafficking patterns (253).
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Currently used methods for probing the intracellular trafficking of nanoparticles include optical-
and electron-based microscopy techniques, such as super resolution fluorescence microscopy,
confocal laser scanning microscopy, transmission electron microscopy, scanning electron
microscopy (261).

Colocalization of nanoparticles with labelled subcellular species could be used to assess their
intracellular localization; colocalization is defined as the spatial coincidence or potential
interactions between nanoparticles and cell organelles. Fluorescence microscopy is a powerful
tool for tracking nanoparticle localization in biological samples; nevertheless, the constraints of
this technology have limited such studies to qualitative observations utilizing the "dye-overlay"
method. (262,263). The most common method for analyzing colocalization is superposition of
fluorescence images and displaying the merged color images. This approach of evaluating
colocalization is vulnerable to resolution limitations; a fluorescence overlap does not always
indicate colocalization of two probes. The problem is that an intermediate color, showing
colocalization, may only be obtained if the intensity of the two probes are similar, which can lead
to misinterpretation. Image quantification appears to be necessary in order to achieve a reliable
conclusion. (263,264). Such approaches can be broadly classified as threshold-based or intensity-
based. Pixel values are taken into account in intensity-based methods. Pearson's correlation
coefficient, for example, computes the correlation between pixel intensities in each channel,
whereas Mander's coefficient computes the ratio of intensities in one channel relative to above-
threshold regions in the other. (262). Pearson’s correlation coefficient quantifies the linear
relationship between gray values of fluorescence intensity pixels in image pairs (264). In my PhD,
| tried both the Pearson’s correlation coefficient (PCC) and the Manders overlap coefficient to
assess colocalization and correlation between two channels of fluorophores in confocal
fluorescence microscopy images. A comparison of a few pairs of images in 3D models revealed
that the Pearson’s correlation coefficient provides a more realistic and logical image analysis for
my samples. Since Pearson’s correlation coefficient considers mean intensity values in calculation,
the analysis results are independent of the intensity of each fluorophore, so we can use it for
fluorophores couple of images even if they do not have the same brightness.
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Figure 1.11. Schematic of known NPs internalization pathways and their following intracellular trafficking.
From (258)

Similar to nanoparticle cellular uptake, nanoparticle intracellular trafficking is also dependent
upon nanoparticle’s physicochemical properties, including size, shape, and surface chemistry and
also cell type and cell microenvironment (253,257). Hence, developing a 3D in vitro model capable
of simulating various feature of natural TME with the possibility of high throughput screening and
compatibility with microscopy techniques is crucial for study of cell-NPs interaction. As discussed
earlier, MCTS are convenient in vitro models for recapitulating TME. The role and applications of
MCTS models in screening of nanotherapeutics will be discussed in next section.

1.5.4. MCTS as a predictive model for nanodrug screening

For many NPs, safe entry into cells is a critical step toward high-yield prognostic and therapeutic
efficacy. Furthermore, NPs' intracellular fate is critical to their success. However, efficient and
controlled NPs entry/trafficking into cells remains a significant challenge (265).

Predictive in vitro assessment of tissue penetration capacity remains one of the most difficult
aspects of preclinical testing for any new nanomedicine (266). Such information cannot be
obtained from 2D cell cultures. Indeed, in conventional uptake studies, drugs and nanomedicines
are added on top of cancer cells grown on flat monolayers, with the cell membrane serving as the
only barrier to the intracellular compartment. Instead, useful data can be collected using 3D cell
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culture models, which are more representative of the biological reality (267). The intracellular
localization of AGuIX®-Cy5.5 in HCT-116 cells, and likely their entry pathways in spheroids and
monolayer cells, will be presented in chapter 2, emphasizing the importance of using 3D cellular
models, which, as previously discussed, are more biologically relevant.

NPs must interact with the milieu around cells before reaching the cell's exterior membrane. As
stated earlier in this chapter, this microenvironment includes extracellular matrix, fibrosis, and
other microenvironmental factors such as pH, nutrient gradient, and O3; and these parameters
can influence the interactions of NPs with cell membranes and, ultimately, the intracellular fate
of NPs (257).

MCTS is now considered to be more reliable than 2D cell culture for high throughput drug
screening prior to animal testing. In MCTS models similar to natural tumors hypoxia, cell-cell and
cell-matrix interactions all play important role in anticancer drug resistance. On the other hand,
poor drug and nanoparticle diffusion within spheroids, which resemble the condition in actual
tumors, highlights that MCTS are powerful models for drug and nanoparticle evaluation
(261,268,269).

Drug screening using MCTS involves several approaches like incubation of spheroids with
nanoparticles for different periods of time, various concentrations of NPs, growth kinetics of
spheroids, cell survival and cell proliferation assays (222). Using these approaches, penetration,
distribution and efficacy of therapeutic strategies could be explored in MCTS (261).

When the MCTS model is coupled with microsytems, like those used in this project, it provides
several benefits such as high throughput screening, compatibility with optical microscopy, and
increased reproducibility of this model for screening NPs-cell interactions in a 3D cellular
structure.
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Chapter 2. Quantifying nanotherapeutics penetration
using a hydrogel-based microsystem as a new 3D in
vitro platform
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1. Introduction

In the first chapter, the essence and significance of using 3D in vitro models in preclinical cancer
research and rapid screening of anti-cancer therapeutics candidates were discussed. In recent
decades, many researchers have attempted to capture the complexity of the tumor
microenvironment (TME) in a laboratory setting by developing various 3D cellular architectures.
As described previously, one of the most promising 3D in vitro models is multicellular tumor
spheroids model. In order to take a step forward in expansion and improvement of this three-
dimensional in vitro cellular structure, a hydrogel-based microsystem with possibility of changing
the design according to goal of studies has been developed in the Biophysics team at ILM(22)
(Fig.1 in article). These hydrogel-based microsystems could be prepared with classical
photolithography and micro milling methods.

The microsystem being used in this study contains several micro wells; they are made of agarose
gel allowing diffusion of molecules or nanoparticles smaller than 30 nm, which ensures transport
of nutrients, and essential molecules to the cells. The softness of these systems can be controlled
with type of agarose and its percentage in water. To make and maintain multicellular tumor
spheroids in these microsystems, classical multi-well plate can be used, moreover, these
microwells can be fabricated on glass coverslips compatible with high-resolution microscopy.
Using these microwells several homogenous spheroids could be made by single-step cell seeding
and could be imaged with in situ optical microscopy (Figure 2.1).

Figure 2.1. Placement of agarose microwells in a 24-well plate, schematic of spheroids in agarose
microwells (cylindrical, d=200 um) and image of several homogenous spheroids via optical microscopy (130
spheroids in each well and more 3000 spheroids in each 24-well plate compared to 96 spheroids in each
ultra-low adhesion (ULA) 96-well plate.

In order to assess cell response to anti-cancer therapy in multicellular tumor spheroids form, our
team used different classical CRC cell lines (24). Since the HCT-116 cell line has demonstrated the
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ability to form coherent spheroids (24), | started my thesis by generating HCT-116 cell spheroids
in agarose microwells. The cylindrical microwells used in this part of my PhD had a diameter of
200 pum and a depth of 250 um. These dimensions were chosen for spheroids generation to avoid
necrotic core and to create simplest spheroid model for screening penetration, distribution and
transport of NPs within spheroids, besides, this size for spheroids is compatible with optical
microscopy. | worked on optimization of protocol for a variety of techniques, including cell
seeding, AGuUIX® nanoparticle incubation, confocal fluorescence microscopy, and the ICP-MS
technique, as well as developing various Matlab routines to analyze data. In the following section,
I will go through the preliminary experiments and trials that led to the key experiments and
publication of my thesis's first articles.

1.1. Spheroids Preparation

Despite the benefits of MCTS outlined in chapter one, conventional methods for making MCTS
have limitations in terms of homogeneity and reproducibility. Furthermore, in these approaches
spheroids are often transferred to another platform for functional characterization and drug
screening, which is laborious and may impair spheroids' quality (270). One the main goal of using
agarose microwells was generating spheroids with an acceptable homogeneity in size
distribution, moreover, the size of spheroids, which must be adjusted for different types of
experiments with different time constraints. Making homogeneous spheroids is for example
possible with the aid of hydrogel-based microwells developed by Biophysics team of ILM;
however, depending on the cell type and experiment target, the subsequent procedure must be
optimized. After preparing agarose microwells, sterilizing them and incubating them with
medium, making spheroids starts with introducing a cell suspension with a particular
concentration to the microwells followed by agitating them for a certain time and exchanging
medium to remove suspend cells (Figure 2.2 A-C). Using this protocol, spheroids will form through
self-assembly of cell aggregations (Figure 2.2 D).
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Figure 2.2. Procedure of spheroids preparation using agarose microwells, (A) sterilization with UV lamp,
(B) cell seeding, (C) agitation, (D) steps of spheroids formation via self-assembly in microwells

In most of the experiments in this project, HCT-116 spheroids were made by seeding 1.2E+05 cells
per mlin each well of a 24-well plate. While this amount of cells was introduced to the microwells,
only a few numbers of cells entered microwells and formed the cells aggregations. This
assumption was supported by one experiment in which HCT-116 spheroids were generated using
a ULA 96-well plate. HCT-116 cells were seeded at densities of 20, 40, 80, and 100 cells per well
and imaged with phase contrast microscopy; spheroidal diameters were measured using ImageJ.

The analysis revealed the density of 20 cells/well produces spheroids that are nearly the same
size as those created in microwells with 1.2E+05 cells/ml seeding density. As a result, we can
estimate that at 1.2E+05 cells/microsystem, on average 20 cells enter micro wells and form cell
aggregates; this cell density is much closer to 3D clonal assay than usual seeding densities for HCT-
116 spheroids in ULA 96-well plates, which have been reported in several studies ranging from
300 to 20000 cells/well (24,271-273).
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Figure 2.3. Schematics of spheroids in each well of a 96-well plate; phase contrast images of spheroids
formed in ULA 96 well plate at day 3 for each cell seeding density and spheroids diameter at day 3.

1.2. Incubation with AGuIX®-Cy5.5 nanoparticles

In this study, AGuIX®-Cy5.5 nanoparticles were used as the nanoparticles model. AGuIX®
nanoparticles were first described in 2011 (274). They are made of gadolinium cyclic chelates
covalently grafted onto an inorganic a polysiloxane matrix (Fig. 2.4) (23), DOTA-GA anhydride
also were grafted to amine functions of the core-shell particles (275). AGuIX® NPs are
multimodal nanoparticles with high radiosensitizing properties and MRI positive contrast
properties due to gadolinium's paramagnetic properties. Thanks to their small hydrodynamic
diameter (<5 nm), they are easily excreted via the renal system.(276). The AGulX® NPs used in
this study were conjugated to the NIR heptamethine cyanine dye (Cy5.5), allowing us to
observe them using optical microscopy (277).

HCT-116 monolayer cells (2D) and HCT-116 spheroids were exposed to various concentrations
of nanoparticles for various time intervals as part of my PhD; the results of these experiments
were published in the chapter's published article.
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Figure 2.4. (A) Schematic of AGulX® NPs (gadolinium atoms in green are chelated in DOTAGA ligands
grafted to polysiloxane matrix) (B) Hydrodynamic diameter (~3 nm) distribution of AGulX NPs as obtained
by dynamic light scattering. (C) ESI-MS measurements on AGulX® nanoparticles. A mass around 10 kDa is
obtained for the particle. Inset is obtained after using deconvolution with a multiplicative correlation
algorithm. (D) Zeta potential vs pH for AGulX NPs(23).

1.3. Three dimensional fluorescence microscopy

As mentioned in chapter 1, one barrier in biological research and imaging of biological samples is
development of high-resolution optical methods for labeling and imaging cell populations in three
dimensions in intact tissue (278).

To shed more light on this complexity, the principles of confocal fluorescence microscopy, which
was used in this study for characterization of cells in the developed 3D in vitro model, will be
discussed. Fig. 2.5 A depicts the placement of spheroids in agarose microwells and during culture.
Despite the fact that agarose gel does not act as a barrier for confocal fluorescence microscopy,
reversing microwells containing spheroids was used to bring the spheroids closer to the objective
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(Fig.2.5 B). The spheroids were imaged in Z direction, from the starting point in Fig.2.5 C on the
outer side towards the center of the spheroid, taking images in each 1-micrometer thickness as
an optical sectioning (Fig.2.5 C, D) which provides a sequence of images at different depths of
spheroids (Fig.2.5 D).
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Figure 2.5. Principle of confocal microscopy of spheroids in microwells, (A) placement of spheroids in
microwells during culture and other steps, (B) placement of spheroids in agarose microwells regarding the
objective during confocal microscopy, (C) direction of image acquistion in confocal microscopy, (D) view of
images taken by optical sectioning and limit of imaging deeper slices of spheroids

Optical sectioning offers a potentially fast, simple, and low-cost alternative for three-dimensional
reconstruction of fluorescently labeled structures at subcellular resolution. Tissue opacity and
light scattering, however, limit the utility of optical sectioning for deep imaging. As a result, while
| had to image spheroids up to the equatorial plane, it was impossible to get a high-resolution
image in deeper layers of spheroids (>60 um) (Fig.2.3 D), so an optimal clarification technique is
necessary for clearing the spheroids and optimizing confocal fluorescence microscopy.
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During my PhD, | tried a variety of clarification protocols in order to find the one that best fits the
3D in vitro model in my experiments. Till now, various clarification techniques including seeDB
(279), TDE(280), ClearT2(281), Scale A2 (278), CUBIC (282) and CLARITY (283) have been explored
for optical clearing of 3D spheroids. In all these techniques biological samples are gradually
cleared by immersing in solution with high RI, thus, due to the osmotic pressure, the water
contentin the sample (that has low RI=1.33) will be replaced by clearing solution and Rl of sample
will be homogenized to 1.4-1.5, close to Rl of lipids and proteins in biological samples. The first
attempt used Nucgreen™ labeling to examine three different techniques, chosen according to
their efficacy reported in literatures and also their compatibility with fluorophores being used for
immunostaining of spheroids, ClearT2 and Scale A2 and TDE (summarized in Table 2.1) in HCT-
116 cell spheroids; fluorescence signals of these samples were assessed using confocal
fluorescence microscopy (Fig 2.6). Two other protocols using the commercial clarification reagent
named RapiClear® and the solution of 80 percent Glycerol in PBS (Table 2.1) were used to
optimize the clarification technique for HCT-116 cell spheroids in the agarose microwells. The
fluorescence signal of Nucgreen™ in spheroids were assessed by confocal fluorescence
microscopy and images were analyzed using a routine in Matlab; the results of this experiment
were reported in the article's supplementary figures (Figure SI 1). According to these findings,
Glycerol 80 percent/PBS was finally chosen for clearing HCT-116 spheroids in all experiments; the
details of this protocol were described in the article's materials and methods in this chapter.
Assessment of clarification quality was further analyzed in a collaborative work with D. Rousseau
(Angers University, part of the PhD work of A. Ahmed) where deep convolutional neural network-
based segmentation of nuclei was proposed to quantify the efficiency of clearing in such 200 um-
thick tissue (this work is under review (284), appendix I, bioRxiv version of this article).

Table 2.1. Overview of clarification techniques used in this study

Clarification method Reagents Incubation time | Rl

Clear T2 Formamide;50% 75 min 1.44(240)
Polyethylene glycol (PEG) 20%

Scale A2 Urea; 4 M 24 -72 hours 1.38(240)

Triton X-100; 0.2 wt/vol
Glycerol; 10% wt/wt

TDE 2,2'-thiodiethanol (TDE) (20% & 47%) | 3 hours 1.42(240)

RapiClear® Glycerol; overnight 1.52
Sodium Azide

Glycerol Glycerol 80% vol/vol in PBS overnight 1.52
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Figure 2.6. Confocal fluorescence microscopy images of HCT-116 spheroids labelled with nucgreen™-488
for nucleus in different depth Cleared with different clarification protocols

1.4. Image analysis and quantification of fluorescence signals

To maximize the benefits of using 3D optical microscopy characterization in this 3D in vitro model,
fluorescence images were analyzed to quantify fluorescence signals of the nano-therapeutics and
any other labeling.

Image acquisitions of 3D samples, HCT-116 spheroids with confocal microscopy were performed
in the Z direction, as shown in Fig.2.5. According to this, the first image analysis approach was to
guantify the area of nanoparticles in each slice of spheroids by segmentation based on image
intensity (Fig.2.7) and normalizing total quantities in each slice by spheroidal area and plotting
this normalized area as a function of depth in Z direction. Although the plots obtained by this
analysis approach seemed logically correct for different incubation concentrations (Fig. 2.6 B),
analysis in Z direction cannot be an optimal quantification of nanoparticle penetration and
distribution in spheroids. To be more specific, Fig. 2.7 C depicts the image of AGulX® nanoparticles
in one slice of HCT-116 spheroids. Different points in this image have different radial position; in
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other words, each slice contains a mix of cells with varying access to nanoparticles, nutrients, and
so on. As a result, since it combines information from non-equal parts in spheroids, quantification
in the Z direction lacks optimal accuracy for 3D spherical cellular structure.
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Figure 2.7. Quantification of confocal images, two different approaches; (A) NPs segmentation in one slice
of HCT-116 spheroids with AGulX® NPs — Cy5.5 imaged via confocal microscopy. (B) Graph resulted by
image analysis in Z direction for HCT-116 spheroids incubated with different concentration of AGulX® NPs
— Cy5.5. (C) Difference in positions of nanoparticles in each imaged slice (D) Z-projection of an imaged
spheroid incubated with AGulX® NPs — Cy5 showing radius of spheroids. (E) Schematics of spherical
coordinate in a spheroid. (F) Curved obtained via image analysis in spherical coordinate showing AGulX®
NPs — Cy5. Intensity in radial direction

Quantification of confocal fluorescence images in the direction of radius is a better approach since
it does not combine different data as the cells in each radial position have the same situation and
access in a spatial spherical structure (Fig. 2.7 D). This fact prompted the development of a new
Matlab routine that measures the intensity of fluorescence signals in a radial direction, with the
help of Dr. H. Delanoé-Ayari in the team. To begin, the nucgreen™ channel was used to segment
the area of spheroids in each slice, and these segmented regions were then fitted into a perfect
circle, with all of these circles being used to estimate the spherical shape and radius of the
spheroids. The results of this analysis were used to switch the direction of analysis from Cartesian
coordinates (XYZ) to Spherical coordinate (r,0,0) and the mean intensity was determined by
averaging the intensity along angles 6 and ® giving the mean intensity in certain radius in each
spheroid (Fig. 2.7 E). As a result, the mean fluorescence signal intensity could be calculated as a

49



function of spheroid radius, allowing for more precise quantification in 3D spherical architecture
(Fig. 2.7 F).

1.5. Quantification of Gd content internalized by cells in spheroids
using ICP-MS techniques

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is a technology coupling ICP with MS for
elemental analysis by generation of ions. The goal of this characterization technique was
measuring the gadolinium content internalized by the cells during incubation with AGulX®
nanoparticles as a marker for cellular uptake of AGulX®.

The protocol for this characterization technique was originally intended to measure the average
amount of Gd in HCT-116 spheroids incubated with a specific concentration of AGuIX® for a
specific time. To accomplish this, | prepared samples for ICP-MS by dissolving microwells
containing a known number of spheroids in nitric acid to begin the measurement, and then
dividing the results of each sample by the number of spheroids. These measurements were
repeated multiple times, but the results were illogical for different AGuUIX® incubation
concentrations and for different samples with the same incubation concentration, there was a
clear discrepancy that increased with increase in incubation concentration.

This problem led us to assume that there is still some Gd in the agarose microwells, which is
causing the discrepancy. To be sure about that, | prepared some microwells. | incubated half of
them with AGulIX® for 24 hours and washed them with the usual protocol, | left the other
microwells in culture medium without nanoparticles. These microwells then were prepared for
ICP-MS measurement. The results confirmed the hypothesis, as there is still some Gd in the
microwells after the usual washing procedure. In addition, even in microwells that were not
incubated with nanoparticles some traces of Gd were found showing the pollution of some
agarose batches used to make microwells. Because ICP-MS is highly sensitive technique, these
very small amounts of Gd in agarose can create a discrepancy in results. This assumption was
strengthened during a trial experiment with the laser-induced breakdown spectroscopy (LIBS)
technique, which is a rapid analysis technology being used to detect elements in a variety of
samples (285). Dr. Vincent Motto-Ros in Spectrobio team of ILM performed this experiment for
spheroids in microwells incubated with AGulX® that were fixed, mounted and prepared for this
analysis. Gd was found in both spheroids and agarose microwells (in lower amount) in this
experiment (appendix I, Figure 1).

To improve the sample preparation protocol for ICP-MS, spheroids were counted and extracted
from agarose microwells to dissolve in nitric acid for measurement after incubation with AGulX®.
This time, the analysis results were more logical, but not as reproducible as what we had
expected. As a result, we assumed that the discrepancy was caused by a difference in the size of
the spheroids. As a result, we decided to dissociate spheroids, count cell numbers, and measure
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the diameter of single cells with optical microscopy before dissolving these cells in nitric acid for
ICP-MS calculation. The aim was to make results independent of spheroids size and to normalize
measurement results by cell volume so that they could be compared to monolayer cells which
were incubated with AGulX®. Monolayer cells were removed from plates using trypsin; cells were
counted and dissolved in nitric acid for ICP with a similar protocol for spheroids. Finally, this
procedure worked for both spheroids and monolayer cells, and measurement results were
reported in ppb/m?3 in figure 3 of this chapter's article.

1.6. The compatibility with in situ immunostaining and quantification

The developed 3D in vitro model in this study is compatible with in situ immunostaining, which is
one of its main advantages. Indeed, this 3D in vitro model allows all steps of these types of
experiments, from cell seeding to fixation and immunostaining, to be performed in the same plate
without transferring spheroids. This makes it possible to have multiple labelling in several
spheroids in one experiment, which is especially useful to find the localization of nanoparticles
inside spheroids and within cells and subsequent quantification of these images.

Colocalization of nanoparticles with subcellular organelles

Because of using this 3D in vitro model, | was able to label several HCT-116 spheroids in each
independent experiment of the incubation with AGuIX® nanoparticles. | labelled HCT-116
spheroids with nucgreen™ and one antibody specific to one subcellular organelle including labels
for actins, mitochondria, lysosomes and early endosomes, images were shown in figure 6 and
figure 7 of the articles in this chapter for 2D and 3D, respectively.

The study of potential nanoparticle co-localization with subcellular organelles using fluorescence
microscopy begins with the acquisition of images of the nanoparticles and organelles with
confocal fluorescence microscopy. After visualizing nanoparticles and organelles in various
channels, overlay images display potential colocalization of nanoparticles with these organelles.

As described in the introduction chapter, the most common method for analyzing colocalization
in biological images is superposition of fluorescence images. The results, however, can be
misleading because the intermediate color, which indicates colocalization, is only achieved if the
intensities of two probes in fluorescence images are similar (263). As a result, a quantitative
analysis of these images based on the relative distribution of two probes appears to be required
in order to draw a reliable and logical conclusion.

To determine the degree of AGuIX® colocalization with cellular organelles, images were analyzed
using a routine developed in Matlab to calculate Pearson's Correlation Coefficient as a statistical
and quantitative indicator for colocalization (introduced in chapter 1).
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The image analysis began with using nucgreen™ channel to segment the region of spheroids in
each slice. Using this mask to outline the region of interest, Corr2 function in Matlab was used to
calculate Pearson’s Correlation Coefficient of two fluorophores belonging to AGulX® and a cellular
organelle. Figures 2.6 E and 2.7 E in the article of this chapter show the results of these
guantifications for both 2D and 3D cells.

The following section of this chapter contains a copy of an article published in Lab on a Chip that
represents the development of a 3D in vitro model and validation of this 3D model for
characterization of different aspects of cell-nanoparticle interactions in a three-dimensional
architecture primarily using optical microscopy.
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2. ABSTRACT

The huge gap between 2D in vitro assays used for drug screening, and the in vivo 3D-physiological
environment hampered reliable predictions for the route and accumulation of nanotherapeutics
in vivo. For such nanotherapeutics, Multi-Cellular Tumour Spheroids (MCTS) is emerging as a good
alternative in vitro model. However, the classical approaches to produce MCTS suffer from low
yield, slow process, limited MCTS manipulation and compatibility with high-magnification
fluorescent optical microscopy. On the other hand, spheroid-on-chip set-ups developed so far
require a microfluidic practical knowledge difficult to transfer to a cell biology laboratory.

We present here a simple yet highly flexible 3D-model microsystem consisting of agarose-based
micro-wells. Fully compatible with the multi-well plates format conventionally used in cell
biology, our simple process enables the formation of hundreds of reproducible spheroids in a
single pipetting. Immunostaining and fluorescent imaging including live high-resolution optical
microscopy can be performed in-situ, with no manipulation of spheroids.

As a proof-of-principle of the relevance of such in vitro platform for nanotherapeutics evaluation,
this study investigates the kinetic and localization of nanoparticles within colorectal cancer MCTS
cells (HCT-116). The nanoparticles chosen are sub-5 nm ultrasmall nanoparticles made of
polysiloxane and gadolinium chelates that can be visualized in MRI (AGulX®, currently implicated
in clinical trials as effective radiosensitizers for radiotherapy) and confocal microscopy after
addition of Cy 5.5. We show that the amount of AGuIX® nanoparticles within cells is largely
different in 2D and 3D. Using our flexible agarose-based microsystems, we are able to resolve
spatially and temporally the penetration and distribution of AGulX® nanoparticles within MCTS.
The nanoparticles are first found in both extracellular and intracellular space of MCTS. While the
extracellular part is washed away after few days, we evidenced intracellular localisation of
AGuIX®, mainly within lysosomes compartment, but also occasionally within mitochondria. Our
agarose-based microsystem appears hence as a promising 3D in vitro user-friendly platform for
investigation of nanotherapeutics transport, ahead of in vivo studies.
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Easy & reproducible b In Situ immunostaining Multiple intracellular
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Graphical abstract: Easy and reproducible spheroids formation using agarose microwells, schematics of
confocal microscopy and in situ image acquisition of spheroids with multiple intracellular labelling
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Quantifying nanotherapeutic penetration using a
hydrogel-based microsystem as a new 3D in vitro
platform-

Saba Goodarzi, @2 Audrey Prunet,® Fabien Rossetti, @2 Guillaume Bort, @2
Olivier Tillement, @2 Erika Porcel, @° Sandrine Lacombe,® Ting-Di Wu,*®
Jean-Luc Guerquin-Kern, ©°¢ Hélene Delanoé-Ayari, ©2

Francois Lux @2° and Charlotte Riviere @ *2

The huge gap between 2D in vitro assays used for drug screening and the in vivo 3D physiological
environment hampered reliable predictions for the route and accumulation of nanotherapeutics in vivo. For
such nanctherapeutics, multi-cellular tumour spheroids (MCTS) are emerging as a good alternative in vitro
model. However, the classical approaches to produce MCTS suffer from low yield, slow process, difficulties
in MCTS manipulation and compatibility with high-magnification fluorescence optical microscopy. On the
other hand, spheroid-on-chip set-ups developed so far require a practical knowledge of microfluidics
difficult to transfer to a cell biology laboratory. We present here a simple yet highly flexible 3D model
microsystem consisting of agarose-based microwells. Fully compatible with the multi-well plate format
conventionally used in cell biology, our simple process enables the formation of hundreds of reproducible
spheroids in a single pipetting. Immunostaining and fluorescence imaging including live high-resolution
optical microscopy can be performed in situ, with no manipulation of spheroids. As a proof of principle of
the relevance of such an in vitro platform for nanotherapeutic evaluation, this study investigates the kinetics
and localisation of nanoparticles within colorectal cancer MCTS cells (HCT-116). The nanoparticles chosen
are sub-5 nm ultrasmall nanoparticles made of polysiloxane and gadolinium chelates that can be visualized
in MRI (AGuIX®, currently implicated in clinical trials as effective radiosensitizers for radiotherapy) and
confocal microscopy after addition of Cy5.5. We show that the amount of AGulX® nanoparticles within
cells is largely different in 2D and 3D. Using our flexible agarose-based microsystems, we are able to
resolve spatially and temporally the penetration and distribution of AGuIX® nanoparticles within MCTS. The
nanoparticles are first found in both extracellular and intracellular space of MCTS. While the extracellular
part is washed away after a few days, we evidenced intracellular localisation of AGulX®, mainly within the
lysosomal compartment, but also occasionally within mitochondria. Hence, our agarose-based
microsystem appears as a promising 3D in vitro user-friendly platform for investigation of nanotherapeutic
transport, ahead of in vivo studies.

Introduction

There is an ongoing effort to develop efficient therapeutics
for cancer treatment including nanodrugs and nanoparticles;
nevertheless, the clinical translation of these therapeutics has
to overcome numerous challenges from the early stages of
development to a successful translation."* Currently, the
standard pipeline for drug development consists of the
following: (1) efficacy tests on 2D in vitro assays and (2) on
rodent in vivo models, (3) regulatory toxicity tests on two

4 Université Paris-Saclay, CNRS, Inserm, Centre d'Imagerie Multimodale, 91401,
Orsay, France

“ Institut Universitaire de France (IUF), France

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1lc00192b

This journal is © The Royal Society of Chemistry 2021

animal species and (4) clinical trials.

However, 2D in vitro assays do not replicate the 3D
physiological environment encountered by the cells in vivo.
This could be the underlying reason for the high rate of

Lab Chip, 2021, 21, 2495-2510 | 2495

56



Paper

clinical failure in the development of new drugs. On the
other hand, there is also a rising question as to the
economical and ethical relevance of rodent animal models,
in particular because such models are not fully representative
of human specificity.” Getting as close as possible to the
in vivo situation in in vitro models is a key issue to truly
understand and control cancer cell response, accompanied
by reduction in animal usage. For the pharmaceutical
industry, tackling this issue will enable better identification
of relevant therapeutics by performing relevant screening on
3D models. For precision medicine, it will help physicians to
adjust the therapeutic treatment to complement current
clinical analysis.>* For fundamental research, it will allow
deciphering cell response in a truly relevant context.

Many approaches have been developed during the past
decade to set up various organ-on-a-chip or tumour-on-a-
chip devices, integrating many different in vivo features in a
miniaturized in vitro format.*® This is particularly important
for emerging nanosized therapeutics.” The presence of
different  physiological  barriers, such as cell-cell
compaction, tumour heterogeneity and dense extracellular
matrix along with various cancer-associated cells, will
decrease the amount of nanotherapeutics effectively
reaching the targeted tumour cells.*® The lack of such a
physiological context hampered reliable predictions for the
route and accumulation of these nanoparticles in vivo'® and
is a major limitation for the efficient development of novel
therapeutic approaches.'" To move beyond the classical 2D
plastic dishes, different 3D in vitro models have been
developed to try to better replicate in vivo the complexity of
the tumour microenvironment.'”> Among them, multi-
cellular tumour spheroids (MCTS) recapitulate many tumour
features, including 3D cellular architecture, cellular
heterogeneity, signalling pathways and physiochemical
gradient, similar to real in vive tumour micrometastasis (for
spheroids >500 um in diameter).”**”

MCTS could be prepared with various techniques™ such
as using non-adherent surfaces,'® spinner flasks'® or hanging
drop methods.*” Emerging attempts to integrate spheroids in
microfluidic set-ups open up new possibilities to deal with
the low yield and slow process of the elassical approach.*!**
However, such spheroid-on-chip approaches require a
practical knowledge of microfluidics that is difficult to
transfer to a cell biology laboratory.

In addition, the polymeric materials commonly used for
such devices (polydimethylsiloxane -PDMS) suffer from
major limitations, precluding their usage for efficient drug
screening under physiological conditions:** large absorption
of therapeutics®*® (resulting in the underestimation of cell
response to drugs), non-permeability to small water-soluble
molecules (leading to fast medium conditioning if
continuous flow is not provided otherwise), rigidity several
orders of magnitude larger than the physiological condition
(MPa vs. kPa range in vivo™).

To go beyond PDMS and its limitations, hydrogel-based
microwell devices have been considered.””*® Hydrogels are
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networks of cross-linked polymers with tuneable physical
properties, a high capacity for water retention and
interconnected pores enabling free diffusion of O,
nutrient and metabolic wastes, which make them
favourable alternatives in  micro-system applications.
Various techniques using natural or synthetic hydrogels
for MCTS formation have been developed.*®*® However,
none of these set-ups meets all the criteria required for
long-term time-lapse analysis (i.e. compatibility with high-
resolution video-microscopy, efficient medium and oxygen
renewal, in situ immunostaining/drug application, no
reduction of the available drug dose, easy cell retrieval for
further standard molecular analyses) within a physiological
stiffness range.

We present here a simple yet highly flexible 3D model
microsystem consisting of agarose-based microwells. This
hydrogel with tuneable rigidity and great integrity presents
several advantages, making it a suitable biomaterial in cell
studies.>™* The tuneable mechanical properties of the
agarose can reproduce the in vivo microenvironment
stiffness. Its porous nature enables the free diffusion of
salt and small chemical species (hydrodynamic diameter
<30 nm in 2% agarose,”® which is the case for most
proteins). Our simple process enables the formation of
hundreds of reproducible spheroids in a single pipetting,
and its compatibility with multi-well plate formats
conventionally used in cell biology can accelerate the
screening of drugs in comparison with conventional 3D
models. Of note, these microwells can also be
manufactured on coverslips, opening the possibility for live
high-resolution optical microscopy. In addition, hydrogel-
based microwells provide a user-friendly platform for in
sity immunostaining and can be used for in-depth analysis
of cell phenotypic modifications after drug treatment.

As a proof of principle of the relevance of such an
in vitro platform for the evaluation of nanoparticle
screening, the aim of this study was to analyse the kinetics
and localisation of these nanoparticles within colorectal
cancer cell MCTS (HCT-116). The nanoparticles chosen for
this proof-of-concept study are sub-5 nm ultrasmall
nanoparticles made of polysiloxane and gadolinium (Gd)
chelates
microscopy (after functionalization by Cy5.5, a near-infrared
fluorophore). These nanoparticles, called AGuIX®, are
effective radiosensitizers for radiotherapy’’ and are now
implicated in three clinical trials associating radiotherapy
with AGuIX® for treatment of multiple brain metastases by
whole brain radiation therapy (NanoRad 2, phase II,
multicentric), stereotactic radiosurgery (NanoStereo, phase
II, multicentric) and cervical cancer (phase Ib, Gustave
Roussy).  The nanoparticle-cell  interactions and
internalization pathways of these nanoparticles have been
assessed in vitro in 2D,*®* but never in 3D, multicellular
tumour spheroids.

We show in this study that the 3D cell arrangement highly
impacts the amount of AGuUIX® nanoparticles within cells.

that can be visualized in MRI and confocal

This journal is @ The Royal Society of Chemistry 2021

57



Lab on a Chip

Using our flexible agarose-based microsystem, we were able
to resolve spatially and temporally the penetration and
distribution of AGuIX® nanoparticles within tumour
spheroids. The nanoparticles were first found in both the
extracellular and the intracellular space of spheroids, mostly

Paper

within mitochondria. Whereas the extracellular part was
washed away after a few days, the colocalisation with
lysosomes remained almost constant. Our agarose-based
microsystem hence appears as a promising 3D in vitro
platform for investigation of nanotherapeutic transport,

within the lysosomal compartment, but also occasionally  ahead of in vivo studies.

Agarose-based microwells preparation
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Fig. 1 Presentation of the hydrogel-based microsystems for spheroid growth and follow-up. (A) Silicon wafer mould made by photolithography.
(B) PDMS replica mould made from the silicon wafer mould. (C) Moulding of agarose using PDMS replica moulds on a coverslip functionalized by
APTS to make the agarose microsystem adhesive on the coverslip. (D) Cylindrical agarose microwells with diameter and height of 200 um for each
microwell. (E) Cell seeding using the agarose microsystem in a 24-well plate for the preparation of spheroids (leading to the formation of 130
spheroids per well). (F) Optical microscopy images of several homogenous HCT-116 cell spheroids made in the agarose microsystem (5x
magnification) at day 6. (G) In situ immunostaining of spheroids in microwells in a 24-well plate. (H) Diagram of confocal fluorescence microscopy.
() Maximal image projection (MIP) of confocal fluorescence images of spheroids in the agarose microsystem labelled for actin (green) and nuclei
(blue) (10x magnification) and an enlarged MIP of one of the spheroids (20x magnification).
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Materials and methods

Hydrogel based microsystem

Agarose-based microsystems were prepared using moulding
procedures. First, a silicon wafer mould was made using a
classical photolithography technique (Fig. 1A). The mould
consists of an array of 130 cylindrical wells of 200 pm in
diameter and 250 pm in height, created using the SU8-2100
photosensitive resin.

A polydimethylsiloxane (PDMS) replica mould was then
casted on this master mould (Fig. 1B) and used for agarose
moulding. The agarose moulding procedure differed
depending on the aim of the experiments: (1) for imaging of
fixed samples, the microwells were free-standing in each well
of a multi-well plate, enabling easy retrieval and transfer (see
detailed description below); (2) for time-lapse imaging, agarose
moulding is performed on 3-aminopropyltriethoxisilane
(APTS)-functionalised coverslips, enabling to directly bond the
microwells to the coverslips and avoiding any drift during
acquisition (Fig. 1D, patented process®).

Agarose solution (2%, w/v) was prepared by dissolving
ultra-pure agarose powder (Invitrogen™) in water. An
autoclave was used for the dissolution to avoid formation of
bubbles (121 °C, 15 min).

Moulding of free-standing microwells. The agarose
solution (300 pL) was deposited on a warmed PDMS mould
(at 78 °C) and a coverslip was then placed on top of the drop
of agarose to spread it with a constant thickness on the
mould. After agarose gelation into the desired shape (10
min), the coverslip was removed and the moulded agarose
microwells were cut to fit in the wells of a 24-well plate. The
microwells were then placed in a 24-well plate and kept
hydrated with PBS (1 mL per well). The plate was UV-
sterilized (8 W, 254 nm) for 20 min in the opened and closed
state and kept at 4 °C until used. The day before each
experiment, PBS was replaced by culture medium and
allowed to diffuse within each microwell by overnight
incubation at 37 °C before cell seeding.

Moulding on APTS-functionalised coverslips. First, holes
were drilled in each well of a 12-well plate (diameter 16 mm) to
prepare the plate for the coverslips. Round coverslips (diameter
20 mm) were incubated in a 1% APTS-5 mM acetic acid
solution (Acros ref 43094100 for APTS, vwr ref 20104298 for
acetic acid) for 20 min under stirring condition. Coverslips
were then extensively rinsed with water and dried on a hot
plate (100 °C, 15 min). Such APTS-functionalised coverslips are
then used immediately for agarose moulding using the same
procedure as the one described above for free-standing
microwells. After agarose gelation, the PDMS mould was
removed; the agarose microwells remained attached to the
APTS-functionalised coverslip. These coverslips with microwells
were glued to the 12-well plate using curing optical adhesive
(Norland Products, NOA 81) activated by 30 seconds of
exposure to a UV lamp (12 W, 365 nm). The plate was then UV-
sterilized using the same procedure as the one described above
for free-standing microwells.

2498 | Lab Chip, 2021, 21, 2495-2510
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Colorectal cancer cell line HCT-116 and culture conditions

HCT-116 colorectal carcinoma (CCL-247) cell line was
purchased from the American Type Culture Collection (ATCC,
Virginia, USA). All cells were cultured in Dulbecco's modified
Eagle's medium (DMEM-Glutamax, Gibco™) supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Sigma, St.
Louis, Missouri, USA), 100 units/100 pg penicillin/
streptomycin (Gibco™).

Routinely, the HCT-116 cells were grown in T-25 cell
culture flasks and were placed in an incubator at 37 °C with
a 5% CO, atmosphere. The culture medium was changed
regularly, and cell passage was carried out at 70% confluency
every 3 days. The cell passage was performed using
recombinant cell-dissociation enzyme (TrypLE, Gibco™) to
detach cells followed by neutralizing with culture medium.
The cell suspension was centrifuged at 1000 rpm (equal to
106g) for 5 min, the supernatant was discarded, and the cell
pellet was resuspended in 1 mL of complete culture medium.
The number of cells was counted using a Neubauer chamber,
and the final cell volume was adjusted to reach the desired
cell concentration.

Multicellular tumour spheroids

MCTS of HCT-116 cells were formed in 24-well plates
containing agarose in each well. After trypsinization and
centrifugation, 120000 cells in 1 mL complete medium was
added in each well (each containing 1 microsystem). To
encourage and accelerate cell aggregation, the 24-well plate
was placed under orbital agitation (160 rpm) for 15 min in an
incubator at 37 °C and 5% CO,. After 4 h, the plate was
rinsed with fresh medium to remove cells that did not reach
the microwells. After 2 days, spheroids were ready for
incubation with nanoparticles.

Monolayer cell culture

After trypsinization and centrifugation of HCT-116 cells in
culture, a cell suspension with 120000 cells in 1 ml was
prepared. The cell suspension was added to tissue-treated
coverslip plates (either 300 pL in an 8-well Ibidi® or 2 mL in
a 12-well plate). Cells were incubated with nanoparticles 48 h
after cell seeding.

Preparation of Cy5.5-conjugated gadolinium-based
nanoparticles (AGuIX®-Cy5.5)

The Gd-based nanoparticles (AGuIX®) synthesized by NH
TherAguix (Lyon, France) are composed of a polysiloxane
matrix surrounded by covalently bound DOTAGA-Gd
((1,4,7,10-tetraazacyclodode-cane-1-glutaric acid-4,7,10-
triacetic acid)-Gd). The synthesis process is already described
in the literature.”® Briefly, AGuIX® nanoparticles are
composed of a polysiloxane network surrounded by Gd
chelates. The chemical composition of AGuIX® nanoparticles
is (GdSig sNgC25021H,2-10H,0),, with a molar mass of around
10 kDa. The hydrodynamic diameter of the AGuIX®

This journal is © The Royal Society of Chemistry 2021
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nanoparticles is close to 5 nm, and the AGuIX® nanoparticles
are characterized by a zeta potential of 9.0 + 5.5 mV at pH
7.2. These AGuIX® nanoparticles were further conjugated to
cyanine-5.5 (Cy5.5) fluorophore to make them detectable by
confocal fluorescence microscopy. They are referred to as
AGuIX®-Cy5.5 nanoparticles in the rest of the article.

Incubation of cells with AGuIX®-Cy5.5 nanoparticles

To incubate MCTS and monolayer cells with AGuIX®-Cy5.5
nanoparticles, an intermediate solution of AGuIX®-Cy5.5
nanoparticles with 100 mM concentration of Gd was
prepared in distilled-water. From this intermediate solution,
just before the incubation with cells, AGuIX®-Cy5.5 solutions
were prepared in fresh DMEM with Gd concentrations of 0.8,
1.5 and 2 mM, respectively. The MCTS in all microsystems of
a 24-well plate were incubated with 1 mL of AGuIX®-Cy5.5
nanoparticle solution. For cell monolayers, an Ibidi® 8-well
plate or a 12-well plate was used, and cells were incubated
with 200 pL or 2 mL AGuIX®-Cy5.5 solution, respectively.

Inductively coupled plasma-mass spectrometry (ICP-MS)

The concentration of Gd was analysed using a validated
inductively coupled plasma-mass spectrometry (ICP-MS)
analysis. To prepare samples for this analysis, spheroids and
monolayer cultured cells were incubated with AGuIX®-Cy5.5
nanoparticles with 0.8, 1.5 and 2 mM concentration in Gd for
24 h. After incubation, spheroids were rinsed three times
with PBS for 15 min each and dissociated using trypsin +
EDTA (Gibco). The number of cells in each microwell was
evaluated using a Neubauer chamber. The cell suspensions
in trypsin + EDTA of each sample were then centrifuged
(900g for 5 min), the supernatants were discarded, and the
cells pellets were dissolved in 150 pl 69% HNO; (ROTH) at 80
°C for 3 h. The volume of samples was adjusted to 10 mL by
adding ultra-pure water and the Gd concentration in each
sample was measured using an ICP-mass spectrometer
(PerkinElmer, NexION® 2000). A similar procedure was used
for the monolayer cell culture (the cells were rinsed with PBS
(3 x 5 min) and detached using trypsin (Gibco)).

The mean value of the cell volume was calculated by
measuring the cell diameter after detachment or dissociation
using bright-field microscopy followed by image processing
using Image] software.”’ Accordingly, Gd concentrations
obtained by ICP-MS measurements were divided by the
calculated average cell volume.

Localisation of nanoparticles: fixation, permeabilization and
immunostaining

First, cell nuclei and actin filaments in the cytoskeleton were
labelled. After incubation with AGuIX®-Cy5.5 nanoparticles,
the spheroids were rinsed with PBS (3 x 5 min), then fixed in
paraformaldehyde (4%) for 20 min and permeabilized using
0.1% Triton X-100 (Acros) for 10 min. After blocking with 3%
bovine serum albumin (BSA, Sigma-Aldrich) for 20 min, the
samples were incubated with phalloidin-546 solution

This journal is © The Royal Society of Chemistry 2021
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(Invitrogen™, A22283, 1:50 in PBS) containing NucGreen™:-
Dead 488 (Invitrogen™, R37109, 1 drop per 5 ml in PBS) at 4
°C overnight. The procedure ended with rinsing spheroids
with PBS (3 x 5 min).

In a second series of experiments, to find out the precise
intracellular localisation of AGuIX®-Cy5.5 nanoparticles,
three antibodies were used to label the main cell
compartments: EEA1 for early endosomes (Cell Signaling
Technology, #3288), AIF for mitochondria (Cell Signaling
Technology, #5318) and LAMP-1 for lysosomes (Cell Signaling
Technology, #9091). After fixation in paraformaldehyde (4%)
for 20 min and rinsing with PBS (3 x 5 min) according to the
protocol proposed by the manufacturer, cells were blocked in
a buffer (PBS/5% BSA/0.3% Triton™ X-100) for 60 min and
rinsed with PBS (3 x 5 min). These samples, either spheroids
in microwells or cell monolayers in Ibidi plates, were
incubated with EEA1 (1:100), AIF (1:400) and LAMP1 (1:
200) in a buffer (PBS/1% BSA/0.1% Triton™ X-100) overnight.

The incubation buffers were aspirated and cells were
rinsed with PBS (3 x 5 min). For the secondary antibody,
goat-anti rabbit IgG-Alexa 555 (Invitrogen™, A21428, 1:500,
in PBS/1% BSA/0.1% Triton™ X-100) was used. All samples
were then incubated with NucGreen™ Dead 488
(Invitrogen™, 1 drop per 5 ml in PBS) overnight for
spheroids and 4 h for cell monolayers. In the last step, they
were rinsed with PBS (3 x 5 min).

Spheroid clarification

Optical imaging of three-dimensional biological samples can
be performed using confocal fluorescence microscopy which
images these 3D samples via optical sectioning. However, this
technique faces several limitations, including light scattering,
attenuation of photons due to light absorption and local
refractive index differences, limiting the light depth of
penetration.”> Many different clarification techniques have
been developed to overcome such issues.**** In the current
study, the clearing efficiency of two methods was analysed
using NucGreen™ signals in HCT-116 spheroids: RapiClear
1.52 (Sunjin Lab) and glycerol.*” Based on the quantification of
fluorescence intensities (Fig. S1f), clarification with glycerol/
PBS (80%/20%) was chosen to clear spheroids in this study.

The solution for clarifying spheroids was prepared by
mixing glycerol (99.5%, VWR Chemicals) with PBS in the
ratio 80%/20%. A fresh solution was prepared for every
experiment. To clarify spheroids, just after fixation, they were
incubated in glycerol solution for 24 h. A detailed description
of the mounting procedure used for imaging of live and fixed
spheroids is described in Fig. S2.f For most experiments, the
microsystems were incubated with a fresh glycerol solution
and mounted between 2 coverslips separated by a 1 mm
sticky spacer (2 x 0.5 mm thick Ispacer, SunJin Lab).

Confocal fluorescence microscopy

Image acquisition of spheroids and cell monolayers was
carried out with a confocal microscope (Leica SP5) using
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either a 20x dry objective (NA = 0.7), a 25% water immersion
objective (NA = 0.95), or a 40x oil immersion objective (NA =
1.25). Image acquisition in the Z direction was performed
using a 1 pm z-step. Automatic image acquisitions for a large
number of spheroids were performed (about 4 h for 30
spheroids using 30% power for AGuIX®-Cy5.5 nanoparticles
(Zexcitation = 633 nm)).

Image processing

Images obtained by confocal fluorescence microscopy were
analysed using a dedicated MATLAB routine. While spheroids
were imaged using optical sectioning in the Z direction, it
was useful to quantify the average signal intensity along the
radius of each spheroid.

To do this, the entire surface of each spheroid at each
imaging depth was first segmented using the intensity
signals coming from nucleus (labelled with
NucGreen™-488). From this segmentation, the segmented
spheroid slices were first fitted into a perfect circle for each
imaging depth, followed by fitting each spheroid z-stack into
a perfect sphere. By changing the coordinates of analysis
from Cartesian (x, y, z) to spherical (R, theta, phi)
coordinates, the mean intensity of AGuIX®-Cy5.5
nanoparticles was averaged along theta and phi angles. The
obtained averaged intensity was normalised with the
maximum grey value of images obtained and plotted as a
function of the distance from the periphery.

For cell monolayers, the maximum Z-projection of each
field of view imaged by confocal microscopy (obtained by
Image]) was used and analysed with a MATLAB script to
quantify the mean intensity in these images. For each
sample, the average of the mean intensity computed in the
different fields of view was calculated.

every

Colocalisation quantification

To quantify the colocalisation of AGuIX®-Cy5.5 nanoparticles
with cell organelles from confocal fluorescence images, a
dedicated routine was developed to calculate the Pearson
correlation coefficient, indicating the degree of colocalisation
between fluorophores. Briefly, for each image of the acquired
stack, a mask of the spheroid was automatically defined using
nucleus staining. The correlation between the far-red and red
channels (corresponding to AGuIX®-Cy5.5 and organelle-
immunostaining, respectively) was then computed using the
corr2 MATLAB function. Using this routine, the Pearson
correlation coefficient was calculated in the spheroid area for
each image along the Z-direction (same as acquisition).

NanoSIMS cellular imaging

To prepare samples for NanoSIMS cellular imaging, HCT-116
cell spheroids incubated with 2 mM AGuIX®
nanoparticles for 72 h and then fixed with 2% glutaraldehyde
in cacodylate buffer (0.1 M, pH 7.8) for 60 min followed by
rinsing with PBS (3 x 5 min). Samples were then postfixed
with 1% osmium tetroxide followed by uranyl acetate staining

were
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and gradually dehydrated in ethanol (30% to 100%) and
embedded in Epon.

A 0.2 pm relatively thick section was deposited onto a
clean Si chip and dried in air before being introduced into a
NanoSIMS-50 Ion microprobe (CAMECA, Gennevilliers,
France) operating in scanning mode.’®?” For the present
study, a tightly focused Cs" primary ion beam at an impact
energy of 16 keV was used to monitor up to five secondary
ion species in parallel from the same sputtered volume: >C,
2CYNT, 2807, *'P7, as well as *°Cl". The primary beam steps
over the surface of the sample to create images for these
selected ion species. The primary beam intensity was 3 pA
with a typical probe size of =200 nm. The raster size was 60
pm with an image definition of 512 x 512 pixels. The
acquisition was carried out in multiframe mode with a dwell
time of 0.5 ms per pixel and 220 frames were recorded. The
image processing was performed using Image] software.*!
Successive image frames were properly aligned using the
TOMOJ plugin®® with '>C'*N~ images as reference to correct
the slight image field shift during the 8 h signal
accumulation before a summed image was obtained for each
ion species.

Results and discussion

A hydrogel-based microsystem was developed to generate
uniform-sized multicellular tumour spheroids (Fig. 1). The
design of these microwells was meant to meet the following
goals: (1) to make homogenous and uniform cell spheroids,
(2) to increase the throughput in drug screening and (3) to be
compatible with in situ treatment, immunostaining and
image acquisition as well as ex situ characterization
techniques. First, a silicon wafer mould was designed and
made using a classical photolithography technique (Fig. 1A).
From this silicon wafer mould, counter moulds in
polydimethylsiloxane (PDMS) were prepared (Fig. 1B), which
could be used several times to replicate microwells with
agarose hydrogel. To prepare agarose microwells, 2% ultra-
pure agarose solution was poured on the PDMS moulds
(Fig. 1C) and after gelation, they were placed on APTS-
functionalized coverslips (Fig. 1D) or directly transferred to
any classical multi-well plate (Fig. 1E).

This method enabled us to generate hundreds of
homogenous spheroids per microsystem in each well of a
multi-well plate (Fig. 1E and F). Thanks to the hydrogel
nature of the microwells, many experimental steps
including rinsing, changing the medium, spheroid fixation
and immunostaining could be implemented in the same
multi-well plate with no manipulation of spheroids, which
resulted in the treatment and labelling of several
spheroids simultaneously (Fig. 1G). The advantage of the
agarose microwells was the efficient transfer of medium
and solutions through it. The exchange rate has been
quantified by following up the removal of the FITC dye
and AGulX®-Cy5.5 nanoparticles from the agarose
microwells via time-lapse image acquisition using confocal
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microscopy (Fig. S31). All curves were exponentially
decreasing with a characteristic time of 25 min for FITC
(23-27 min depending on the depth) and of 1 to 2 hours
for AGuIX®-Cy5.5 nanoparticles depending on the depth
of the focal plane.

Paper

A plateau is reached after two hours for FITC (at 25 + 5%)
and after 10 hours for AGUIX®-Cy5.5 nanoparticles (at 5 + 3%).
Of note, the compatibility of the hydrogel-based
microsystem with coverslips enabled in situ quantification of
nanoparticle penetration and their 3D distribution within
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Fig. 2 Quantification of penetration and cellular uptake of AGuIX®-Cy5.5 nanoparticles in HCT-116 tumour spheroids and monolayer cell culture.
(A) Representative confocal fluorescence images of HCT-116 spheroids incubated with 0.8, 1.5 and 2 mM concentration of AGulX®-Cy5.5 for 24 h
for four different depths (0, 30, 60 and 90 um). (B) Mean intensity along with standard deviation (light colors) of AGuIX®-Cy5.5 as a function of the
distance from the spheroid periphery (see the orthogonal view in the inset, green = nuclei, red = AGulX®-Cy5.5) for 0.8 mM (yellow, N = 73), 1.5
mM (green, N = 68) and 2 mM (red, N = 121); three independent experiments. (C) Representative confocal fluorescence images of monolayer
HCT-116 cells exposed to AGulX®-Cy5.5 nanoparticles with 0.8, 1.5 and 2 mM concentration. (D) Quantification of the mean intensity of AGuIX®-
Cy5.5 nanoparticles in maximal projection of confocal fluorescence images of monolayer cells after 24 h of incubation with different AGuIX®-
Cy5.5 concentrations: 0.8 mM (yellow, N = 40), 1.5 mM (green, N = 40) and 2 mM (red, N = 40); three independent experiments. Error bars
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with 0.8, 1.5 and 2 mM concentration of AGulX® for 24 h in HCT-116 cell spheroids and monolayer cell culture measured with ICP-MS (N = 6, two
independent experiments).
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spheroids with high-resolution optical microscopy such as
confocal fluorescence microscopy (Fig. 1H). All spheroids
were within the same focal plane, giving access to easy
parallelization of 3D spheroid imaging (Fig. 1I). This is an
important aspect compared to already proposed hydrogel
microwells, where spheroids need to be transferred to a
dedicated microscopy plate for high-resolution 3D
imaging.*”**~* Such a transfer first increases the complexity
in terms of handling and imaging, and second may induce
fusion between spheroids or deformation of spheroids, which
in turn may introduce biases in the analysis. Our original
and simple process (Biocompatible hydrogel microwell plate,
under patent®®) bridges an important gap for in-depth optical
spheroid analysis.

Moreover, these microwells are compatible with time-
lapse optical microscopy, facilitating follow-up of spheroid
growth for several days (Fig. S4 and Movie S17). The system
enables us to produce very homogenous spheroids (Fig. S57),
which gives access to the heterogeneity of cell response, with
no bias induced by size heterogeneity. In our study,
nanoparticle penetration was mainly evaluated using
fluorescence intensity obtained from 3D confocal image
acquisition. Taking advantage of the large statistics provided
by our microsystems, we assessed the minimum number of
spheroids required to get reliable results (Fig. S6f). A
minimum of N = 30 spheroids is recommended to obtain
reliable results at an imaging depth corresponding to the
first quarter of the spheroids (0-50 um from the periphery).
This number rises to N = 70 spheroids for an accurate
analysis close to the equatorial plane.

Cellular uptake of AGuIX®-Cy5.5 nanoparticles in 2D and 3D

As a proof of concept of the relevance of this new hydrogel-
based microsystem, the penetration and distribution of
AGuIX®-Cy5.5 nanoparticles (D = 5 nm) within spheroids was
investigated using the colorectal cancer cell line HCT-116. In a
previous study, it has been proven that the localisation of Gd-
based nanoparticles tagged with Cy5.5 is the same as that of
label-free nanoparticles in U87 cells.”® After 48 h of growth
within 200 um agarose microwells, spheroids were incubated
with three different concentrations of AGuUIX®-Cy5.5, 0.8, 1.5
and 2 mM in Gd, selected according to previous studies
performed in 2D cell culture.*® In Fig. 2A, fluorescence images
show the distribution of AGuIX®-Cy5.5 nanoparticles in
spheroids after 24 h of incubation with the three different
concentrations at different depths. These images showed
qualitatively that the number of nanoparticle clusters in
spheroids directly increases with the increase in initial
concentration of AGuIX®-Cy5.5 nanoparticles. For 0.8 mM, very
few nanoparticle clusters could be observed, while the number
of clusters increased in 1.5 and 2 mM concentrations. For 2
mM concentration, nanoparticles were detected within the
deeper layers of spheroids. Taking the spherical geometry of
the sample into account to quantify the fluorescence in each
image of spheroids, the mean intensity was calculated by
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averaging the intensity along theta and phi angles in the
direction of the radius. The in situ fluorescence analysis of
Fig. 2B enabled us to decipher the relative differences in
nanoparticle penetration in the range of concentrations
analysed. Consistent with the fluorescence images in Fig. 24,
the mean intensity increased as the incubation concentration
increased. From the outermost layer to the centre of the
spheroids, the mean intensity decreased differently depending
on the concentration (from 34 + 8% to 28 + 14% for 0.8 mM,
from 68 = 8% to 46 + 15% for 1.5 mM and from 66 = 5% to 60
+ 24% for 2 mM). For the largest concentration (2 mM), deep
penetration was possible, while the penetration decreased
exponentially with the depth for 1.5 mM, with a characteristic
length of 44 + 2 pm. Such a difference could be attributed to
the higher number of nanoparticles reaching the centre of the
spheroids for an incubation with 2 mM Gd. The relative
independence of fluorescence intensity with depth for the
lowest concentration (0.8 mM) could be attributed to a level
close to noise, with no real penetration of nanoparticles in the
periphery or in the centre of the spheroids.

To be sure that the presence of agarose in our
microsystem does not affect the distribution and cellular
uptake of AGuIX®-Cy5.5 nanoparticles within spheroids, a
control experiment was made using an ultralow adhesion 96-
plate and 2 mM AGulX®-Cy5.5 nanoparticle
concentration (Fig. S7f). Similar results concerning the
penetration of the nanoparticles were obtained: the same
normalised intensity range and similar evolution as a
function of distance from the periphery.

Deep penetration of small nanoparticles (<12 nm) within
deep interstitial space has already been reported in vivo.”*
The in vitro platform described in the current study enables
assessing more quantitatively such penetration. Hence, it will
be a valuable tool to relate such penetration with therapeutic
efficacy in future studies.

To make a direct comparison with cellular uptake in 2D
cell culture, monolayers of HCT-116 cells were incubated with
the same concentrations of AGuIX®-Cy5.5 nanoparticles
(Fig. 2C). As expected, the number of AGUIX®-Cy5.5 clusters
increased as the initial concentration increased and the
quantification of fluorescence images of cell monolayers
(based on the mean intensity of AGuIX®-Cy3.5) confirmed
that the uptake of nanoparticles increased with the
concentration of AGuIX®-Cy5.5 in the incubation medium
(Fig. 2D, from 14.0 + 0.3% for 0.8 mM, 25.8 + 1.8% for 1.5
mM to 70.8 + 4.4% for 2 mM). This mean intensity evolution
was hence different from the one obtained in 3D in the
periphery. However, as a true quantitative comparison is not
possible using fluorescence analysis, elemental analysis by
ICP-MS was performed concurrently to obtain a quantitative
analysis of Gd content within cells for both 2D and 3D
models (Fig. 2E). While the average nanoparticle uptake per
cell in 2D and 3D was similar for 0.8 mM ((0.580 + 0.006) x
107 ppb pm™ in 2D vs. (0.59 + 0.05) x 107" in 3D), the
uptake was two-fold higher in 2D compared to 3D for both
1.5 mM ((2.5 + 0.5) x 10°** ppb um™ in 2D vs. (1.0 + 0.2) x

well
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107 in 3D) and 2 mM ((3.8 £ 0.9) x 10" ppb pm ™ in 2D vs.
(1.9 £ 0.6) x 107 ppb um™ in 3D).

One of the reasons for the reduction in effectiveness of
therapeutics in vivo compared to monolayer cell cultures is
the lack of efficient penetration and distribution of
therapeutics throughout the tumour tissue.” This is what we
also observed here, with a large reduction of nanoparticle
uptake in 3D compared to 2D cell culture.

Another approach was used to compare the cellular uptake
of AGuIX®-Cy5.5 nanoparticles in 2D and 3D: 2D cells were
treated with 2 mM AGuIX®-Cy5.5 nanoparticles for 24 h, then
spheroids were made from these AGuIX®-Cy5.5 labelled cells
using the wusual protocol (Fig. S81). Interestingly, the
distribution of nanoparticles differs when spheroids are
made with already labelled cells compared to direct
incubation with already spheroids, further
highlighting the difference in nanoparticle availability
between 2D and 3D models.

formed

Kinetics of AGuIX®-Cy5.5 nanoparticle transport into spheroids

One of the crucial parameters in nanoscale design is the
pharmacokinetics of nanoparticles and understanding this
aspect of cell-nanoparticle interactions has a great
importance.”®” The kinetics of penetration of AGUIX®-Cy5.5
nanoparticles within HCT-116 cell spheroids grown for 48 h
were assessed by analysing confocal images obtained for
different incubation times (1, 24 and 72 h) for the highest
concentration investigated (2 mM) (Fig. 3A). After 1 h of
incubation, the AGuIX®-Cy5.5 nanoparticles were mostly
residing in the peripheral layer of the spheroids, especially in
the extracellular space. After 24 h, clusters of nanoparticles
were found throughout the spheroids. At 72 h, the number of

24h 72h
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Fig. 3 Kinetics of penetration of AGulX®-Cy5.5 nanoparticles in HCT-116
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clusters was increasing for all depths up to the equatorial
plane (100 pum).

The average intensity exhibited a different evolution with the
distance from the periphery, depending on the incubation time
(Fig. 3B). At the periphery, the average intensity was lower for 1
h incubation (52.2 + 1.3%) than for 24 h and 72 h that exhibited
similar values (68 + 1% and 65.8 + 0.7%, respectively). When we
moved to the centre of the spheroids, the mean intensity was
slightly lowered for 1 h and 24 h incubation (from 52.2 + 1.3%
down to 38.7 + 2.7% for 1 h, from 68 + 1% down to 59.5 + 1.9%
for 24 h). Accordingly, in 1 h incubation the mean intensity was
less than that of 24 h and 72 h samples in all regions of the
spheroids. Surprisingly, for 72 h, the average intensity exhibited
a non-monotonous evolution with the distance from the
periphery, with an intensity larger for the middle layers than at
the periphery (66 + 5% vs. 73.8 + 8.5% at a depth of 60 pum).
This may be the result of the increased number of clusters
found for intermediate layers after 72 h of incubation time.

To follow the distribution and the transport of
nanoparticles within spheroids, an experiment was designed
to assess changes in AGuIX®-Cy5.5 nanoparticle distribution
before and after rinsing steps (Fig. 4). In this experiment, 2
days after cell seeding (Fig. 4, step I), the formed HCT-116
spheroids were incubated with 2 mM AGuIX®-Cy5.5 solution
for 72 h (Fig. 4, step II). Spheroids were then imaged in
incubation medium (Fig. 4, step III) and after three washing
steps of 15 min each (Fig. 4, step IV). Spheroids were kept in
the incubator for an additional 24 h and then imaged before
(Fig. 4, step V) and after (Fig. 4, step VI) another washing

procedure. Confocal fluorescence microscopy of living
spheroids showed that AGuIX®-Cy5.5 nanoparticle
fluorescence signals of the surrounding background
(fluorescence signal outside spheroids) was decreasing
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Fig. 4 Dynamic analysis of AGulX®-Cy5.5 nanoparticle transport and localisation within spheroids. HCT-116 cell spheroids were prepared using the
agarose microsystem (step I). After 48 h of growth, they were exposed to 2 mM AGuIX®-Cy5.5 solution for 72 h (step ll). (A) Spheroids were imaged in
the incubation medium (step Il1). (B) Spheroids were then rinsed with fresh medium three times for 15 min each and were imaged again (step IV). (C)
Spheroids were allowed to grow for an additional 24 h (in an incubator at 37 °C and 5% CO,) before imaging (step V). (D) Spheroids were rinsed again
with fresh medium (3 x 15 min) before imaging (step V). (E) Quantification of AGuIX®-Cy5.5 nanoparticle mean intensity along the distance from the
periphery (N = 25). Bold lines represent the mean intensities, averaged for all spheroids. Light colours represent the standard deviations.

gradually with the different washing steps for all depths
(Fig. 4A-D). This is confirmed by the quantification of the
mean intensity along the spheroid radius (Fig. 4E): while the
mean intensity before washing (red curve) at the periphery
was around 92 + 10%, it was decreasing to 59 + 10% at 55
um distance from the periphery. After the first washing step
(vellow curve), the mean intensity at the periphery reduced to
66 = 6% and reached a similar intensity level to the one
before washing at 55 um distance from the periphery (58 +
4%). Additional washing steps further reduced the mean
intensity at the periphery (64 + 14% and 54 + 14% before and
after the second washing step), while the mean intensity
obtained for deeper layers exhibited similar levels. The
second washing (blue curve) led to a steady value of mean
intensity (~54%) close to the mean intensity obtained at 55

2504 | Lab Chip, 2021, 21, 2495-2510

pm distance from the periphery of spheroids for all washing
steps. This mean intensity should correspond to the signal
coming from nanoparticles that are internalized by the cells,
as all nanoparticles residing in the extracellular space have
been washed away.

Localisation of AGuIX®-Cy5.5 nanoparticles in spheroids
using their chemical signature

Due to the limit of resolution using standard confocal optical
microscopy (200 nm in the best imaging conditions), only
clusters of nanoparticles can be detected. In addition, we
cannot rule out that the distribution of the fluorophores does
not truly represent the distribution of the nanoparticles
themselves. To confirm the presence of nanoparticles,
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B c

Fig. 5 Localisation of the AGuIX®-Cy5.5 nanoparticles in spheroids using NanoSIMS. NanoSIMS images of HCT-116 spheroids loaded with
AGuIX®-Cy5.5 nanoparticles. (A) Corresponds to the signal of *'P~ showing the cell structure. (B) Highlights the signal of 2®Si~ representing the
intracellular location of AGuIX®-Cy5.5 nanoparticles. (C) Merged image of 28Si~ and *'P". Scale bar: 10 um.
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Fig. 6 Localisation of the AGulX®-Cy5.5 nanoparticles in 2D monolayers. Fluorescence images of HCT-116 cells incubated with AGuIX®-Cy5.5
nanoparticles (2 mM, 24 h) and immunostained with antibodies to find the colocalization of nanoparticles inside cells. In all images, the red channel and
blue channel represent AGulX®-Cy5.5 nanoparticles and cell nuclei, respectively. (A) The green channel depicts phalloidin, a marker of actin in cells,
which demonstrates nanoparticles localising both inside cells (yellow arrow) and in the space between cells (white arrow). (B) The green channel shows
early endosome in the cells, with no colocalisation with AGuIX®-Cy5.5 nanoparticles. (C) The green channel shows mitochondria and reveal very low
colocalisation with AGulX®-Cy5.5 nanoparticles (yellow colour). (D) The green channel shows the lysosomes, and colocalisation is demonstrated by the
yellow colour. White scale bar, 100 um; black scale bar, 10 um. (E) Distribution of Pearson correlation coefficients in the different fields of view to
quantify the colocalisation of AGulX®-Cy5.5 nanoparticles with the three different cell organelles investigated. Error bars represent the standard errors
of the mean (SEM) of Pearson correlation coefficient values obtained for all fields of view and all available depths for three independent experiments. It
was plotted as scatter plots using the MATLAB UnivarScatter function (©Manuel Lera Ramirez, 2015, available in MATLAB exchange files).
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nanoscale secondary ion mass spectrometry (nanoSIMS) was
performed on spheroid sections (Fig. 5). This analytical
technique allows the acquisition of elemental composition
maps with a spatial resolution down to 50 nm. The images of
12C™ (see Fig. S71) and *°Cl” (data not shown) indicate the
absence of defect in the sample section. Any damage, even

Lab on a Chip

images of **Si” allowed the observation of the chemical
signature of the nanoparticles (Fig. 5B). Thereby, the
nanoparticles were found unequivocally inside the spheroid,
exclusively in the cytoplasm of the cells. Of note, again our
microsystems enabled an easy sample preparation, as all
spheroids were within the same sectioning plane.

tiny holes, would appear with high contrast in the signal,
and such a signal was not observed. This validated that the
signal measured originated from the sample and not from
the subjacent pure silicon substrate. The image of >C"'N”
showed the histological aspect of the cell (data not shown),
while the one of *'P~ (Fig. 5A) highlights the cell nucleus.
Since AGuIX®-Cy5.5 nanoparticles are mainly made of Si, the

Localisation of AGuIX®-Cy5.5 within cells in 2D and 3D
using immunostaining

Thanks to the full compatibility of the microsystems with in
situ immunostaining, it was possible to assess the
localisation of nanoparticles in 2D cells (Fig. 6) and
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Fig. 7 Localisation of AGuIX®-Cy5.5 nanoparticles within spheroids. Fluorescence images of HCT-116 cell spheroids incubated with AGulX®-
Cy5.5 nanoparticles (2 mM, 24 h) and immunostained with antibodies to find the colocalisation of nanoparticles inside cells. In all images, red and
blue channels represent AGulX®-Cy5.5 nanoparticles and cell nuclei, respectively. (A) The green channel depicts phalloidin, a marker of actin in
cells, which demonstrates that nanoparticles localise both inside cells (yellow arrow) and in the extracellular space of spheroids (white arrow). (B)
EEA1 antibody in the green channel shows early endosome; with very low colocalisation with nanoparticles (yellow colour). (C) AIF antibody
labelled mitochondria are shown in green, with very low colocalisation with AGulX®-Cy5.5 nanoparticles (yellow colour). (D) LAMP1 antibody in
green channel stains lysosomes. Yellow colour represents the colocalisation of nanoparticles in red and lysosomes in green. White scale bar, 100
um; black scale bar, 10 um. (E) Quantification of the colocalisation of AGUIX®-Cy5.5 nanoparticles with the three different cell organelles
investigated using Pearson correlation coefficient. Distribution obtained for all imaged spheroids and all imaging depths for the three different cell
organelles. Error bars represent standard errors of the mean (SEM) of Pearson correlation coefficient values obtained for all fields of view and all
available depths for three independent experiments. It was plotted as scatter plots using the MATLAB UnivarScatter function (©Manuel Lera
Ramirez, 2015, available in MATLAB exchange files).
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multicellular tumour spheroids (Fig. 7) using confocal
fluorescence microscopy.

Labelling of cell organelles confirmed that nanoparticles
were present in both extracellular and intracellular space in 2D
cells (Fig. 6A) and in 3D spheroids (Fig. 7A). Very low

Paper

colocalisation of AGuIX®-Cy5.5 with early endosomes
(Fig. 6B and E in 2D and Fig. 7B and E in 3D) or mitochondria
(Fig. 6C and E in 2D and Fig. 7C and E in 3D) was evidenced by
immunostaining, while a large colocalisation with lysosomes
was observed in both 2D (Fig. 6D and E) and 3D environments
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Fig. 8 Localisation of Aguix®-Cy5.5-nanoparticles after an extensive washing procedure. Confocal fluorescence images of HCT-116 spheroids
incubated with AGuIX®-Cy5.5 nanoparticles for 72 h with 2 mM AGuIX® solution and washed according to the procedure mentioned in Fig. 4, then
fixed and immunostained with antibodies to find the colocalisation of nanoparticles in spheroids. For all images, red and blue channels are stained
AGuIX®-Cy5.5 and nuclei, respectively. (A1-A3) Representative images of lysosome immunostaining obtained at various depths (A1, 0 um; A2, 25
um; A3, 50 um. Green channel = lysosome [LAMP1 antibody], yellow colour = possible colocalisation of AGuIX®-Cy5.5 nanoparticles with
lysosomes). (B) Pearson correlation coefficient for AGulX®-Cy5.5 nanoparticles with lysosomes along with standard error of the mean (light colour)
as a function of depth (n = 27 spheroids, 3 independent experiments before washing, n = 5 spheroids after washing). (C) Zoomed-in portion of
merged image at a depth of 50 um (square in A3). (D1-D3) Representative images of mitochondria immunostaining obtained at various depths (D1,
0 um; D2, 25 um; D3, 50 um. Green channel = mitochondria [AIF antibody], yellow colour = possible colocalisation of AGuIX®-Cy5 nanoparticles
with mitochondria). (E) Pearson correlation coefficient for AGuIX®-Cy5.5 nanoparticles and mitochondria along with standard error of the mean
(light colour) as a function of depth (n = 22 spheroids, 3 independent experiments before washing, n = 5 spheroids after washing). (F) Zoomed-in
portion of merged image at a depth of 50 um (square in D3).
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(Fig. 7D and E). The Pearson correlation coefficient in both 2D
cells and 3D spheroids (Fig. 6E in 2D and Fig. 7E in 3D) showed
a higher value for lysosomes (0.48 + 0.18 and 0.42 + 0.12 for 2D
and 3D, respectively, compared to 0.36 + 0.12 and 0.18 + 0.09 for
early endosomes in 2D and 3D and 0.19 + 0.15 and 0.24 + 0.09
for mitochondria in 2D and 3D), showing the main intracellular
localisation of AGUIX®-Cy5.5 nanoparticles. It is noteworthy that
this colocalisation was not total and some nanoparticles were
still residing in between cells. These outcomes are in accordance
with previous studies showing localisation of nanoparticles in
the endocytic pathway and in lysosomes. ™

The internalization mechanisms of AGuIX® have been
thoroughly investigated in 2D.*® It has been shown that the
entry of such sub-5 nm nanoparticles is different depending
on nanoparticle concentration: passive diffusion and
eventually macropinocytosis, in case of formation of
nanoparticle clusters at the surface of the cell. It is known that
the internalization pathway for a specific nanoparticle can
differ between cell lines.”® For the HCT-116 cell line used in
this study, localisation of AGuIX®-Cy5.5 nanoparticles in
lysosomes and in smaller amounts in early endosomes
confirms that they were likely internalized by an endocytic
mechanism.’® Despite dominant colocalisation for both 2D
and 3D with lysosomes, in 2D images the Pearson correlation
coefficient average value for early endosomes is higher than
that for mitochondria (Fig. 6B and E), which contrasts with
these values in 3D (Fig. 7B and E). One explanation for this
difference is that for spheroids, cells have varying access to
the nanoparticles depending on their spatial position within
spheroids, which could lead to different internalization
processes. In 3D spheroids, AGuIX®-Cy5.5 nanoparticles were
confronted by barriers to reach the cells in deeper layers;
therefore they reach deeper layers in a lower amount (Fig. 2B)
and with a delay (Fig. 3B), which can change their intracellular
fate. This is another argument in favour of the 3D system for
nanoparticle transport analysis. In 2D, all cells are submitted
to the same homogeneous concentration of nanoparticles,
while in 3D, there is a large difference in nanoparticle
availability between cells that are at the periphery and cells in
the centre of the spheroids. In addition, in spheroids, similar
to natural tumours, there is a gradient of pH, oxygen and
metabolites,” which might affect internalization and
intracellular trafficking of nanoparticles in deeper layers.®'

As highlighted by the overall mean intensity decrease with
the washing procedure for the peripheral layers of the
spheroids (Fig. 4), the extracellular nanoparticles were
efficiently washed away after a long washing procedure (Fig.
S$10,f no extracellular nanoparticles were detected with
immunostaining). Similar to results obtained after 72 h of
incubation, colocalisation with lysosomes was still the major
localisation of nanoparticles after this extensive washing
procedure (Fig. 8A-C for lysosomes compared to Fig. 8D-F
for mitochondria). The comparison of the Pearson correlation
coefficient of AGuIX®-Cy5.5 with both lysosomes and
mitochondria before and after washing suggests minor
intracellular trafficking and/or exocytosis of nanoparticles
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over time (Fig. 8B for lysosomes and 8E for mitochondria).
The Pearson correlation coefficient of AGuIX®-Cy5.5 with
lysosomes remained within a similar range before and after
washing (mean values of 0.41 + 0.03 vs. 0.40 = 0.11,
respectively), while a decrease in the Pearson correlation
coefficient of AGuIX®-Cy5.5 with mitochondria is observed
after washing, particularly in outer layers (0.26 + 0.02 vs. 0.18
+0.04 at 10 um depth before and after washing, respectively),
reaching very low values for inner layers (0.20 + 0.04 vs. 0.18
+0.02 at 60 um depth before and after washing, respectively).
Such a decrease could be attributed to the removal of a few
AGuIX®-Cy5.5 clusters residing in mitochondria or possible
intracellular trafficking during the washing procedure.
Hence, we could say that the washing procedure had lesser
effect on AGuIX®-Cy5.5 nanoparticles residing in lysosomes.

Conclusion and outlook

We show in this study a simple agarose-based microsystem to
quantitatively track nanoparticle penetration and subcellular
localisation within a 3D cell culture model. The
reproducibility of the spheroid size obtained with such a
procedure dispenses the use of sophisticated automatic
procedures to choose and pick the appropriate spheroids. Of
note, our microsystems can be manufactured on conventional
multi-well plates. It is hence fully compatible with available
multi-well automated strategies.®” In the present study, the
proof of concept was validated using spheroids made with the
classical colorectal cell line HCT-116. Nevertheless, our
approach is fully compatible with primary cells from patients
that could be grown as organoids®® in our microsystems,
combining full optical microscopy compatibility, size and
shape reproducibility, and large statistics. Combined with
optical and digital clearing,* our approach opens up the
possibility to resolve tumour heterogeneity, at the single cell-
level, in a physiological context.

In the present study, the standard agarose used for the
preparation of the microsystems provides a cell-repellent
surface, with a stiffness in the 150 kPa range.®”® In future
studies, the mechanical properties of the agarose gels will be
adjusted using different concentrations and types of agarose.
Elastic hydrogels as soft as 1 kPa can be obtained using low
concentrations of ultra-low agarose,”> matching the
physiological range of stiffness. It now calls for dedicated
studies to assess how nanoparticle penetration and therapeutic
efficacy is affected by the size of the 3D cell assembly, the
presence of an extracellular matrix of different stiffness and
composition, and the presence of associated tumour cells.®”
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Figure S 1: Quantification of photon penetration within spheroids

In optical imaging of thick three-dimensional biological samples, light scattering due to mismatch of
refractive index between cellular components limits imaging of deep layers in these samples (Yu et al.,
2018). To deal with this issue and to evaluate clarification techniques on enhancement of confocal
microscopy of multicellular tumour spheroids, HCT-116 spheroids were prepared via agarose microwells
and fixed 72 h after cell seeding. Nuclei were then stained using Nucgreen™ -Dead 488. Two of the samples
were incubated in RapiClear or 80%/20% glycerol/PBS solution overnight and the third sample was kept
in PBS. All samples were then mounted in iSpacers (2x0.5 mm) with fresh clarification solutions or fresh
PBS for control sample. Ten spheroids from each sample were imaged. A qualitative analysis of the images
(Fig. SI 1A) shows that nuclei fluorescence signal is detected much deeper for clarified spheroids
compared to unclarified ones. The orthogonal views of spheroids confirm this (Fig. SI 1B). These images
were analysed using a routine prepared in Matlab to measure the average fluorescence intensity along
the spheroids radius (Fig. SI 1C). The mean Intensity of spheroids clarified with glycerol (Green curve)
shows the highest mean intensity for all regions in spheroids compared to the two other samples. While
the mean intensity of RapiClear-clarified spheroids (Red curve) is lower than glycerol-clarified spheroids
in all regions of the spheroids, the intensity decay is similar for both clarified solutions. The 80% glycerol
solution was hence selected as the standard clarification technique for all this study.

Yu, T., Zhuy, J.,, Li, Y., Ma, Y., Wang, J., Cheng, X., ... Zhu, D. (2018). RTF: A rapid and versatile tissue optical
clearing method. Scientific Reports, 8(1), 1-9. https://doi.org/10.1038/s41598-018-20306-3
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Figure Sl 1. Influence of clarification technique on image acquisition and fluorescence signals

(A) Confocal fluorescence images of HCT-116 cell spheroids labelled with Nucgreen in different depth for unclarified, clarified with
Rapiclear and clarified with 80%/20% glycerol/PBS respectively. (B) Maximal Image Projection (MIP) and xz images of clarified
and unclarified spheroids. (C) Mean intensity of clarified (green, glycerol-clarification, red, rapiclear-clarification) and unclarified
(orange curve) spheroids as a function of the distance from the periphery. Error bars represent standard errors of the Mean (N=10
spheroids for each condition).



Figure Sl 2: Detailed mounting procedure for imaging
There are different possibilities to mount the microwells for optical imaging, depending if one wants to
acquire fixed, live spheroids, or to follow spheroids over time using time-lapse.

1-For fixed spheroids, the easiest and quickest way is to mount the microwells between 2 coverslips,
separated by a 1 mm sticky spacer (two 0.5 mm-thick iSpacer provided by Sunlin Lab were used for their
convenience, but other spacers could also be used, Fig. SI2 B).

2-For live spheroids, it is possible to transfer the microwells in optical imaging chamber (such as Ibidi® 8-
well plate, Fig. SI12 C).). We used such possibility in preliminary experiments to check that distribution of
nanoparticles were not modified by fixation procedure (data not shown), as well as for the assessment of
nanoparticles transport and localization after extensive washing procedure (Fig. 4).

3-For time-lapse follow-up, to avoid any drift during acquisition, it is necessary to directly bond the
microwells to the coverslips. This is possible using APTS-functionalized coverslips (representation in Fig.
1D, patented process3?®). We used such procedure for growth monitoring using time lapse microscopy (Fig.
Sl 4).
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Figure SI 2. Schematic representation of the mounting procedures used for optical imaging

(A) Schematic representation of free-standing microwells, placed on each well of a multi-well plate. (B) Schematic representation
of the mounting used for optical imaging of fixed samples. The agarose microsystems containing the fixed, inmunostained and
clarified spheroids are mounted between 2 coverslips using a 1 mm sticky spacer (orange-part, Ispacer from SunjinLab). (C) For
live imaging of spheroids, it is also possible to transfer the microwells in optical imaging chamber (such as Ibidi® 8-well plates).
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Figure SI 3: Quantification of the removal of FITC and AGulX-Cy5.5 nanoparticles in agarose-based
microwells

To understand the ability of agarose gel in transporting molecules, the agarose-based microsystems were
incubated with either FITC solution (0.05 mM in PBS), either AGulX’-Cy5.5 nanoparticles (2 mM in
complete culture medium). The fluorescent solution was then replaced with PBS (for FITC) or culture
medium (for AGuIX'-Cy5.5) and the decrease in fluorescence intensity was followed by time-lapse
confocal microscopy. The images of different depths of agarose-based microwells were analysed using a
Matlab routine quantifying the mean intensity changes over time (Fig. SI 3). For FITC (Fig.SI3 A), after the
first two hours, there is a 75+5% reduction in the initial mean intensity in the microsystem, reaching a
plateau at 2515 % depending on the depth of the focal plane. All curves were exponentially decreasing
with a characteristic time of 25 min (23-27 min depending on the depth of the focal plane).

As expected, as AGuiX’-Cy5.5 nanoparticles (Dy=5 nm) are much larger than FITC (Mw=376 g/mol, D,;~0,25
nm), the diffusion is one order of magnitude slower than with FITC, but still efficient in the agarose, both
when culture medium is replaced by AGulX"-Cy5.5 (Fig.SI3 B), or when AGulX®-Cy5.5 is replaced by culture
medium (Fig.SI13 C). When culture medium is replaced by AGuIX®-Cy5.5, the characteristic time obtained
for the deepest part of the gel is of the order of 22-24 min (23,9 +0.4 min for Z=0, 23,6 +0.6 min for Z=80
pm and 22,4 +1,7 min for Z=160 pum), while it already reached the maximum intensity upon imaging for
the upper part (z=240 pm). When AGulX"-Cy5.5 is replaced by culture medium (after 3x15 min washing,
following the procedure done for all experiments), the fluorescent is decreasing with a characteristic time
of the order of 1-2h, depending of the depth (69 5 min for Z=0, 8246 min for Z=80 um, 104 +5 min for
Z=160 um and 129 £5 min for Z=240 pum).
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Figure SI 3.

(A) Reduction in fluorescence intensity of FITC dye in an agarose microsystem over time for different depth (from Z=0,
corresponding to the depth closest to the objective and farthest from the solution reservoir to Z=240 um, farthest from the
objective and closest to solution reservoir). Experimental points are plotted with different markers (Z=0, (pink triangles pointing
down), Z=80 um (blue diamonds), Z=160 um (purple circles), Z=240 um (green triangles pointing left)) and the corresponding
exponential fit are plotted in bold lines [fitting model a*exp(-time/T)+b)].

(B) Increase in fluorescence intensity of AGulX®-Cy5.5 nanoparticles in an agarose microsystem over time for different depth (same
legend than in (A)). [fitting model a*(1-exp(-time/T))+c].

(€) Reduction in fluorescence intensity of AGulX®-Cy5.5 nanoparticles in an agarose microsystem over time for different depth
(same legend than in (A). [fitting mode! a*exp(-time/T)+b].
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Figure S| 4. Time-lapse follow-up of spheroid growth

To understand the influence of AGulX®-Cy5.5. nanoparticles on the cell proliferation and growth rate of
HCT-116 cell spheroids, cells were seeded in agarose-based microwells using APTS-functionnalised
coverslips. This procedure enables live imaging with no drift of the microwells over-time. After 48 h, the
HCT-116 spheroids were exposed to AGulX’-Cy5.5 nanoparticles with three different concentrations (0.8,
1.5 and 2 mM). Control samples with no AGulX*-Cy5.5 nanoparticles were also monitored in parallel. The
growth of spheroids was followed by time-lapse optical microscopy during three days of incubation with
AGuIX’-Cy5.5 nanoparticles (time interval between each image acquisition = 4 h). These images were
manually segmented using a dedicated routine in Matlab. Then, from the projected area, an equivalent
diameter was computed, and making the assumption of spherical shape, the equivalent volume of each
spheroids was calculated. Spheroids growth is followed by representing the relative evolution of the
volume over time (Volume normalised by the initial volume [at day 2]).

Day 03 Day 04 Day 05

B

O

Control

e 0.8mM AGulIX®
1.5mM AGuIX®
—_— 2mM AGulIX®

~

(O8]

Relative volume of HCT116 spheroids
W

ek

0 20 40 60 80
Time(h)

Figure Sl 4. Follow-up of spheroids growth via optical time-lapse microscopy.

(A) Representative images of daily growth of control HCT-116 spheroids from day 2 to day 5. The well is 200 um in diameter. (B)
Evolution of the relative volume of spheroids as a function of time for control sample and in the presence of three different
concentrations of AGulX®-Cy5.5 nanoparticles. Bold lines represent the mean values, and light area represents the standard
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deviation for each condition (control —blue- [N=102 spheroids], 0.8mM —green-[N=89 spheroids], 1.5mM -yellow-[N=88
spheroids], 2mM —red-[N=102 spheroids]). Three independent experiments for each condition.
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Figure S 5. Characterization of spheroids size distribution from Day 2 to Day 4 dfter cell seeding

One advantage of using agarose-based microwells to prepare multicellular tumour spheroids is the
homogeneity of spheroids size. To show the homaogeneity of spheroids, the equivalent diameter for each
spheroid was calculated during the growth follow-up (Fig. SI 4). From this, the distribution of spheroids
diameter in day 2, day 3 and day 4 for control conditions were plotted using the UnivarScatter matlab
function developed by Manuel Lera Ramirez (Copyright (c) 2015).
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Figure SI 5.
Distribution of HCT-116 multicellular tumour spheroids at day two (blue circles), day three (purple circle) and day four (orange
circles) after cell seeding in the agarose-based microwells. Mean values and 95 % Standard Error of the Mean are represented.
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Figure Sl 6. Importance of statistics

Due to cell heterogeneity, large statistical variances are expected, even if our process enables to generate
very reproducible spheroids in terms of size. The variance on the Mean Intensity of the fluorescence signal
of AGuIX®-Cy5.5 nanoparticles is analysed in Fig.Sl 6, for different distance from the periphery.

The standard deviation of the normalized Intensity of AGulX"-Cy5.5 obtained, is calculated as a function
of the number (N) of spheroids, with a random sampling of N spheroids over the 121 spheroids acquired
for this experimental condition (24h incubation with 2mM AGuIX"-Cy5.5). The random sampling is
repeated 10 times to simulate 10 different experiments, and the mean of the obtained SD computed. The
obtained SD first increases, until reaching a plateau around N=20-40 spheroids (Fig. SI6, Inset). The initial
rising may be attributed to the heterogeneity among spheroids.

The plateau of the SD is increasing with the distance from the periphery (with a plateau at ~5% for 30 and
50 pum from the periphery, and up to ~10% for 80 um from the periphery).

Once the plateau is reached, the standard error of the mean (SEM) and the relative standard errors
(RSE=SEM/mean) on the normalized Intensity are therefore decreasing with N as N ~/2 (Fig. SI 6). To get a
RSE below 2%, N=20-25 spheroids are necessary for an analysis up to 60 pum from the periphery. For deep
layers, a larger number of spheroids are needed to reach such RSE (N=70 spheroids for 80 um from the
periphery). Hence a minimum of N=30 spheroids is recommended to get reliable results at an imaging
depth corresponding to the first quarter of the spheroids. This number rises up to N=70 spheroids for an
accurate analysis close to the equatorial plane.
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Figure Sl 6. Error analysis due to the number of spheroids analysed.
Relative Standard Error (RSE=SEM/mean) as a function of the number of spheroids for different distance from the periphery (30
um (cyan, triangles pointing down), 50 um (light blue, circles), 60 um (intense blue, diamonds) and 80 um (purple, triangles
pointing left). Inset: Standard Deviation (SD) of the normalised Intensity |_norm as a function of the number of spheroids, for the
same distance from the periphery.
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Figure Sl 7. Control experiments using Ultra-Low Adhesion multi-well plate

The goal of this experiment was to compare the distribution of AGuIX®-Cy5.5 nanoparticles in HCT-116
spheroids prepared in a traditional ultra-low adhesion 96-well plate with spheroids made in agarose
microwells. HCT-116 cells were seeded at a density of 10 cells/well in a 96-well plate (200 ul culture
medium per well), and spheroids were formed through self-assembly aggregation. During culture, the
plate was on the agitator. Spheroids were exposed to 2 mM AGuIX®-Cy5.5 nanoparticles at day 3. To avoid
losing spheroids, half of the medium was withdrawn and 100 pl of AGulX®-Cy5.5 nanoparticles at a
concentration of 4mM were added in each well to have a final concentration of 2mM. After 24 h, spheroids
were rinsed with fresh medium (3X, 15 min), fixed with PFA 4%, permeabilized with PBS/0.1% Triton-X,
and blocked with PBS/2% BSA/0.1% Triton-X. The spheroids were then labelled with nucgreen™ at a
dilution of 1 drop/ 2 ml for overnight at room temperature before being rinsed with PBS (3X, 5 min).
Spheroids could not be imaged in a standard 96-well plate using confocal microscopy; thus they were
transferred to an ibidi 96-well plate and imaged.

The same Matlab routine that was used to analyse images of spheroids in microwells was used to analyse
these images. Despite the fact that the number of imaged spheroids in this experiment is considerably
lower than spheroids in microwells which is due to the limitations of different steps of experiments using
a standard 96-well plate, the analysed results show that the distribution and amount of uptaken
nanoparticles are similar to spheroids in microwells. This finding supports the permeability of agarose gels
for AGuIX®-Cy5.5 nanoparticles and validates the usage of such microsystems for spheroids generation
and high-throughput drug screening in a more practicable and reproducible manner.
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Figure Sl 7. Control experiments using Ultra-Low Adhesion (ULA)multi-well plate

(A) Representative confocal fluorescence images of HCT-116 spheroids grown in Ultra-Low-Adhesion multi-well plates for 4 days,
then incubated with 2 mM concentration of AGulX®-Cy5.5 for 24 h for three different depths (10, 30 and 50 um). (B) Mean
intensity of AGuIX®-Cy 5.5 after 24h incubation with 2 mM AGuIX®-Cy5.5 as a function of the distance from the periphery in our
microsystems (red, N=121, three independent experiment), and in ULA multi-well plates (green, N=10, one experiment). Standard
deviations are shown in light colors. (C) Orthogonal view of the spheroid in (A) (green=nuclei, red = AGulX®-Cy5.5).
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Figure Sl 8. HCT-116 cell incubated in 2D with nanoparticles and spheroid formation afterwards

To make a comparison between cellular uptake of AGulX®-Cy5.5 nanoparticles in monolayer cells and
multicellular tumour spheroids, two parallel experiments have been done.

In the first experiment, HCT-116 cells were seeded in agarose-based microwells (Fig. SI 8A A, Step 1) and
after 48 h were exposed to AGulX®-Cy5.5 nanoparticles for 24h (Fig. Sl 8A, Step Il) followed by fixation
(Fig. SI 8A, Step 1l1).

In the other experiment HCT-116 monolayer cells that were first exposed to AGulX’-Cy5.5 nanoparticles
for 24 h (Fig. SI 8B, Step 1), and then seeded in agarose-based microwells to allow spheroid formation (Fig.
SI 8B, Step Il). After 72h, these spheroids were fixed (Fig. SI 8B, Step IlI).

Spheroids from both experiments were clarified with glycerol 80% (Fig. SI 8, Step Ill) and imaged via
confocal microscopy. The confocal images of these two experiments and orthogonal view of spheroids
demonstrate that when spheroids are incubated with nanoparticles, clusters could be observed evenly in
extracellular and intracellular regions of spheroids and nanoparticles clusters are more in peripheral
region than in the centre (Fig. SI 8A). When spheroids are made from already AGulX’-Cy5.5 labelled cells,
only sparse clusters, with a scattered distribution are observed in spheroids (Fig. SI 8B).
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Figure SI. 8. Difference in distribution of AGulX®-Cy 5.5 nanoparticles in HCT116 multicellular tumour
spheroids incubated in 2D and 3D cell culture.

(A) Spheroids were prepared with agarose-based microwells (Step 1). After 48 h, they were exposed to 2mM AGulX®-Cy5.5
nanoparticles for 24h (step Il) and were fixed, clarified (Step 1ll) and imaged with confocal microscopy. (B) Monolayer HCT116
cells were first incubated with 2mM AGuIX® nanopatrticles for 24h (Step I) and then HCT116 spheroids were prepared with these
cells (step 1l). Spheroids were fixed, clarified (Step Ill) and imaged with confocal microscopy.
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Figure Sl 9. Nanoscale Secondary lon Mass Spectrometry control analysis

Figure SI. 9.

(A) NanoSIMS image of 12C- of the same area as in Figure 5 provides the proof of the entirety of the section. The slight contrast is
due to the compositional variation of different cells compartments and the surrounding resin (the actual contrast is much lower).
A few spots with unusually high 12C- emission are probably location of vacuoles. (B) Recalled of the distribution of AGulX®-Cy5.5
nanoparticles. (C) Merged image of ?6Si- and *2C-. Image field: 60 um.

86



Figure SI 10. Localization of AGulX-Cy5.5-nanoparticles after an extensive washing procedure

AGulX®
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Figure SI. 10. Localization of Aguix-Cy5.5-nanoparticles after an extensive washing procedure within
HCT-116 spheroids

Confocal fluorescence images of HCT-116 spheroids incubated with AGulX®-Cy5.5 nanoparticles for 72 h with 2 mM AGulX®-Cy5.5
solution, and washed according to the procedure mentioned in Figure 4, then fixed and immunostained with antibodies to find
colocalization of nanopatrticles in spheroids. For all images, red, blue and green channels are staining AGulX®-Cy5.5, nuclei and
phalloidin (Actins) respectively.

(A1-A3) Representative images of phalloidin immunostaining merged with AGulX"-Cy5.5 and Nucgreen layers obtained at various
depths (A1-Oum, A2-25 um, A3-50um). (B) Maximal Image Projection (MIP) of confocal fluorescence image of spheroid in (Al-
A3). (€) Zoomed-in portion of merged image at a depth of 50 um (square in A3).
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5. Study the penetration of fluorescence polymer probes

In the published article, we demonstrated how the developed 3D in vitro model can be used to
screen nanoparticles and study the penetration of NPs into spheroids, as well as their transport
and localization within spheroids. However, as discussed in Chapter 1, the physio-chemical
properties of nanoparticles can alter their fate in biological environments. We used this 3D in vitro
model to test the behavior of fluorescent polymer probes that are very different from AGuIX®
nanoparticles in HCT-116 spheroids. This part of the research was done in the framework of the
M2 internship project of Daiva Vozgirdaite, which | co-supervised with Dr.Charlotte Riviere and
Dr. Arnaud Favier in the Laboratory of Polymer Materials Engineering at IMP.

The goal of the internship was to evaluate fluorescent polymer probes behaviour in 3D in vitro
spheroid models (MCTS) created using the same protocol described earlier in this chapter.

These biocompatible conjugates can be used for the vectorization of diagnostic and therapeutic
entities (286). Controlled radical polymerisation, more specifically reversible addition-
fragmentation chain transfer (RAFT) polymerisation, provide direct control over the chemical
composition of polymers and their functionality, as well as the high control over molecular weight
and narrow distribution (286,287). Two different types of systems prepared thanks to RAFT
controlled radical polymerization: chains and NPs were used in this study (Fig.2.8).

a) Polymer chains, (PCs);
b) Polymer nanoparticles (PNPs).
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Figure 2.8. Schematic representation of poly(NAM-stat-NAS) and its corresponding structure in polymer

chain and nanoparticle form.
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These polymers exhibit fluorescent properties in the near infrared range, Cyanine 5.5
fluorophores to have low signal caused by autofluorescence from biological components, same
fluorophores used for AGulX® nanoparticles.

Polymer nanoparticles (PNPs) are 50-60 nm spherical nanoprobes, while polymer chains (PCs)
are polymer chains with the same 50-60 kDa backbone that forms dynamic coils with 5-15 nm in
size in aqueous solutions (By DLS analysis), more or less expanded depending on their chemical
structure and on their environment (Fig. 2.8).

Some of the results associated with polymer chains (PCs) achieved in this project will be presented
below.

HCT-116 spheroids were incubated with polymer chains (PCs) with three different overall charge,
neutrally charged (PC_(0)), negatively charged (PC_(-)) and positively charged (PC_(+)) and were
imaged via confocal fluorescence microscopy. The clarification solutions used for clearing
spheroids incubated with PCs seemed to cause loss of polymer fluorescence signal as well as
altering their overall distribution, thus clarification was not included in the final experimental
setup of this project. Qualitatively, neutrally charged PC_(0) exhibited higher MCTS penetration
at various depths than negatively ones (Fig2.9 A). Using the same Matlab routine used for AGulX®-
Cy5.5 penetration, it was possible to quantify the distribution of these probes in the first 40 um :
negatively charged PCs displayed relatively low fluorescence intensity in confocal images, and
fluorescence signals was distributed homogeneously across MCTS. Positively charged PCs
demonstrated different results; the fluorescence signals were significantly higher than the other
PCs, suggesting strong cell internalisation of PCs with positive charge in outer layer cells in
spheroids, however, positively charged PCs exhibited drastic decrease in normalised mean
fluorescence intensity (Fig.2.9 B).
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Figure 2.9. Confocal images of PCs diffusion into HCT-116 MCTS exposed to PCs for 24 hours, at various
depths, for PC (-), PC_(0), PC (+) (A). Normalized mean fluorescence signal plotted as a function of
distance from the spheroid centre for various PCs.

To study the localization of PCs within spheroids, actin filaments, lysosomes, and mitochondria
were labelled with appropriate antibodies (using the same protocol used in the article for AGulIX®-
Cy5.5), and cell nuclei were labeled with nucgreen™-488. To visualize these subcellular
compartments and PCs, samples were imaged with confocal fluorescence microscopy, and
localizations of PCs were observed in overlay images. Localization of neutral and positively
charged PCs where mainly observed within cells (Fig. 2.10), which was in consistent with previous
experiment that cellular uptake of neutral and positively charged PCs was higher than negatively
charged ones.

Colocalization with lysosomes and mitochondria (Fig. 2.10 B,C) demonstrated that neutral
polymer chain probes were found in both lysosomes and mitochondria with a similar fluorescence
intensity. Slight PC_(-) presence was observed in lysosomes, but no polymer were found to be in
mitochondria. This suggests that small parts of these probes were internalized by endocytosis.

Some positively charged PC_(+) were found to be in mitochondria, however majority of
fluorescent signal corresponded to other intracellular areas. The route of cellular internalization
of positively charged polymer chains PC_(+) is most likely caused by previously mentioned
electrostatic attraction between cell membrane and polymer probe, which leads to their
distribution in cytosol, as no probes were found in lysosomes, thus limiting the possibility of
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endocytosis as the main internalization route. Table 2.2 summarized and compared the behavior
of polymer chains with different charges.
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Figure 2.10. Confocal images of PCs localization inside HCT-116 spheroids at 10 um depth, Blue channels
are cell nuclei stained with nucgreen™-488 and red channels shows PCs. (A) green channel is actin filaments
stained with phalloidin-546. (B) Green channel shows lysosomes, where yellow color represents
colocalization of PCs with lysosomes. (C) Green channel displays mitochondria inside HCT 116, where yellow
color represents colocalization with mitochondria.

Table 2.2. Comparison of polymer probe behaviour inside HCT 116 MCTS

PC_P(0) PC_P(-) PC_P(+)
Accumulation in MCTS ++ + +++
Diffusion across MCTS + ++ -
In ECM + + +
Inside cell +++ + i
Inside lysosome ++ + -
Inside mitochondria ++ - +

This developed in vitro model has been shown to be applicable for other types of nanoparticles,
such as the polymer chains described above, to study the effect of their physicochemical
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properties on their behavior in biological environments in a relatively simple and rapid assay that
is more biologically relevant than classical monolayer assays.

6. Study of the effect of nanoparticles on cell proliferation
in multicellular tumor spheroids

As discussed in chapter 1, a gradient of nutrients, oxygen, and essential molecules produces a
gradient in cell proliferation in both natural tumors and cell spheroids as a laboratory model. As
a result, in spheroids with a diameter 200 um only cells in the peripheral region of these 3D
biological structures are proliferative.

The study of the impact of AGulX®-Cy5.5 nanoparticles on cell proliferation has already been
discussed in this chapter (Fig. Sl 4 in supplementary materials of the article), using time-lapse
microscopy to track the growth of spheroids. Using Click-iT® EdU is a more precise method for
studying proliferation and finding proliferative cells in spheroids of various sizes, as well as
exploring the effect of various treatments such as nanoparticles, chemotherapeutic drugs, and
irradiation on cell proliferation in this 3D in vitro model.

The Click-iT® EdU Imaging Kits (Invitrogen/Molecular Probes) will detect cells in the active DNA
synthesis process. To incorporate DNA during replication in cells entering S-phase of replication,
spheroids must be incubated with EdU (5-ethynyl-2-deoxyuridine) incorporation for 24 hours, the
labelling spheroids with Click-iT® reaction cocktail were performed according to the protocol
suggested by the manufacturer.

Here, HCT-116 spheroids were incubated with different concentrations of AGuIX®- Cy5.5
nanoparticles and at the same time with EDU for 24 hours, followed by fixation and labelling with
Click-iT® cocktail for detection of EDU in proliferative cells. The spheroids then were labelled
nucgreen™-488 to stain all cell nucleus.

To quantify the acquired images, in the radial direction, in addition to previous routine used for
segmentation of spheroids labelled with nucgreen™, | developed a routine in Matlab to calculate
Pearson’s Correlation Coefficient in radial direction.

The overlay images of nucgreen and EDU channels in different acquisition depths are shown in
Fig. 2.11 A. The graph of Pearson’s Correlation Coefficient as a function of distance from the
periphery (Fig. 2.11 B) shows that the proliferative cell rings are comparable with and without
AGuIX®, which is consistent with previous findings with time-lapse growth follow up (Fig. SI 4).

In addition, in a live and dead assay using Calcein and propidium iodide (PI), AGulX®- Cy5.5
nanoparticles did not show any toxicity in HCT-116 spheroids in 72 hours incubation as,
gualitatively, the fluorescence images do not show any change in the number of dead cells for
samples exposed to nanoparticles compared control samples (Fig. 2.11 C)
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Figure 2.11. (A) Overlaid images acquired Confocal fluorescence microscopy of cell nucleus in HCT-116
spheroids incubated with different concentrations of AGulX®- Cy5.5 nanoparticles for 24 hours, where
green channel shows nucleus stained with nucgreen™ dead 488 and red channel show nucleus of
proliferative cells labelled with Click-iT®-EDU 555, Yellow color displays superposition of these channels
indicating proliferative cells in spheroids. (B) Pearson’s correlation coefficient for EDU and nucgreen
channel in radial direction as a function of distance from the periphery. (C) Epifluorescence images of HCt-
116 spheroids after 72 hours exposure to different concentrations of AGulX®- Cy5.5 nanoparticles, where
green is Calcein labelled live cells and red is Pl labelled dead cells.

7. Conclusion and perspectives

The 3D in vitro models based on multicellular tumor spheroids must be capable of producing
spheroids and maintaining them in culture for several days, they must be compatible with the
various characterization techniques for nanotherapeutics screening, such as classical biological
assays, optical microscopy techniques, and the other techniques.

In the first part of my PhD, microsystem with a specific design containing 130 microwells with a
diameter of 200 um have been prepared with agarose gel for spheroids generation. The colorectal
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cancer cell line, HCT-116 cells, which are capable of forming coherent spheroids, were used as a
cellular model, and radiosensitizing AGulIX®- Cy5.5 nanoparticles used as a model of
nanoparticles. These nanoparticles were introduced to HCT-116 spheroids to explore their
penetration, distribution, kinetics of penetration, and localization in multicellular tumor
spheroids. For characterization of cell-nanoparticle interactions, optical microscopy techniques,
primarily confocal fluorescence microscopy and, to a lesser extent, time-lapse phase contrast
microscopy, were used and images were then analyzed in Matlab using dedicated routines. The
ICP-MS technique was also used to quantify cellular uptake of these nanoparticles based on
gadolinium concentration. NanoSIMS as well was used for the sub-200nm localization of
nanoparticles, in complement to confocal microscopy.

The experimental setups and results validated this 3D in vitro model for nanotherapeutics
screening, emphasizing the utility and importance of using this 3D in vitro model over
conventional 2D assays. The next step was to investigate the therapeutic efficacy of AGulX®- Cy5.5
nanoparticles as well as the cellular response to radiotherapy in HCT-116 spheroids made in
agarose based microwells.

The potentials of the 3D in vitro model containing Spheroids in microwells for screening the
behavior of polymer chains and nanoparticles in 3D cellular structures using optical microscopy
were shown.

The experiments that investigated the effect of nanoparticles on cell proliferation (Fig. SI 4 in
supplementary materials of the article and Fig. 2.11) demonstrated the possibility of studying
cellular response to treatment using optical microscopy; thus, the following chapter focuses on
the cellular response to radiotherapy in the presence and absence of AGulX®- Cy5.5 nanoparticles
using classical clonogenic survival assays and optical microscopy techniques.
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Chapter 3. Evaluation of radiosensitization effect
of AGulX® nanoparticles using multicellular
tumor spheroids
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1. INTRODUCTION

Experiments aimed at validating the developed 3D in vitro model for nanotherapeutics screening
were described in the previous chapter. The results demonstrated that this 3D in vitro model
containing spheroids in agarose microwells could indeed investigate various aspects of cell-
nanoparticle interactions with high throughput in a more relevant in vitro model than monolayer
cell culture.

Following these experiments, which yielded promising results, it was time to use this 3D in vitro
model for investigating the therapeutic efficacy of nanotherapeutics. HCT-116 spheroids were
generated in agarose microsystems as a 3D in vitro model, this agarose microsystem was slightly
different from the one used in the previous part of my PhD. The new agarose microsystem had
microwells with a spherical shape rather than the cylindrical shape of previous microwells, and
the diameter of these microwells was 300 um, allowing extended culture time of the spheroids in
relatively long experiments (up to 10 days) and allowing the generation of larger spheroids and
increasing heterogeneity in cell layers. The effect of spheroids' size on cell proliferation
throughout spheroids has been investigated, and the findings will be discussed further below.

1.1. Effect of spheroid size on cell proliferation

The influence of spheroids features on the response of cells to therapy will be discussed further
in this chapter. One of these characteristics is the difference in cell proliferation between different
cell layers in spheroids. At day 3 and day 10, several spheroids were grown, fixed, and labeled. To
analyse cell proliferation within spheroids, spheroids stained with EdU (labeling nuclei of
proliferating cells) and nucgreen™ (labeling all nuclei) were imaged with fluorescence confocal
microscopy and their correlation was quantified by computing the Pearson’s Correlation
Coefficient (PCC) as a function of the distance from the periphery using a dedicated Matlab
routine. At day 3, the average diameter of the spheroids was (153+10 um), and at day 10, it was
(284+8 um) (measured using Imagel). The concept and details of this quantification is explained
in Materials and Methods of the article in this chapter. In spheroids fixed at day 3, PCC values in
whole spheroids were greater than 0.6, indicating the presence of EdU in most cells in the center
of all spheroids and implying that they were proliferative. The mean PCC value in cells residing in
deeper layers (> 65 um) of spheroids fixed at day 10 was less than 0.5, demonstrating the absence
of EdU and implying that most cells were not proliferative. As a result, in spheroids with diameters
around 283 um (at day 10), there were two distinct cell layers: a proliferative and a quiescent
zone.
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Figure 3.1. Quantification of cell proliferation in HCT-116 spheroids labelled with EdAU and nucgreen™
imaged by confocal fluorescence microscopy; (A) Orthogonal view of HCT-116 spheroids fixed at day3 and
day10 after cells seeding, in merged image the green channel represents cell nuclei (nucgreen™) and yellow
color show cell nuclei in proliferative cells (EdU-555) resulted by overlay of these two channels. (B) Mean
PCC values (bold lines) and standard deviations (shaded area) for HCT-116 spheroids fixed at day3 (yellow
curve) and day10 (red curve).
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1.2. The workflow of assessment of therapeutic efficacy of AGuIX®
nanoparticles in radiotherapy using 3D in vitro model

Therapeutic and diagnostic applications of AGulX® nanoparticles serving as radiosensitizers in
tumor radiotherapy (RT) and contrast agents in tumor MRI diagnosis had previously been
thoroughly investigated in several in vitro, in vivo studies and in clinical trials (288,289).

The goal of this section of my PhD was to use this 3D in vitro model for the evaluation of the
therapeutic efficacy of AGulX® nanoparticles in radiotherapy of HCT-116 spheroids.

Delphine Vernos-Brichart, PhD student of Dr. Claire Rodriguez-Lafrasse and Dr. Olivier Tillement,
collaborated on this part of the project. Delphine Vernos-Brichart conducted the irradiations and
clonogenic survival assays at the Laboratoire de Radiobiologie Cellulaire et Moléculaire and |
performed HCT-116 spheroids generation, post-irradiation optical microscopy follow-ups and
subsequent image analysis at ILM.

In another collaboration, Alexis Chambost, PhD student of Dr. Sylvain Monnier at ILM's Biophysics
team and Dr. Mathieu Gabut at the Centre de recherche en cancérologie de Lyon (CRCL), used his
developed 3D in vitro model for single cell seeding to develop a protocol similar to the clonogenic
survival assay, but in a 3D environment, with no possibility of cell-substrate adhesion.

The growth and in-situ proliferation of irradiated spheroids were monitored using optical
microscopy in parallel to classical clonogenic survival assays(290) which is a standard assay in in
vitro irradiation experiments. These spheroids were fixed and labeled in order to study
proliferation at the single cell level. EdU and nucgreen™ fluorescence probes were imaged, and
cell proliferation was assessed by quantifying the correlation between EdU and nucgreen™
channels in fluorescence microscopy to study the variation of proliferation within spheroids. The
framework of this part of my thesis is presented in Fig. 3.2.

The experiments and results will be described in the following section in the format of a scientific
article including Introduction, Materials and Methods, Results and Discussion and conclusion.
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Figure 3.2. Framework of irradiation of spheroids in microwells and subsequent follow-ups
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2. ABSTRACT

While monolayer cell culture assays have been used in cancer research for decades, they have
been criticized for their inability to predict treatment response in in vivo and clinical trials.
Multicellular tumor spheroids, which can replicate many key features of the tumor
microenvironment, are one of the most popular alternatives. However, limitations in
compatibility with standard biological assays, low throughput, and complexity in translating
results into clinical settings have limited their use. To address current challenges associated with
multicellular tumor spheroids models, agarose-based microsystems were developed for
spheroids culture. In this study, the capacity of this model was investigated to assess therapeutic
efficacy of AGuIX® (ultrasmall gadolinium based nanoparticles), which are currently implicated in
clinical trials as effective radiosensitizers. The response of HCT-116 spheroids to radiotherapy was
assessed using a classical clonogenic survival assay and in situ optical imaging. The radiosensitivity
of HCT-116 cells in spheroid form has been shown to be lower than in 2D monolayer, highlighting
the advantage of using 3D cellular structures for therapy assessments. A radiosensitization effect
of AGuIX® was found in the 2-3 Gy range. The unique in situ proliferation analysis revealed a
different repartition of the remaining proliferative cells, with a reduced proliferating ring when
AGuIX® nanoparticles were combined with radiotherapy. This effect was more pronounced for
the intermediate dose of 2-3 Gy. The growth of spheroids after irradiation highlights the
importance of monitoring effect of irradiation in intact spheroids along with single cell level
analysis to extent our knowledge on response to therapeutic strategies.
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3. CORPUS

Introduction

Cancer is still one of the deadliest diseases impacting the world's population, and it is a major
impediment to increase life expectancy (291). Colorectal cancer is one of the most common
malignant tumors, accounting for the third highest incidence and the second highest cancer-
related death rate worldwide (292).

While the use of radiotherapy for colon cancer is limited, rectal cancer requires multimodal
treatment, which includes a combination of surgery, chemotherapy, and radiotherapy to achieve
the best possible outcome (293,294). In particular, radiotherapy combined with surgical resection
improves local control of rectal cancer significantly (295,296). Despite low local relapse rates, a
combination of factors results in radio-resistance and poor prognosis in rectal cancer (294,297).
Furthermore, in colorectal cancer, radiotherapy treatment side effects and distant metastasis are
major concerns, resulting in a poor quality of life and a high mortality rate for patients (298).
Positioning and precision of radiation fields to target tumor have improved to reduce the toxicity
caused by irradiation of vulnerable and surrounding organs (299). High atomic number (2)
nanoparticles such as gadolinium (Z = 64) (300), hafnium (Z = 72) (301), platinum (Z = 78) (302),
gold (Z = 79) (303), or bismuth (Z = 82) (304) have recently been investigated as an approach to
improve the therapeutic index of radiotherapy.

High-Z metallic nanoparticles can accumulate in cancer cells either by Enhanced Permeability and
Retention (EPR) effect and/or by the use of active targeting (305), increasing the absorption
coefficient of radiation in tumor tissues and causing fewer side effects than conventional
radiosensitizers. High-Z nanoparticles can also be used as theranostic agents, which combine
anticancer therapeutic activity with diagnostic capability in medical imaging modalities (306,307).
Two-dimensional (2D) in vitro cancer models may be too simplistic and insufficient to accurately
assess the value of various RT/molecular or nanoparticle agent combinations. Spheroids, which
are three-dimensional (3D) in vitro models, have characteristics such as close cell-cell
interactions, lactic acidosis, and hypoxia that could better mimic in vivo conditions and improve
screening accuracy for novel anti-cancer strategies (308,309). As spheroids grow in size, deeper
lying cells may be exposed to increasing levels of lactic acid and hypoxia, reducing the efficacy of
RT. Similarly, because certain drugs have difficulty diffusing and penetrating to the center of
spheroids, the measured efficacy of RT in 3D models is lower than in 2D models (71,310). Cell
signaling also contributes to tumor radioresistance by assisting cells in exchanging materials and
agents for cellular repair in order to overcome radiation damage (311). Nutrient gradients control
the proliferating and metabolic states of tumor cells, resulting in metabolically active and
proliferating cells in the outer cell layers, necrotic and apoptotic cells in the center of the
spheroids, and quiescent cells in between (18,167). Because of differences in proliferation and
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oxygenation, cells in the proliferating and quiescent layers respond differently to radiation (312).
While ionizing radiation causes a variety of cellular responses, cell cycle arrest in G2, as well as
apoptosis and senescence, are of particular interest in terms of radiotherapy efficacy. Spheroid
models, provide an intermediate situation, between 2D cell culture and in vivo models, for
assessing the effects of radiotherapy on cancers (16,312).

Thus, when 3D spheroid models are used instead of or in addition to monolayer models in the
screening of combinatorial therapeutic agents for use with radiotherapy, candidates with higher
subsequent developmental success rates may be identified (313). Nevertheless, using these
models for standard biological assays and extracting the cells for post-treatment studies is still
challenging (314).

In radiobiology, cell death has traditionally been determined by the cell's loss of reproductive
integrity. Therefore, a cell is thought to be killed by radiation rather than by its own ability to
physically survive in the population, but through its reproductive ability integrity (314). As a result,
the clonogenic assay is regarded as a valuable and reliable method for determining cell death
following radiation treatment. This assay assesses a cell's ability to form colonies (290). This
simple and inexpensive method is well-known as a gold standard approach for evaluating
radiotherapy for several decades (315). Nevertheless, while clonogenic survival and 2D growth
data provide a valid indication of a cell line's intrinsic treatment sensitivity, it has been
demonstrated that clonogenic survival alone may be insufficient to calculate biologically
equivalent doses (272). As a results, it is important to develop protocols enabling post-treatment
monitoring in a 3D manner which better estimate cellular response to clinical irradiation doses.

The therapeutic efficacy of AGulX® nanoparticles as a radiosensitization agent in radiotherapy
was investigated on HCT-116 spheroids prepared using the previously described 3D in vitro
model. HCT-116 spheroids were screened for radiation response using the classical clonogenic
survival assay, optical microscopy techniques for growth monitoring, cell viability, and the spatial
distribution of proliferative cells within spheroids after irradiation. We show that HCT-116
spheroids demonstrated higher radioresistance compared to monolayer cells in clonogenic
survival assay which was consistent with previous finding on higher radioresistance of spheroids
compared to monolayer cells in pancreatic cancer cells (316,317). Interestingly, spheroids after
irradiation even at the highest dose (6 Gy) displayed the ability to grow during 6 days of
monitoring, while in the clonogenic assay they were unable to make colonies at higher doses. The
in-situ single cell optical imaging and analysis of spheroids revealed that 7 days after irradiation,
the depth of proliferative layers decreased as irradiation dose increased. The reduction of this
proliferative layer was detected for lower irradiation dose in the presence of AGuIX®
nanoparticles. The methodology presented in this study appears hence as a promising in vitro
assay for the evaluation of irradiation therapy efficacy.
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Materials and Methods

Molding of free-standing microwells

The agarose solution (150 plL) was deposited on a warmed PDMS mold (at 78°C) and a coverslip
was then placed on top of the drop of agarose to spread it with a constant thickness on the mold.
After agarose gelation into the desired shape (10 min), the coverslip was removed and the molded
agarose microwells were cut to fit in the wells of a 24 multi-well plate. The microwells were then
placed in a 24-multi well plate and kept hydrated with PBS (1 mL/well). The plate was UV-sterilized
(8 W, 254 nm) for 20 min on opened and closed state and kept at 4°C until used. The day before
each experiment, PBS was replaced by culture medium and let to diffuse within each microwell
by overnight incubation at 37°C before cell seeding.

Colorectal cancer cell line, HCT-116 and culture condition

HCT-116 colorectal carcinoma (CCL-247) cell line was purchased from the American Type Culture
Collection (ATCC, Virginia, USA). All cells were cultured in Dulbecco's Modified Eagle's medium
(DMEM-Glutamax, Gibco™), supplemented with 10% of heat-inactivated Fetal Bovine Serum
(FBS; Sigma, St. Louis, Missouri, US), 100 units/100 pg of penicillin/streptomycin (Gibco™).

Routinely, the HCT-116 cells were grown in T-25 cell culture flasks and were placed in the
incubator at 37°C with a 5% CO; atmosphere. The culture medium was changed regularly, and
the cell passage was carried out at 70% confluency every 3 days. The cell passage was performed
using recombinant cell-dissociation enzyme (TrypLE, Gibco™) to detach cells followed by
neutralizing with culture medium. The cell suspension was centrifuged at 1000 rpm (equal to 106
g) for 5 min, the supernatant was discarded, and the cell pellet was resuspended in 1 mL. The
number of cells was counted with a Neubauer chamber, and final cell volume was adjusted to
reach the desired cell concentration.

Multicellular tumour spheroids (MCTS) formation

MCTS of HCT-116 cells were formed in 24-well plates containing agarose microwells in each well.
After trypsinization and centrifugation, 120,000 cells in 1 mL complete medium was added in each
well (containing each 1 microsystem). To encourage and accelerate cell aggregation, the 24-well
plate was agitated for 15 min in the incubator at 37°C and 5% CO.. After 4 h, the plate was rinsed
with fresh medium to remove cells that did not reach the microwells. After 2 days, spheroids were
ready for incubation with nanoparticles.

Preparation of Cy5.5 conjugated Gadolinium based nanoparticles (AGulX°-Cy5.5)

The Gd-based nanoparticles (AGulX®) synthesized by NH TherAguix (Lyon, France) are composed
of a polysiloxane matrix surrounded by covalently bound DOTAGA-Gd ((1,4,7,10-
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tetraazacyclodode-cane-1-glutaric acid-4,7,10-triacetic acid)-Gd). The synthesis process is already
described in the literature (318). Briefly, AGulX® nanoparticles are composed of a polysiloxane
network surrounded by Gd chelates. The chemical composition of AGulX® nanoparticles is
(GdSis.sNeC25021Ha2, 10 H20), with a molar mass around 10 kDa. The hydrodynamic diameter of
the AGulIX® nanoparticles is close to 5 nm; and the AGulX® nanoparticles are characterized by a
zeta potential of 9.0 + 5.5 mV at pH 7.2. These AGulX® nanoparticles were further conjugated to
Cyanine-5.5(Cy5.5) fluorophore to make them detectable by confocal fluorescence microscopy.
They are referred as AGulX’-Cy5.5 nanoparticles in the rest of the article.

Incubation of cells with AGulX°-Cy5.5 nanoparticles

To incubate MCTS and monolayer cells with AGulX®-Cy5.5 nanoparticles, an intermediate solution
of AGulX®-Cy5.5 nanoparticles with 100 mM concentration of Gd was prepared in distilled-water.
From this intermediate solution, just before the incubation with cells, AGulX’-Cy5.5 solutions
were prepared in fresh DMEM with Gd concentration of 1.5 mM respectively. The MCTS in half
of the microsystems of the 24-well plates were incubated with 1 mL of AGuIX’-Cy5.5
nanoparticles solution. Prior to the irradiation, spheroids were rinsed with fresh medium, three
times, each 15 min.

Irradiation of Spheroids

Cells were irradiated with X-rays at Lyon-Sud Medical School (France) using an X-RAD320
irradiator (250 kV). 24-well plates containing spheroids in agarose microwells were horizontally
irradiated with 2 Gy at a dose rate of 2 Gy min~2,

Clonogenic survival assay

Immediately after irradiation at doses varying from 2 to 8 Gy, spheroids were trypsinized to
dissociate and the single cells plated at two different concentrations in three replicate 25 cm2
flasks (densities of 150-1600 cells, to yield 10-120 colonies after six cell divisions). Then they
were allowed to grow at 37°C for about 7-8 days (corresponding to six cell divisions, medium was
renewed every two days). At this time, cells were washed with PBS, fixed with 95% ethanol, and
stained with Giemsa. Colonies containing more than 64 cells were scored and the percentage of
surviving cells was calculated. The surviving fraction (SF) after each treatment were determined
as the number of counted colonies divided by the number of seeded cells and normalized to the
plating efficiency (PE) of non-irradiated cells. (PE = number of colonies formed/number of seeded
cells).

SER Calculation

The amplification efficiency of AGuIX°-Cy5.5 nanoparticles in irradiation of HCT-116 spheroids was
guantified using radiation Sensitizer Enhancement Ratio (SER). This parameter was defined at a
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dose point, specifically 2 Gy, which is the reference dose/fraction in conventional radiotherapy
treatments.

SF5 — SFy*™*

SER; (%) = 100 X
D( 0) SFDC

Where SFS and SF)PS refer to survival fractions at the dose D for control spheroids and
spheroids exposed to AGulX®, respectively.

The radiosensitivity of HCT-116 cells in 2D culture and spheroid form has been compared and
guantified using following equation.

SFP — SFSPh

SER, (%) = 100 X 57

Where SFZP and SFDSph refer to survival fractions at the dose D for 2D cells and spheroids,
respectively.

Spheroids growth follow-up

Just after irradiation, monitoring of spheroids growth started with phase contrast microscopy.
The images were taken at day 0,2,4 and 6 after irradiation with a 20X objective. For each
condition, spheroids in two replicates were imaged in three independent experiments. The
medium over the spheroids was changed every three days.

Quantification of phase contrast microscopy images

Images of growth follow up were analyzed using a dedicated routine in Matlab for manual
segmentation of spheroids area. From this segmented area, equivalent diameter and volume of
spheroids were calculated. The spheroids volume was plotted as scatter plots using the MATLAB
UnivarScatter function (°Manuel Lera Ramirez, 2015, available in MATLAB exchange files).

Live and dead assay

At the end of the growth follow up, Calcein (Thermofisher) and propidium iodide (PI, Sigma)
labeling were used to assess cell viability. Calcein is used to label the cytoplasm of viable cells in
green, whereas Pl is used to label the nuclei of dead cells in red. After removing the culture
medium, the spheroids were washed in pre-warmed PBS (3X, 5min). Calcein (1 uM) and PI (20 ug
mL?) diluted in pre-warmed sterile PBS were then incubated for 20 minutes at 37 °C before
epifluorescence microscopy.

Immunostaining of proliferative cells using EdU.

For EdU incorporation and detection, the Click-IT 555 kit was used (Invitrogen C10338), following
the manufacturer's instructions, with spheroids model adaptations. After removing half of the
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medium from the spheroids, a 20 uM EdU solution was prepared and added to the HCT-116
spheroids to keep them in 10 uM EdU for 24 hours.

To detect EdU, spheroids were fixed in paraformaldehyde (4%) for 20 minutes, washed with
PBS/5% BSA (3X,15 min), permeabilized with 0.5% Triton X-100 (Acros) for 20 minutes, and the
washing procedure was repeated. The Click-iT® reaction cocktail was prepared according to the
manufacturer's protocol, the 500 pL was added to each microwell for 30 minutes before washing.

Then samples were incubated with nucgreen™-Dead 488 (Invitrogen™, R37109, 1 drop/2mL in
PBS) at room temperature overnight. The procedure ended with rinsing spheroids with PBS (3x 5
min).

Spheroids Clarification

To overcome the limitations of optical microscopy of 3D biological samples, Spheroids were
clarified using glycerol/PBS solution (80%/20%) (319).

The solution for clarifying spheroids was prepared by mixing glycerol (99.5%, VWR Chemicals)
with PBS by the ratio of (80%/20%). A fresh solution was prepared for every experiment. To clarify
spheroids, just after fixation, they were incubated in glycerol solution for 24 h. A detailed
description of the mounting procedure used for imaging of spheroids was described in
Supplementary Fig. SI 1 of the article in chapter two. For most experiments, the microsystems
were incubated with a fresh glycerol solution and mounted between 2 coverslips, separated by a
1 mm sticky spacer (2x0.5mm thick Ispacer, Sunlin Lab).

Confocal fluorescence microscopy

Image acquisitions of spheroids and cell monolayers were carried out with a confocal microscope
(Leica SP5) using a 25X water immersion objective (NA=0.95). Image acquisitions in Z direction
was performed using a 1 um z-step. Automatic image acquisitions for a large number of spheroids
were performed.

Image processing

Images obtained by confocal fluorescence microscopy were analyzed using a dedicated Matlab
routine. While spheroids were imaged using optical sectioning in Z direction, it was useful to
guantify the average signal intensity along the radius of each spheroid.

To do this, the entire surface of each spheroid, at each imaging depth were first segmented using
the intensity signals coming from every nuclei (labelled with nucgreen™-488). From this
segmentation, the segmented spheroids slices were first fitted into a perfect circle for each
imaging depth, followed by fitting each spheroid z-stack into a perfect sphere. By changing the
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coordinates of analysis from Cartesian (x, y, z) to the spherical (R, theta, phi) coordinates, analysis
was performed in radial direction.

Quantifying EdU+ cells using Pearson’s correlation coefficient

Pearson’s correlation coefficient (PCC) values in analysis of fluorescence microscopy images
indicate the degree of association between fluorophores; this coefficient was considered as a
criterion for quantifying proliferative cells in each spheroid. As a result, the intensities for
nucgreen™ and EdU channels in segmented images fitted into a perfect sphere, were measured
in radial direction, using these intensities for each radius slice (dr). In Matlab, the PCC was
calculated using the following equation.

Yi(R; — R) x (G;— G)
VIR — B2 x (G, — G)?

Where R; and Girefer to intensity values of the two probe channels and R and G refer to the mean

PCC =

intensities of two probes in each radius slice. Finally, the mean values of this calculation were
plotted as a function of distance from the periphery in the radial direction for several spheroids
in each condition. The higher PCC values correspond to higher correlation of EAU with nucGreen™
probes and hence more proliferative cells, whereas lower PCC values correspond to the low
intensity of EHU compared to nucgreen™ channel showing lower proliferating cells ratio. In this
study, a PCC value larger than 0.5 were considered as a proliferative cell layer and a value lower
than 0.5 were considered as a non-proliferative cell layer.

Using proliferative depth values, Sensitizer Enhancement Ratio (SER) of AGuIX® was calculated
via the following equation.

dfey — dady
SER,g, = 100 x —>——2%
dZGy

Where dZCGy and dg’g; are the proliferative depth of control spheroids and spheroids exposed to

AGuIX®, respectively.
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Results & Discussion

The simple monolayer cell culture, cannot replicate the important features of the natural tumor
microenvironment, which becomes even more important when the response to therapy
strategies needs to be investigated (96). Multicellular tumor spheroids, as discussed earlier, have
properties that make them a good choice for simulating the natural tumor microenvironment in
in vitro assays. The gradient of oxygen, metabolites, and pH in multicellular tumor spheroids,
enable this model to exhibits a degree of therapy resistance, increasing the liability of in vitro
assays for novel drugs and nanoparticles (18,72,76). The lack of oxygen within the spheroids has
been linked to a reduction in radiation-induced cell damage. Indeed, the availability of local
molecular oxygen improves radiotherapy efficacy because DNA lesions caused by ROS generated
during water radiolysis react with oxygen to form stable DNA peroxides. Oxygen is responsible for
approximately 65% of DNA damage caused by irradiation(312). With this in mind, cancer cells that
receive less oxygen, such as those from the core of spheroids, are typically more radioresistant
(72,312,320). It has been demonstrated that the 0—10 Gy radiation had a greater effect on the
glioblastoma cell model BMG1 on cell monolayers than on spheroids, because ROS production in
the cells after the radiation was higher in the monolayers than in the spheroids (215).

Cell signaling also assists cells in exchanging materials and agents for cellular repair in order to
overcome radiation damage, which contributes to tumor radioresistance. Furthermore, nutrient
gradients create three distinct zones in tumors: proliferative, quiescent, and necrotic cells, each
of which responds differently to radiotherapy due to differences in proliferation and oxygenation
(312).

Conventional methods for producing spheroids limit the use of this cellular structure in
nanotherapeutics screening, particularly when it comes to assessing therapeutic efficacy of these
novel drugs and translating it to standard biological assays and clinical expectations. HCT-116
spheroids were prepared using a newly developed agarose microsystems (319). This 3D in vitro
model provides us with thousands of spheroids for irradiation and enabled us to have enough
cells for performing clonogenic survival assay and optical microscopy monitoring in a high
throughput manner, which was impossible with classical spheroids generation techniques.

First, the radiosensitivity of HCT-116 monolayer cells and spheroids was tested using a clonogenic
survival assay after being irradiated with different doses (0, 2, 4, 6, and 8 Gy).

The primary experiment, which assessed HCT-116 cell radiosensitivity using clonogenic survival
assay revealed that HCT-116 cells in spheroids are more resistant to irradiation than monolayer
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cells (Fig. 3.3). At 6 Gy irradiation, no colony for irradiated 2D cells was observed in contrast to
spheroids, although these spheroids were dissociated immediately after irradiation and seeded
in T25 culture flasks in a 2D manner. In addition, when we compared the radiosensitivity of cells
in 2D and spheroids using the radiation Sensitizer Enhancement Ratio (SER), the radiosensitivity
of spheroids at 2Gy irradiation is 133.3 % lower than 2D cells (Table 3.1), remarking considerable
difference of cell response to radiotherapy in monolayer culture and spheroid form.

The developed 3D in vitro model was used to evaluate radiosensitizer agents (AGulX®-Cy5.5
nanoparticles) using parallel follow-up strategies; one is the classical clonogenic assay, and the
other is using optical microscopy, which includes spheroids growth follow-up with phase contrast
microscopy, cell viability assay with epifluorescence microscopy, spatial distribution of
proliferative cell nuclei using confocal fluorescence microscopy.

Clonogenic survival assay- HCT-116
Dose (Gy)
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Figure 3.3. Clonogenic Survival curves;, Monolayer HCT-116 cells (2D) and HCT-116 cells in spheroid form
(3D) treated with 0, 2, 4, 6 and 8 Gy of irradiation. Markers correspond to the mean value and standard
deviation of two replicates in a single experiment.
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Figure 3.4. Analysis of radiosensitizing effect of AGulX®-Cy5.5 nanoparticles in HCT-116 spheroids (d=100
um); (A) The experimental timeline for irradiation of HCT-116 spheroids. (B) Clonogenic Survival curves for
HCT-116 spheroids that were treated or not with 1.5 mM AGulX®-Cy5.5 nanoparticles for 24 hours prior to
irradiation at 0, 2, 4 and 6 Gy (250 kV, 2 Gy/min). Irradiated cells were cultured for 8 days. Colonies of more
than 64 daughter cells in a culture were counted. The markers are mean values and standard deviations
extracted from three independent experiments.

To evaluate the therapeutic efficacy of AGulX®-Cy5.5 nanoparticles in radiotherapy of HCT-116
cell spheroids, all spheroids in plates (exposed or not to AGulX®-Cy5.5 nanoparticles) were
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irradiated to specific irradiation doses. Following irradiation, a portion of spheroids from each
condition in each plate were dissociated to single cells, which were then counted and seeded in
accordance with the clonogenic survival assay protocol. The timeline of these experiments is
shown in Fig.3.4 A.

Table.3.1. Sensitizer Enhancement Ratio (SER) for comparison of HCT-116 cells radiosensitivity in
2D/spheroids and in spheroids/spheroids + AGuIX®.

SFZGy SER;g)/ISpheroids(%) SER.;;(J;I;eroids/Spheroids+AGuIX(%)
Control - 2D 0.12+0.01 1333
Control — Spheroids 0.28+0.01 50
Spheroids + AGuIX® 0.14+0.01

The clonogenic survival curves in Fig. 3.4 B revealed a moderate radiosensitizing effect of AGulIX®-
Cy5.5 nanoparticles in combination with radiotherapy for HCT-116 cell spheroids, with a decrease
in cell survival fraction in the presence of AGulX®-Cy5.5. However, at high irradiation doses (> 4
Gy), survival fractions are smaller than 0.01 even without AGulX® which are not conclusive: the
irradiation doses chosen were too high for the HCT- 116 cell line, to clearly demonstrate a
radiosensitizing effect at these doses using the classical 2D clonogenic assay. The Sensitizer
Enhancement Ratio (SER) calculation at 2 Gy, showed 50% increase in irradiation effect when
spheroids were exposed to 1.5 mM AGuIX®-Cy5.5 for 24 hours prior to irradiation, which is
significant compared to the other study on AGulX® radiosensitizing effect on other cell lines and
another kind of 3D model (321).

Nevertheless, a set of complementary optical microscopy follow-up revealed interesting results.
The remaining spheroids in the other microwells in each plate were kept intact for growth
monitoring via phase contrast microscopy, live and dead assays with epifluorescence microscopy
and analysis of cell proliferation with confocal fluorescence microscopy Figure 3.5 presents the
timeline of the characterization of cell response to radiotherapy with and without AGuIX®-Cy5.5
nanoparticles using various methods mentioned above.

Incubation with AGulX Incubation with EDU
Cell seeding Irradiation Fixation & labelling
R growth follow-up Image aquisition
=R R R
0 2 3 9 10 days

Figure 3.5. Experimental timeline of the irradiation experiment characterized with optical microscopy,
Spheroids were treated with AGulX®-Cy5.5 nanoparticles at day 2 after cell seeding for 24 hours, at day 3
spheroids were irradiated. At day 0,2,4 and 6 after irradiation spheroids were imaged with optical
microscopy, 7 days after irradiation spheroids were stained for live/dead assay using Calcein and Pl for live
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and dead cells, respectively, followed by fixation for detecting EdU in proliferative cells and labelling with
nucgreen™.

To achieve a better understanding of the effect of AGulX®-Cy5.5 nanoparticles on the growth of
HCT-116 spheroids after irradiation, the results were presented for each dose, separately and
spheroids growth with and without AGulX®-Cy5.5 nanoparticles were compared (Fig. 3.6, Fig.
SI.1, Fig. S1.2).
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Figure 3.6. Spheroids growth follow-up using phase contrast microscopy for (A) control, (B) 2Gy, (C) 4Gy
and (D) 6 Gy.

For each irradiation dose, (top rows): representative spheroids images at day 0,2,4 and 6 after irradiation
with phase contrast microscopy. (bottom graph) Scatter plot of the volume of spheroids with and without
AGuIX®-Cy5.5 nanoparticles were calculated by manual segmentation of spheroids area in images in
Matlab and scatter plots were plotted using the MATLAB UnivarScatter function (©OManuel Lera Ramirez,
2015, available in MATLAB exchange files). Pink dots are the volume of single spheroids treated with
AGuIX®-Cy5.5, with grey error bar showing mean and standard deviation of three independent
experiments. Green dots show the volume of single spheroids not exposed to AGulX®-Cy5.5 with black error
bar showing mean and standard deviation of independent experiments. Number of total spheroids
analysed : (Control) three independent experiments (without AGulX®, N=172, with AGulX® N=143); (2Gy)
three independent experiments (without AGulX®, N=179, with AGulX® N=167) ;(4Gy) two independent
experiments (without AGulX® N=97, with AGulX®, N=93) (6Gy) two independent experiments (without
AGuIX® N=116, with AGulX®, N=82).

While in the clonogenic survival assay, single cells seeded in T25 flask at doses higher than 4 Gy
were not able to make any colony, the growth monitoring of spheroids after irradiation showed
the ability of overall spheroids growth during 6 days follow-up for all conditions. Nevertheless, it
should be mentioned that the growth rate decreased with increase in irradiation dose. Moreover,
the microscopy images of various doses show that as the irradiation dose increases, so does the
disorganization of spheroids. Some cells were observed surrounding the spheroids, implying
possible dead cells detached from the main spheroids. This behavior of HCT-116 spheroids in
response to irradiation has been already observed in another study (272), in which HCT-116
spheroids, after irradiation at doses between 2 -10 Gy, continued to grow; however the growth
rate showed a reduction depending on the irradiation dose. They have also reported the
detachment of dead cells from outer layer in higher doses, while spheroids retained their dense
structure (272). These findings highlight the importance of using 3D cell models in radiotherapy
experiments, particularly monitoring intact spheroids after irradiation to improve prediction of in
vivo and clinical outcomes in which cells response to treatment in the form of solid tumor.

The scatter plots of spheroids volume were plotted at each irradiation dose for spheroids
incubated and not with AGuIX®-Cy5.5 nanoparticles. The mean values of HCT-116 spheroids
volume with and without AGulX®-Cy5.5 nanoparticles in all days were almost overlapped for non-
irradiated spheroids, but the larger standard deviations of spheroids volumes exposed to
nanoparticles showed higher discrepancy in overall spheroids growth.

At the end of the growth follow up microscopy, these spheroids were labelled with Calcein and PI
and were imaged with epifluorescence microscopy for live and dead assay. Even if such optical
imaging is not resolved in the depth of the spheroids, the images confirmed the death of majority
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of cells surrounding the spheroids and an increase in dead cells with increasing irradiation dose
(Fig.3.7). Interestingly, the majority of dead cells, especially in spheroids without AGuIX® were
cells in the periphery of spheroids or proliferative zone, showing the difference in response to
irradiation in different cell layers. Qualitatively, it appeared that the presence of AGuIX® in
spheroids increased cell death in the central part of the spheroids. Such dead cell repartion needs
to be explored quantitatively, and for a reliable quantification, they need to be imaged in
fixed/clarified state via confocal fluorescence microscopy.
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Figure 3.7. Epifluorescence microscopy images of HCT-116 spheroids in live and dead assays, 7 days after
irradiation. Green color show live cells labeled with Calcein and red color shows dead cells labelled with
propidium iodide (PI).

We chose to analyse proliferating cells instead of dead cells. Indeed, monitoring of spheroids
growth after irradiation seems to be a valuable approach for evaluation of overall response of
these tumor models to radiotherapy, nonetheless, a screening approach at single cell level is
highly crucial to extent the knowledge regarding the cellular response to treatment in such
heterogeneous environment.

To analyze the proliferation state in situ, at the single cell level, EDU immunostaing was performed
(Fig. 3.8 to 3.13). The approach used to analyze the confocal z-stack obtained intended to
calculate the coincidence of nucgreen™ and EdU for quantification of proliferative cells in
spheroids using the Pearson’s correlation coefficient (PCC) for EdU and nucgreen™. For all
irradiation doses, the analysis was performed in the radial direction, and the PCC values were
plotted as a function of distance from the periphery in the radial direction to compare
proliferation in irradiated spheroids incubated or not with AGulX®-Cy5.5 nanoparticles. In PCC
curves, the value higher than 0.5 were considered as a proliferative cell layer and values lower
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than 0.5 as a non-proliferative cell layer. The point that PCC goes under 0.5 considered as the
proliferative depth. Figure 3.14 showed the proliferative depth for all condition in one plot.

As previously discussed, one intrinsic feature of tumor spheroids that is shared with natural
tumors is cellular heterogeneity, in spheroids with a diameter smaller than 500 um and larger
than 200 um, there are two distinct zones, proliferative and quiescent zones (18). The diameter
of spheroids used in this study was between 200 um and 300 um. As shown in Fig. 3.1, in these
spheroids there are two different zones, a proliferative layer and a quiescent core.

As shown in Fig. 3.8 A, the yellow region appears as a ring in spheroids exposed or not to AGulX®-
Cy5.5 nanoparticles, becoming less visible in deeper layers. The plot of the Pearson’s correlation
coefficient of nucgreen™ and EdU as a function of distance from the periphery for non-irradiated
spheroids was shown in Fig. 3.8 B. As expected for these non-irradiated spheroids, the
proliferative depth was similar for both samples (57.0% 4.2 um versus 58.5+3.5 um for spheroids
without and with AGuIX© respectively).

The Pearson’s correlation coefficient was plotted for spheroids irradiated at 1Gy dose (Fig.3.9 B),
even though at the periphery PCC has same value, the proliferative depth for spheroids not
exposed to AGuUIX®-Cy5.5 was 67+11 um and for spheroids exposed to AGulX®-Cy5.5 was 83+4
um. The higher proliferation in spheroids exposed to nanoparticles might result from low statistics
of this experiment (one independent experiment) and low dose of irradiation, which has not been
enough to see an effect of radiosensitization of AGuIX®.

On the other hand, at 2 Gy (Fig. 3.10 B), two curves were clearly distinguishable, and the
radiosensitizing effect of AGulX®- Cy5.5 nanoparticles could have been observed, which was
consistent with clonogenic assay results at 2 Gy showing the greatest effect of AGuIX®-Cy5.5
nanoparticles on HCT-116 response to irradiation. The proliferative depths for spheroids not
exposed and exposed to AGulX®-Cy5.5 nanoparticles were 55.5+3.5 um and 27.0+7.0 um,
respectively. Similar to this, at 3 Gy (Fig. 3.11 B), spheroids with AGulX®-Cy5.5 nanoparticles were
less proliferative (32.5+3.5 um) than spheroids not exposed to AGuIX®-Cy5.5 nanoparticles
(61.0+4.2 um). At 4 Gy (Fig. 3.12 B), the two curves overlap (43.5+3.5 um 38.5+3.5 um, without
and with AGulX®-Cy5.5 respectively).
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Figure 3.8 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nuclei in HCT-116
spheroids of control sample (0 Gy-not irradiated), where green channel shows nuclei stained with
nucgreen™ dead 488 and red channel show nuclei of proliferative cells labelled with Click-iT®-EdU 555,
Yellow color displays superposition of these channels indicating proliferative cells in spheroids. (B) Mean of
Pearson’s correlation coefficient for EAU and nucgreen™ channel in radial direction as a function of distance
from the periphery and light colors are standard deviation of three independent experiments (without
AGuIX® N=152, with AGulX® N=118). Dotted lines correspond to proliferative depth in spheroids.
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Figure 3.9 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nucleus in HCT-116
spheroids irradiated at 1 Gy dose, where green channel shows nucleus stained with nucgreen™ dead 488
and red channel show nucleus of proliferative cells labelled with Click-iT®-EdU 555, Yellow color displays
superposition of these channels indicating proliferative cells in spheroids. (B) Mean of Pearson’s correlation
coefficient for EAU and nucgreen™ channel in radial direction as a function of distance from the periphery
and light colors are standard deviation of a single experiment (without AGulX®, N=55, with AGulX®, N=21).
Dotted lines correspond to proliferative depth in spheroids.
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Figure 3.10 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nucleus in HCT-116
spheroids irradiated at 2 Gy dose, where green channel shows nucleus stained with nucgreen™ dead 488
and red channel show nucleus of proliferative cells labelled with Click-iT®-EdU 555, Yellow color displays
superposition of these channels indicating proliferative cells in spheroids. (B) Mean of Pearson’s correlation
coefficient for EAU and nucgreen™ channel in radial direction as a function of distance from the periphery
and light colors are standard deviation of three independent experiments (without AGulX®, N=110, with
AGuIX®, N=114). Dotted lines correspond to proliferative depth in spheroids.
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Figure 3.11 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nucleus in HCT-116
spheroids irradiated at 3 Gy dose, where green channel shows nucleus stained with nucgreen™ dead 488
and red channel show nucleus of proliferative cells labelled with Click-iT®-EdU 555, Yellow color displays
superposition of these channels indicating proliferative cells in spheroids. (B) Mean of Pearson’s correlation
coefficient for EAU and nucgreen™ channel in radial direction as a function of distance from the periphery
and light colors are standard deviation of a single experiment (without AGulX®, N=20, with AGulX®, N=38).
Dotted lines correspond to proliferative depth in spheroids.
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Figure 3.12 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nucleus in HCT-116
spheroids irradiated at 4 Gy dose, where green channel shows nucleus stained with nucgreen™ dead 488
and red channel show nucleus of proliferative cells labelled with Click-iT®-EdU 555, Yellow color displays
superposition of these channels indicating proliferative cells in spheroids. (B) Mean of Pearson’s correlation
coefficient for EAU and nucgreen™ channel in radial direction as a function of distance from the periphery
and light colors are standard deviation of three independent experiments (without AGulX®, N=102, with
AGulX® N=89). Dotted lines correspond to proliferative depth in spheroids.
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The images of spheroids irradiated at 6 Gy were shown in Fig.3.13 displayed very few proliferative
cells could be observed even at peripheral zone, consequently, the quantification approach did
not seem valid for 6 Gy dose, since PCC calculation is valid when the intensity of fluorescence
channels are higher than background (263). While in 6 Gy, due to the lack of proliferation in cells,
EdU intensity is almost at the level of the background.

Depth=0 pm Depth=30 pm Depth= 60 pm Depth=90 um

Control

1.5mM-AGulIX®

Figure 3.13 (A) Overlaid images acquired using confocal fluorescence microscopy of cell nuclei in HCT-116
spheroids irradiated at 6 Gy dose, where green channel shows nuclei stained with nucgreen™ dead 488
and red channel show nuclei of proliferative cells labelled with Click-iT®-EdU 555, Yellow color displays
superposition of these channels indicating proliferative cells in spheroids.

Generally, overlaid images of EAU and nucgreen™ showed that the depth of the proliferative layer
decreases with increase in irradiation dose, insofar that in 6 Gy there were only few proliferative
cells at the periphery of spheroids. The analysis of PCC for EdAU and nucgreen™ in all radiation
doses (except 1 Gy) showed a higher value for spheroids that were not incubated with AGuIX®-
Cy5.5 nanoparticles, implying that AGulX®-Cy5.5 nanoparticles boosted the efficacy of irradiation
in HCT-116 spheroids, as further quantified below

From these analyses, we chose to synthetically represent the results using the measure of the
proliferative depth as a proxy for the radiotherapy efficacy (Fig. 3.14, the lower the proliferative
layer, the better the efficacy of the treatment). While for control spheroids, a decrease in the
proliferative depth is only visible at 4Gy (from 57.0£4.2 um to 43.5+3.5 um for control vs 4Gy
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respectively), the decrease is already important at 2 Gy in the presence of AGulX® (reduction of
the proliferative layer from 58.5+3.5 um to 27.0+7.0 um for control vs 2Gy).

In a similar calculation of Sensitizing enhancement ratio (SER) for clonogenic assay at 2 Gy, this
ratio was calculated using proliferative depths of spheroids not exposed and exposed to AGulX®,
the SER, ¢, of AGuIX® was calculated 51.3 % which is very close to SER,,, value of 50%,
calculated by survival fractions in clonogenic assay.
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Figure 3.14. Depth of proliferative zone in HCT-116 spheroids exposed 7 days after irradiation. Using the
calculation of Pearson’s Correlation Coefficient for EdU and nucgreen™ channels in all conditions, the
values higher than 0.5 considered a proliferative cell. Green dots correspond to HCT-116 spheroids not
exposed to AGulX®-Cy5.5 nanoparticles, red dots correspond to HCT-116 spheroids exposed to 1,5 mM
AGuIX®-Cy5.5 nanoparticles. Error bars are standard deviation of three independent experiments.
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Conclusion

The agarose-based microsystem, which has previously been validated for tracking nanoparticle
penetration and subcellular localization in a 3D cellular model, was used to assess the therapeutic
efficacy of AGulX®-Cy5.5 nanoparticles in combination with radiotherapy. This 3D in vitro model
has been shown to be compatible with the classic clonogenic assay, the in vitro gold standard for
assessing cell radiosensitivity. In this study, optical microscopy-based assays were used to enable
post-treatment monitoring of multicellular tumor spheroids without dissociating them. HCT-116
spheroids outperformed monolayer HCT-116 cells in terms of radioresistance, highlighting the
benefit of using such 3D in vitro models for assessing cell response to radiotherapy in preclinical
studies. Interestingly, growth follow-up of HCT-116 spheroids revealed their ability to grow after
irradiation in all doses, while the growth rate decreased at higher doses, emphasizing the need
for the follow-up of intact spheroids after irradiation. The highest radiosensitizing effect of
AGuIX® was found at 2 Gy in a study of cell proliferation 7 days after irradiation and the unique
image analysis approach intending to quantify proliferative depth at each dose was consistent
with clonogenic survival assay resulting in very close SER value for sensitizing effect of AGuIX® at
2 Gy irradiation.
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4. Supplementary Materials
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Figure SI.1. Spheroids growth follow-up using phase contrast microscopy. (A) spheroids images at day 0,2,4
and 6 after irradiation with phase contrast microscopy (1 Gy) (B) Scatter plot of the volume of spheroids
with and without AGulX®-Cy5.5 nanoparticles were calculated by manual segmentation of spheroids area
in images in Matlab and scatter plots were plotted using the MATLAB UnivarScatter function (©Manuel
Lera Ramirez, 2015, available in MATLAB exchange files), pink dots are the volume of single spheroids
treated with AGulX®-Cy5.5, with grey error bar showing mean and standard deviation of three independent
experiments. Green dots show the volume of single spheroids were not exposed to AGulX®-Cy5.5 with black.
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Figure SI.2. Spheroids growth follow-up using phase contrast microscopy. (A) spheroids images at day 0,2,4
and 6 after irradiation with phase contrast microscopy (3 Gy) (B) Scatter plot of the volume of spheroids
with and without AGulX®-Cy5.5 nanoparticles were calculated by manual segmentation of spheroids area
in images in Matlab and scatter plots were plotted using the MATLAB UnivarScatter function (©Manuel
Lera Ramirez, 2015, available in MATLAB exchange files), pink dots are the volume of single spheroids
treated with AGuIX®-Cy5.5, with grey error bar showing mean and standard deviation of three independent
experiments. Green dots show the volume of single spheroids were not exposed to AGulX®-Cy5.5 with black
error bar showing mean and standard deviation of spheroids volume in single experiment (without AGuIX®,
N=70, with AGulX®, N=69).

127



5. Outlooks of this work

Although HCT-116 cells were more resistant in spheroids than in 2D culture, detecting the
radiosensitization effect of AGulX®-Cy5.5 nanoparticles at higher doses was challenging due to
intrinsic radiosensitivity of the HCT116 cell line. As a result, the irradiation dose in subsequent
studies must be reduced to an optimal window for this cell line. The effect of nanoparticles was
best revealed at 2 Gy. Spheroids' growth was monitored for up to six days after irradiation, though
in future studies, spheroids' growth will be monitored for a longer period using microsystems with
larger microwells to increase our knowledge regarding the effect of radiation on spheroids'
growth. In addition, live and dead assay that has been done with epifluorescence microscopy
could be performed via confocal fluorescence microscopy enabling observing inside of spheroids
to quantitatively analyze dead cells distribution.

In a preliminary experiment, an assay was designed to evaluate the ability of HCT-116 single cells
derived from irradiated spheroids to form spheres. The single cell seeding protocol developed by
Alexis Chambost was used to seed cells obtained by dissociating HCT-116 spheroids after
irradiation (similar to clonogenic assay). The single cells were then imaged with bright field
microscopy using 10X objective on day 0 to find single cells in microwells, day 3 and day 7 to find
spheres. Images were analyzed using a convolutional neural network developed by Alexis
Chambost. For each condition, the percentage of single cells that formed spheres was calculated
and plotted. A similar sensitivity was found using a 3D single cell assay (Fig. 3.15). The ability to
form sphere start to decrease with irradiation larger than 2Gy with or without the presence of
AGuIX®. But interestingly, the percentage of cells able to form sphere decrease much more in the
presence of AGuIX® (60 % for spheroids not exposed to AGulX® and 43% for spheroids exposed
to AGuIX® at 2 Gy). The 3D in vitro system used for single cell seeding in agarose microwells after
irradiation revealed that not only cells in spheroid form after irradiation, but also when seeded
as single cells in a 3D manner, show more resistance to irradiation.

Despite the fact that this experiment was only conducted once, the results were promising and
Alexis’s 3D in vitro model for single cell seeding has the potential for developing a reproducible
and standard 3D clonal assay for such studies to go beyond classical clonogenic assay.

128



Micro-Chip
_
Day 7
100 @® HCT-116 spheroids
90 @® HCT-116 spheroids + AGuIX®
80
5 70 ® (]
% 60
: ¢
L 50
o @ ®
2 40 &
& 30 +
EN
20
10
0
0 1 ) 3 4
Irradiation dose (Gy)

Figure 3.20. Screening the ability of irradiated single cells to form spheres after irradiation. (A) Agarose
based microchip designed for single cell seeding; d= 200 um. (B) Bright field microscopy images of a single
cells at day 0 and formed sphere at day 7 after irradiation (10X). (C) The percentage of single cells formed
spheres during 7 days after irradiation in a single experiment (accuracy=89.3 %, N= 892 cells). The error
bars are standard deviation of two replicates for each condition.
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Chapter 4. Conclusion and Perspectives
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General Conclusion

The 3D in vitro models based on multicellular tumor spheroids must not only be capable of
producing spheroids and maintaining them in culture for several days, but they must also be
compatible with the various characterization techniques currently used for nanotherapeutics
screening, such as classical biological assays, optical microscopy techniques, and other
techniques. To achieve these goals, hydrogel based microsystems were designed and developed
in the Biophysics Team of the Institute of Light and Matter (ILM).

In my PhD which was a proof of concept study, microsystem with a specific design containing 130
cylindrical microwells with a diameter of 200 um have been prepared using agarose hydrogel for
spheroids generation. The colorectal cancer cell lines, HCT-116, which are capable of forming
coherent spheroids, were used as a cellular model, and radiosensitizing AGuIX®- Cy5.5
nanoparticles developed by the FENNEC team of the ILM were used as a model of nanoparticles.
These nanoparticles were introduced to HCT-116 spheroids to explore their penetration,
distribution, kinetics of penetration, and localization in multicellular tumor spheroids. Cellular
uptake of AGulX®- Cy5.5 nanoparticles in HCT-116 monolayer cells (2D) and HCT-116 spheroids
(3D) were compared. For characterization of cell-nanoparticle interactions, optical microscopy
techniques, primarily confocal fluorescence microscopy and, to a lesser extent, time-lapse phase
contrast microscopy, were used. The acquired images were then analyzed in Matlab using
dedicated routines. Because AGulX®- Cy5.5 nanoparticles are composed of polysiloxane and
gadolinium chelates, the ICP-MS technique could be used to measure quantitatively cellular
uptake of these nanoparticles based on gadolinium concentration; thus, a protocol compatible
with this measurement was developed in order to achieve reliable and reproducible results.

The findings of this section of the study first demonstrated the feasibility and advantages of using
this 3D in vitro model to investigate various aspects of cell-nanoparticle interactions in a 3D
cellular architecture. The results also revealed that the penetration of AGuIX®- Cy5.5
nanoparticles is highly dependent on the incubation concentration and duration. Localizations of
AGuIX®- Cy5.5 nanoparticles in HCT-116 spheroids and monolayer cells were studied using
confocal fluorescence microscopy. While nanoparticles are residing in both extracellular and
intracellular space in spheroids, their main intracellular localization in both 2D and 3D are within
lysosomes. Nevertheless, they were also observed in other compartments, such as early
endosomes and mitochondria. Interestingly, further quantifications of images using Matlab based
on the calculation of Pearson’s Correlation Coefficient revealed that nanoparticle localizations in
2D and 3D were different; indicating that intracellular fate in monolayer cells and cell spheroids
is different. Variable access to nanoparticles when cells are organized in a 3D structure like
spheroids, as well as gradients in pH, oxygen, and nutrients, are all factors that influence
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nanoparticle internalization, highlighting the advantages of using such 3D in vitro models in cell-
nanoparticle interactions research while enabling screening of all these parameters with highly
remarkable statistics.

While another interesting element of cell-nanoparticle interactions is understanding how
nanoparticles or any therapeutic agent can affect cell viability and cell proliferation, 3D in vitro
spheroids models appear promising for such studies, as the growth rate of spheroids could be
tracked using time-lapse microscopy, live and dead assays could be implemented and assessed
using fluorescence microscopy and proliferative cells could be labeled with Click-iT® EdU
incorporating newly synthesized DNA and imaged via confocal fluorescence microscopy. These
experiments were carried out with high throughput thanks to the agarose-based microwells used
in this project, resulted in statistically reliable results. The findings showed that the presence of
AGuIX®- Cy5.5 nanoparticles alone do not affect the growth rate of HCT-116 spheroids. This 3D in
vitro model has also been used to investigate the distribution and localization of another type of
nanoparticle, polymer nanoparticles and polymer chains, emphasizing the utility of using this in
vitro model in nanotherapeutics screening.

These experiments served as the foundation for another part of my PhD, which aimed to assess
the therapeutic efficacy of AGulX®- Cy5.5 in the radiotherapy of HCT-116 cells in spheroids. The
primary experiment, which aimed to assess HCT-116 cells' radiosensitivity using a classical
clonogenic assay, revealed that HCT-116 cells in spheroid form had higher radioresistance than
HCT-116 monolayer cells, indicating that this 3D model could replicate response to therapy in an
in vitro platform. Further experiments were carried out to determine the therapeutic efficacy of
AGuIX®-Cy5.5 on HCT-116 spheroids, which were analyzed using a classical clonogenic survival
assay as well as optical microscopy techniques for spheroids growth, cell proliferation, and
live/dead assays after irradiation with various doses. The findings confirmed AGuIX®- Cy5.5's
radiosensitizing effects, which were previously reported in other AGuIX® preclinical studies.
However, in higher doses radiosensitizing effect of AGulX® was not detectable due to intrinsic
radiosensitivity of HCT-116 cell line implying the importance of choosing the right irradiation
range for each cell line. The highest radiosensitization effect of AGuIX®-Cy5.5 was observed at 2
Gy, where a SER of 50 % for AGulX®-Cy5.5 was found, meaning that these NPs amplified the
efficacy of irradiation by 50 %. Furthermore, clonogenic assays revealed that HCT-116 cells were
incapable of forming colonies when seeded very diluted in a 2D manner; while in a 6-day growth
follow-up of spheroids after irradiation, spheroids continued to grow and the growth rate
decreased as the radiation dose increased. The cell proliferation assay that | used for my PhD
allowed us to see the effect of irradiation at the single cell level in spheroids and quantify the cell
proliferation in a unique approach using Pearson’s Correlation Coefficient. In study of cell
proliferation 7 days after treatment at single cell level, again, the highest radiosensitivity of
AGuIX®-Cy5.5 was observed at 2 Gy, where depth of proliferative layer in control spheroids
decreased by 50% in spheroids exposed to AGulX®-Cy5.5.
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Perspectives

During my PhD, | validated agarose-based microwells for the production of hundreds to
thousands of homogeneous spheroids and their characterization using various nanotherapeutics
assessment techniques.

Basically, these agarose-based microwells can be changed and their mechanical properties, such
as stiffness, which was in the range of 150 kPa, can be adjusted and prepared with very low
stiffness around 1 kPa using a low concentration of ultra-low agarose. The design of these
microwells could also be changed depending on the experiment's goal. Microwells with larger
wells, for example, enable exploring the impact of spheroids' size on microenvironment
parameters like hypoxia and acidity, as well as cellular response to treatments.

Parameters such as cell cohesion, the presence of extracellular matrix, and a heterogeneous cell
population, on the other hand, could be provided in this 3D in vitro model, making the
microenvironment more complex and changing cell-nanoparticle interaction and therapy
response. For instance, a colorectal cancer cell model can be created using cell lines with varying
metastatic stages and invasive properties (low to high invasiveness; HT-29, HCT-116, SW-620), or
stromal cells such as cancer associated fibroblast can be added to cancerous cells to increase
extracellular matrix in spheroids, which influences cell responses to treatments. As shown,
response to treatment can be investigated using a variety of optical based microscopy techniques.
The longer growth follow-up could extend our knowledge in tumor growth after irradiation, which
of course needs microsystems with larger microwells enabling extended culture of spheroids.
Other assays, such as the invasion assay, which has already been applied to spheroids in a
preliminary experiment, could be used to promote nanotherapeutics screening in simple to
complex spheroids models, while reinforcing the classical clonogenic assay, which is a gold
standard in radiosensitization studies but is not adapted for 3D models. In general, the model |
developed for my PhD has promising potential for simulating natural tumor microenvironments
of varying complexity as well as high-throughput drug and nanoparticle screening. Because of its
ability to generate a large number of uniform spheroids and change various parameters, this
novel model is a powerful tool for studying tumor physiological and biological properties, as well
as in vitro studies of novel nanotherapeutics.
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Abstract

In life sciences, there are increasing interest in 3D culture models to better reproduce the
3D environment encountered in-vivo. Imaging of such 3D culture models is instrumental
for drug discovery, but face several issues before its use becomes widespread. Extensive
microscopic investigation of these 3D cell models faces the challenge of light penetration
in depth in opaque biological tissues. To overcome this limit, diverse clearing techniques
have emerged over the past decades. However, it is not straightforward to choose the
best clearing protocols, and assess quantitatively their clearing efficiency. Focusing on
spheroids, we propose a combination of fast and cost-effective clearing procedure for
such medium-sized samples. A generic method with local contrast metrics and deep
convolutional neural network-based segmentation of nuclei is proposed to quantify the
efficiency of clearing. We challenged this method by testing the possibility to transfer
segmentation knowledge from a clearing protocol to another. The later results support
the pertinence of training deep learning algorithms on cleared samples to further use the
segmentation pipeline on non-cleared ones. This second step of the protocol gives access
to digital clearing possibilities applicable to live and high-throughput optical imaging.

Introduction

Spheroids are three-dimensional (3D), heterogeneous aggregates of proliferating,
quiescent and necrotic in vitro cell culture systems [1]. They have gained increasing
interest in drug screening because of their ability to closely mimic the main features of
physiological cell to cell and cell to matrix contacts as in in vivo human solid

tumors [2, 3]. Because of the standardization of their production, spheroids became a
model of choice in the context of the 3R (replace, reduce, refine) notably for
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high-throughput drug screening [4,5]. Yet, the experimental readouts are often
quantitative, between each size-controlled spheroid, but fail at providing insights in
regards with single-cell information within the spheroid itself, due to its lack of
amenability for in-depth microscopy. One main challenge is the visualization of
spheroids via fluorescence imaging due to the light scattering inducing limited depth
penetration in such opaque structure and therefore low data analysis performance at a
single-cell level [6,7]. One solution to enhance visualization of fluorescently-labelled
spheroids is to use optical clearing techniques, which improve in-depth imaging and
allow high quality image acquisition and high-throughput image analysis. The rough
principle of optical clearing is to uniformise the optical index within the 3D structure,
s0 as to minimise diffraction. One of the option is to remove the lipids that contribute
to light scattering effects, or, to replace water by a solution closer to the lipid refractive
index [8-13]. So far, assessment of the quality of clearing in 3D spheroids has been
performed with local quality metrics such as signal to noise ratio (SNR) and contrast to
noise ratio (CNR) [14-16]. However, it is not straight-forward to relate local metrics
with final quantitative measures of interest. We not only propose to revisit the
assessment of clearing quality in such a perspective, but we also provide an assessment
based on segmentation metrics.

Final quantitative measures for high-throughput image analysis of spheroids mostly
rely on whole-spheroid fluorescent measures, size analysis and matrix invasion as an
indicator of drug anti metastatic effects [17-22]. These metrics provide useful
macroscopic quantitative information but do not provide enough biological details at
single cell level for assessing therapy responses nor quantitative analysis such as cell
counting and aggregation studies, and also no characteristics over time such as growth
ratio and proliferation ratio. To overcome these limitations, individual cell nuclei
segmentation methods have been developed for 2D and 3D spheroid images [23-30].
State-of-the-art methods for cell nuclei segmentation in microscopy are currently the
deep learning-based methods. Also, a specific interest of the deep learning-based
approach, by contrast with a standard image processing pipeline composed of denoising
step [31] followed by a segmentation step [32,33], is to offer an end-to-end learning
process where all the pipeline is optimized at the same time. Several architectures were
developed to segment nuclei by integrating two or more channels in the output of deep
learning architecture or by applying post processing methods to the predicted
segmentation maps to enhance segmentation quality [34-40]. Deep learning methods
were applied to segment entire spheroids of different sizes, shapes, and illumination
conditions [41] and also to segment nuclei of 3D spheroid images [42]. In these closely
related work, only one clearing method was investigated. By contrast in this article we
propose, with a deep learning perspective, a protocol to compare clearing methods for
the segmentation of nuclei in spheroids under 3D fluorescence microscopy.

A scheme of the operating pipeline of the article is provided in Figure 1. We
compare clearing protocols RapiClear and Glycerol (Figure 1.A) to non cleared samples
(Control). The two clearing methods investigated have been chosen for their simplicity
and non-toxicity. Both Rapiclear [43] and Glycerol [15] have already been reported as
fast and cost-effective yet efficient clearing procedures, for medium-sized samples such
as organoids and spheroids of few hundreds of micrometers. First, we assess the clearing
quality of spheroid images acquired with confocal fluorescence microscopy with the
conventional local metrics such as signal to noise ratio (SNR) and contrast to noise ratio
(CNR) (Figure 1.B). Then, we use deep learning segmentation methods to assess the
quality of the clearing (Figure 1.C,D). Finally, we investigate the possibility of digital
clearing of non-cleared data with cleared data models via transfer learning and the
transferability of knowledge from a clearing protocol to another (Figure 1.E). In this
manuscript, we show that using a simple deep learning strategy, it is possible to get
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reliable segmented images even for images with low intensity and low signal-to-noise
ratio. Also, we demonstrate the segmentation knowledge transferability from cleared
samples to native tissues for fast digital-clearing of living specimens on the fly.

B Spheroid images acquisition and quality analysis ‘

“ Spheroid samples preparation and clarification
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Fig 1. Protocol pipeline: (A) Spheroid samples are cultured in micro-well arrays.
Control are the non cleared samples and others are clarified with two distinet clearing
methods Rapiclear and Glycerol. (B) Then, spheroid images acquired with a confocal
microscope are analyzed for quality assessment along z-depth. (C) A dataset of images
for each clarification method is annotated using shallow learning and corrected by an
expert. (D) Finally, deep learning models are trained with the annotated data sets and
the three segmentation models trained on Rapiclear, Control and Glycerol are tested for
(E) data transferability on various clarification methods.

Results and Discussion

Comparison of clearing methods with local metrics

We assessed the efficiency of RapiClear and Glycerol clearing protocols on image quality
by comparing their datasets with non cleared datasets (Control) using image local
quality metrics evaluation. This was quantitatively evaluated in depth on the 3D
spheroid stacks (z-depth) based on the computation of various local metrics using

patches cropped from the center of the spheroid signal in each slice (see SI Figures 1.A).

The used metrics were the signal to noise ratio (SNR) (Equation 1) and the contrast to
noise ratio (CNR) calculated by two ways: from Bhattacharyya coefficient (BC)
(Equation 2) and from Fisher ratio (FR) (Equation 3). Figure 2 shows the xz planes at
the center of spheroids and the xy planes at selected depth (from 70% to 100% of
maximum diameter, corresponding to the range of depth where the three conditions can
be compared) also the mean and the standard deviation (std) of the normalized average
intensity (average I/Imax) evolution and of the computed local metrics from three
spheroids for each Control, RapiClear and Glycerol conditions. Visual qualitative
inspection of the xz and xy planes of spheroids are provided in Fig 2.A,B. Quantitative
evaluation of image quality (Fig 2.C) shows the degradation of image with depth z.
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Concerning intensities, an important drop is recorded for all clearing methods. This
drop is more pronounced in the non cleared (control) spheroids. The intensity
evolutions with depth are similar for Rapiclear and Glycerol. SNR and FR metrics
appear almost constant for the three investigated clearing conditions while BC shows
global degradation along depth z. For the three metrics SNR, FR and BC, Glycerol
shows significantly better values by comparison with Rapiclear and Control. However, it
is uneasy to produce a secured prediction of the effect of clearing along z with local
metrics. This is why it was important also to confront what would be found with
conventional local metrics with a machine learning perspective.
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Fig 2. Image quality analysis function of the depth (z) defined as the percentage of the
maximum diameter for the datasets produced with Control, RapiClear and Glycerol
clarification methods. Slices with 100% of diameter are considered as the center of the
3D spheroids. (A) Hlustration of the zz slices. Colored dashed lines correspond to the
location (in pwm) of the slices zy with 70% and 100% of maximum diameter. (B)
Visualization of test images (xy slices) normalized in depths (z) and used to evaluate
segmentation performance for each clarification method. (C) The mean and standard
deviation (std) of the average intensity, SNR, CN Rp by Battacharayya and CNRpg
by Fisher ratio computed for 3 spheroids for each clarification method and plotted as a
function of the percentage of maximum diameter.
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Spheroid 2D images segmentation

We used deep learning segmentation methods to characterize the quality of spheroid
clearing protocols. Several segmentation methods such as Unet, Dist and Stardist,
associated with post-processing steps based on dynamic morphology reconstruction and
watershed algorithm (DM) were applied to the test images of Figure 2.B produced from
the tested clearing conditions. We used the Fl-score to quantify the quality of
segmentation as a pixel wise metric and the aggregated Jaccard Index (AJI) as an
object wise metric. We tested the segmentation efficiency for two cases: (i) when test
images and pre-trained segmentation models are from the same clearing method and (ii)
in a cross way taking test images from a clearing condition and using pre-trained model
from another. Table 1 shows the mean values and the standard deviations (std) of the
Fl-score and AJI computed for test images located at 70,80, 90,95 and 100% of
maximum diameter along z.

Interestingly, in accordance with the observation recorded by the local quality
metrics, Glycerol clearing protocol provides the best segmentation performance in all
tested configurations (Table 1.C-3). In addition, it is remarkable that Glycerol
segmentation model is also powerful to segment data sets from Control or from
Rapiclear clearing when segmentation method is properly chosen (Table 1.A-3B-3). Tt
is also striking to note that segmentation results of Control and RapiClear test images
gives higher Fl-score and AJI values with segmentation models trained on Glycerol
than with models trained on their data. As shown in Fig. 3.A, these average results are
almost stationary along z for all clearing methods tested (also see qualitative illustration
of the final segmentation in Figure 3.B and SI Figures 2 and 3.A). This demonstrates
that the local evolution in intensity or SNR shown in Figure 2 do not necessarily
correlate with the segmentation performances.

Segmentation models transferability to other data sets

Finally, we tested the transferability from cleared datasets to another datasets by
segmenting test images from another clearing methods, another structure and also
another imaging system using pre-trained segmentation models of Control, Rapiclear
and Glycerol. For this study, we used colorectal carcinoma HCT-116 cell lines test
images cleared with TDE and acquired with a laser scan confocal system (Nikon). Also,
we selected two datasets from the literature such as Breast carcinoma T47D cells
cleared with ScaleS method and acquired with a spinnig disk confocal system (Opera
Phenix) [23] and colorectal carcinoma HCT-116 cell line cleared with CUBIC method
and acquired with a light-sheet fluorescence (LSF) microscope [44]. Table 1.D.E,F
shows the mean and standard deviation of computed F1-score and AJI segmentation
metrics for each test images produced from TDE, ScaleS and CUBIC clearing methods
and segmented with the Control, RapiClear and Glycerol pre-trained models. The
segmentation results are high for both TDE and ScaleS (see Table 1 and Figure 4.A).
Similarly to what was found for Rapiclear and Control, Glycerol appears, for both TDE
and ScaleS also, as the best method to train on to benefit from transfer learning. This
experiment clearly proves the feasibility of information transferability by digital clearing
from clearing method to another acquired with the same imaging system but with
different structure and data scale. Contrariwise, CUBIC dataset acquired with
light-sheet fluorescence (LSF) microscopy and presenting very different contrast and
artefacts shows low performance. This experiment points the limit of data
transferability by digital clearing (see Figure 4.B and ST Figures 3.B and 4 for
qualitative illustration of final segmentation maps). Figure 5.A illustrates the
qualitative interest of digital clearing available at the output of neural networks when
the best segmentation neural network (Dist segmentation) is trained on the best
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. Fl-score + std AJI £ std
Test data | Segmentation models e . : . .
Unet Dist Stardist Unet Unet+DM Dist Dist + DM | Stardist

Control 0.85 0.85 0.84 0.07 0.51 0.26 0.52 0.59

(1) +0.01 +0.01 +0.01 +0.06 +0.03 +0.05 +0.03 +0.03

Control RapiClear 0.84 0.85 0.72 0.14 0.52 0.16 0.52 0.42
(A) (2) +0.02 +0.01 +0.04 +0.03 +0.05 +0.03 +0.03 +0.07
Glycerol 0.86 0.86 0.84 0.01 0.57 0.06 0.55 0.55
(3) +0.02 | £0.01 +0.02 +0.01 +0.05 +0.04 +0.02 +0.06

Control 0.82 0.83 0.81 0.03 0.41 0.07 0.47 0.52

(1) +0.01 +(.01 +0.01 +0.02 +0.02 +0.03 +0.05 +0.03

RapiClear RapiClear 0.83 0.84 0.76 0.11 0.46 0.08 0.48 0.43
(B) (2) +0.01 +0.01 +0.03 +0.09 +0.04 +0.04 +0.02 +0.06
Glycerol 0.83 0.83 0.80 0.01 0.46 0.03 0.47 0.49
(3) +0.03 | £0.02 +0.03 +0.01 +0.02 +0.01 +0.03 +0.03

Control 0.89 0.89 0.89 0.29 0.63 0.46 0.64 0.68

(1) +0.01 +0.01 +0.01 +0.01 +0.01 +0.06 +0.03 +0.02

Glycerol RapiClear 0.88 0.87 0.78 0.10 0.63 0.46 0.62 0.51
(C) (2) +0.01 +(.01 +0.02 +0.07 +0.03 +0.04 +0.02 +0.03
Glycerol 0.91 0.91 0.90 0.34 0.70 0.47 0.71 0.70
(3) 40.01 | £0.01 +0.01 +0.07 +0.02 +0.05 +0.02 +0.02

Control 0.88 0.88 0.84 0.02 0.44 0.06 0.56 0.59

(1) +0.01 +0.02 +0.02 +0.01 +0.07 +0.05 +0.05 +0.04

TDE RapiClear 0.89 0.89 0.78 0.08 0.60 0.09 0.60 0.52
(D) (2) +0.01 +0.02 +0.02 +0.04 +0.01 +0.04 +0.02 +0.06
Glycerol 0.90 0.89 0.84 0.02 0.39 0.02 0.54 0.58
(3) +0.02 | £0.03 | +0.02 +0.02 +0.05 +0.02 +0.02 +0.04

Control 0.85 0.86 0.83 0.29 0.54 0.39 0.59 0.62

(1) +0.03 +0.03 +0.03 +0.13 +0.03 +0.1 +0.05 +0.05

ScaleS RapiClear 0.83 0.85 0.77 0.22 058 0.26 0.58 0.50
(E) (2) +0.06 +0.05 +0.06 +0.1 +0.03 +0.13 +0.06 +0.06
Glycerol 0.87 0.85 0.85 0.12 0.57 0.14 0.56 0.63
(3) +0.03 | £0.03 | +0.03 +0.07 +0.04 +0.11 +0.05 +0.03

Control 0.68 0.69 0.24 0.003 0.33 0.004 0.16 0.07
(1) +0.002 | £0.03 +0.04 +0.001 +0.04 +0.001 +0.04 +0.02

CUBIC RapiClear 0.66 0.63 0.42 0.003 0.23 0.003 0.10 0.11
(F) (2) +0.01 +0.02 +0.02 +0.001 +0.03 +0.001 +0.02 +0.001
Glycerol 0.58 0.58 0.26 0.002 0.23 0.002 0.16 0.06

(3) +0.01 +=0.01 +0.04 +0.001 +0.04 +0.001 =0.01 +0.01

Table 1. Mean and standard deviation of the computed segmentation metric
(Fl-score, AJI) for five test images produced from Control, RapiClear and Glycerol.
Tests are realized in cross way between the segmentation models (A,B and C). And also
for five test images produced from TDE, ScaleS and CUBIC to test data transferability
from a clearing protocol to another clearing protocol (D, E and F). Various
segmentation methods are used. The bold values are best segmentation model for each
clearing method datasets. Except for Cubic clearing method where all methods provide
low performance, Glycerol appears as the best method on which one should train the
deep learning models in order to benefit from digital clearing.

clearing method (Glycerol) and applied to uncleared data or cleared with Rapiclear. Tt
is obvious with Fig. 5.A that the intensity attenuation recorded with local metrics along
z can be compensated with the deep neural network thanks to digital clearing. As
shown in Fig. 5.B in comparison with ground truth, a significant improvement of the
counting of cells along z is brought by training on images obtained with the best
clearing method while applying the model directly on control or on a less efficient
clearing method. This opens also the possibility of an efficient post-segmentation 3D
reconstruction of full spheroids (see SI Figure 5 and SI videos).
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Fig 3. Segmentation results as a function of depths (z). (A) Quantitative
segmentation results (F1l-score, AJI) for the five test images taken at depth ranging
from 70, 80,90, 95 and 100% defined as the percentage of maximum diameter.
Segmentation methods are trained and tested on the same clearing method. (B)
Qualitative illustration of the final segmentation of the slices at 90% of maximum
diameter produced from Control, RapiClear and Glycerol clearing methods.

Conclusion ik

In this report, we have investigated the interest of a deep learning perspective for the 148
comparison of clearing methods in fluorescence microscopy. This was illustrated for a 149

task of nuclei segmentation in spheroids under 3D fluorescent microscopy. The best 150
clearing method identified with conventional local metric follows the performance of 151
state-of-the-art deep learning based segmentation methods. However, because the 152
training datasets include images from various depth, no real influence of depth was 153

observed on segmentation performance contrarily to what was found with local metric. 15
This demonstrates that local metric can be used to select an optimal clearing method 1

but that final performances can be made invariant to the remaining noise thanks to 156
adequate machine learning strategies. 157
We specially tested the interest of transfer learning in this context. We investigated 1ss
the interest to train on one clearing condition and to test on another. The best 150
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Fig 4. Data transferability assessment: segmentation results as a function of depths (z)
defined as the percentage of maximum diameter. (A) Quantitative segmentation results
(Fl-score, AJI) for the five test images produced from TDE, ScaleS and CUBIC clearing
methods and segmented using the RapiClear, Glycerol and Control segmentation
models respectively. (B) Qualitative illustration of the final segmentation results for
the slices at 90% of maximum diameter.

segmentation method was also found to be the one which gave the best transfer results.
This is specially interesting when the test images are produced in uncleared conditions.

Training a model on the best cleared conditions enable to perform segmentation of
nuclei in non cleared conditions with enhanced performances. This opens the way to
digital clearing of the samples. Annotated cleared images of high quality produced with
time consuming protocols could enable anyone to denoise images acquired with much
simpler protocols. For this reason we release our annotated data set publicly as pointed
in section S1 Dataset.

These results could be extended in various directions. The inference of the proposed
segmentation approach is very fast (around 2 minutes for a stack of 41 slices of 40 Mbs
with a processor Intel Core i7-6700HQ CPU @ 2.60 GHz ). It can be easily used for on
the fly segmentation during acquisition for fixed samples, as well as for live imaging (for
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Fig 5. Digital clearing effect analysis. (A) Slices of non cleared spheroid (control) and
same spheroid cleared with RapiClear are illustrated function of z-depth (um). The
predicted distance maps at the output of Unet architecture for Dist segmentation
method computed for the slices with control model (green solid line) and RapiClear
model (red solid line) and also with digital clearing via glycerol model (green and red
dashed lines). (B) Number of detected nuclei computed after Dist segmentation
function of the depth z in pm for the same non cleared and cleared spheroid before and
after digital clearing. Ground truth in black solid line corresponds to a manual counting
by an expert.

experiments where samples are acquired over extended time-period [tens of hours], but
with rather long time intervals [higher then 10 min]). By bringing such single cell
metrics directly available to the user, it opens up promising applications to screen
therapeutics drugs within 3D environment closer to in-vivo. Colorectal cancer spheroids
were used here as an example. The method is also readily available for organoids that
have emerged as very powerful in vitro models to mimic various normal and
pathological situations [45,46]. The method can also be easily extended to the
segmentation of other biological structures of interest, such as the overall cell shapes, as
long as the manually segmented datasets is implemented.Other clarification methods
specially optimized for thick samples [15,47-49] could then be also tested with the same
global approach presented in this article. The most promising result lay in the
possibility of digital clearing. In this study we performed it, for a first demonstration,
by training directly on the best clearing method. Variants could be considered like style
transfer [50,51] or domain adaptation to further improve the digital clearing of the
samples. Also, we demonstrated the possibility of digital clearing by transfer learning
even when the two microscopes used are not strictly identical. This calls for a
systematic quantitative study to assess the robustness of this finding with microscopes
of various resolutions and aberrations.
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Materials and Methods

We present the details of all the steps described in the graphical abstract of Figure 1.

Sample preparation and image acquisition
Cell lines and cell culture

Colorectal carcinoma cell line HCT-116 were used in this study. Cells were cultured in
DMEM-GlutaMAX, supplemented with 10% of Heat-Inactivated Fetal Bovine Serum
(FBS; Sigma, St. Louis, Missouri, US), 100 units / 100 ug of penicillin / streptomycin
and passaged every 3-4 days.

Agarose-based micro-systems

The micro-systems consist of arrays of 130 micro-wells of 200 um in diameter and
height. They are used to create 130 reproducible spheroids per condition. This
micro-system was produced by moulding agarose (Standard Agarose, 2% w/v) on
PDMS molds created by photolithography process. A patent has been deposited for this
process (FR 1870349).

Spheroid formation

Cells were seeded in each 24 wells-plate containing microsystems at a density of 1, 2.10°
cells/mL, 1 mL per well. They were placed under orbital agitation (160 rpm) for 2
hours in the incubator (37° C, 5% CO2) to increase cell sedimentation inside each
micro-well. After 2 hours, the wells were rinsed with warm culture medium (3x) to get
rid of cells that were out of the micro-wells. The 24 well-plate containing the
microsystems were then kept in the incubator. Multicellular Tumor Spheroids (MCTs)
are formed within 1 day and are used at Day 5 in this study.

Immunostaining

At day 5, cells were washed 3 times with warmed PBS for 5 min, followed by
paraformaldehyde fixation ( 3.7% in PBS) for 20 minutes. All wells were then washed
with PBS/3% BSA (3x5 min), permeabilized with 0.5% Triton for 20 min, and rinsed
again with PBS/ 3% BSA (3x 5 min). To stain nucleus, NucGreen Dead 488
ReadyProbes Reagent were used (Invitrogen R37109, 2 drops/mL , i.e. 2 drops per
wells, 4 hours at room temperature). The samples were washed with PBS (1x10 min)
and kept protected from light in PBS at 4°C until image acquisition. Such non-cleared
samples were either imaged directly (Control), or further processed with different
clearing methods, described below.

Clarification

Different clarification techniques were used. For RapiClear-clarified samples, the
microwells were incubated in RapiClear 1.52 solution (sunjinlab) overnight, then
transferred in 0.5 mm Ispacer (sunjinlab, 2 spacers) and immerged in 35 pL of fresh
RapiClear solution. Sealing was achieved using an additional sticky Ispacer and a
coverslip. For Glycerol-clarified samples, the microwells were incubated in a 80%

glycerol solution in PBS (v/v) overnight, then transferred in 0.5 mm Ispacer (sunjinlab,

2 spacers) and immerged in 35 pL of fresh 80% glycerol solution. The chemical
compound 2,2’-thiodiethanol (TDE) was also tested in this study, following the
procedure described in [52]. Briefly, the microwells were first incubated in a 20% TDE
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solution in PBS (v/v) for 1 hour, then transferred in a 47% TDE solution in PBS (v/v)
for 2 hours. The microwells were finally transferred in 0.5 mm Ispacer (sunjinlab, 2
spacers) and immerged in 35 pL of fresh 47% TDE/PBS solution. For ScaleS and
CUBIC clarification methods, we used existing dataset of the literature described

in [23,44].

Image acquisition

A pile of z-stacks images of 1024 x 1024 pixels in xy was acquired using a classical
confocal set-up. RapiClear images were acquired with Leica SP5 in resonant mode, a
20x dry objective lens (NA=0.7) is used with a pixel scale of 0.2 pm in xy and z-step
1 pm. Control, Glycerol and TDE images are acquired with Nikon A1Rplus using a 20x
water immersion objective lens (NA=0.7) with a pixel scale of 0.243 um in xy and
z-step 2 pm. A 488 nm line of an Argon Laser was used to detect NucGreen. Note that,
all 2D spheroid images were normalized to have zero mean and variance equal one to
compensate for intensity variation before models training process.

Dataset annotation

Ground truth annotation was performed in semi-automatic way using the interactive
learning and segmentation toolkit (Ilastik) [53] based on shallow learning followed by
expert correction (Figure 1.c). 2D frames from the beginning, middle and the end of 3D
image stacks belonging to each clearing condition were selected for exhaustive
representation of instances and clearing effects on image depths. Pixel wise
classification mode was used then to generate primary segmentation maps. The filters
used in the segmentation step were intensity, edge and textural filters with various
kernel sizes ranging from 0.7 pixel to 10 pixels in order to represent the smallest and
largest details of the transition between the nuclei and the background (36 filters).
Then, we applied the batch processing to segment all 2D data set images. Finally, a
manual correction step produced by an expert was applied to the segmentation maps.
The overall amount of annotated 2D images was 57 for each clearing conditions.
Datasets were then split into 47 for training, 5 for validation and 5 for testing. The
total number of cell nuclei was around 10000 for each condition dataset.

3D spheroid images of various thicknesses were normalized in z-depth by considering
the slice with the largest diameter as the center of spheroid. Diameter of each spheroid
slice was computed from the binarized maximum intensity projection of the 3D volume
on y-axis. The percentage of diameter was derived then for each slice according to the
maximum diameter value. Based on this normalization method, and for a fair
comparison between the protocols, we considered slices of depths ranging from 70% to
100% of maximum diameter (Figure 2A). It is to be noticed that this limited range of
depth causes no loss of information since spheroid are isotropic samples. The missing
part of the spheroids are similar to the first half.

Image quality assessment based local metrics

We first assess locally the quality of spheroid images according to z-depth by using
statistical metrics are the signal to noise ratio (SNR) and the contrast to noise ratio
(CNR) calculated by two ways: Bhattacharyya coefficient (BC) and Fisher ratio (FR)
defined as

SNR = Msignal (1)
Onoise
255
CNRpo=1-Y \/pa(X)qa(X) ®)
X=1
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(Mszgnai = ,unoise)Z
CNRpRr = 3
o v;ig'nai + Vnoise ( )

where, fisignal, Pa(X) and Vignai are the mean intensity of the signal, the
probability of a signal intensity value X and the variance of the signal respectively. Also,
Hnoises §a(X), Vioise, and Gpoise are the mean intensity of the noise, the probability of a
noise intensity value X, the variance and the standard deviation of the noise respectively
(see SI Figure 1). We computed also the normalized average intensity (average I/Tmax)
in each image slice to illustrate the change in intensity along the depths. All these
factors were computed for three spheroids from each clearing condition.

Deep learning segmentation methods

To assess the quality of clearing, we tested a set of state-of-the-art segmentation
methods based on deep learning that were used for 2D spheroid images segmentation
(Figure 1.D). They are briefly presented in this subsection.

U-Net

We used the reference segmentation network UNet [54] to predict 2 output classes (Cell
nuclei and background). We simplified the architecture by reducing the number of
feature channels. We use 5 blocks for contracting and expansive paths, each consisting
of 2 convolutional layers with 4.2" (n = 2, 3,4,5,6) filters of size 3 x 3 and ReLLU
activation function. For the output probability map (%), we use a single-channel
convolutional layer with sigmoid activation function (see SI Figure 6.A). The total
number of trainable parameters was 2,158,417 optimized by using the Adam
optimizer [55] and the training hyper-parameters are: batch size = 1, epochs = 33 and
the learning rate Ir = le~3. The final segmentation map was computed by thresholding
the probability map by a threshold value o that was optimized on validation data set
for each condition. The optimization process is described later in the same section.

Post processing based Dynamic Morphology (DM)

The same U-Net architecture described previously was applied to predict the probability
map (f) followed by a post processing step based on dynamic morphology [56] and
watershed algorithm [57]. This combination was used in histopathology images
segmentation to separate touching nuclei [58] that are considered as one object after
thresholding the probability map. Briefly, the post processing step was based mainly on
the hypothesis that the posterior probability at the border of the touching nuclei was
systematically lower than in the putative center of the nucleus, and that the nuclei
centers correspond to local maximum intensity in the image. The significant drop of the
signal between nuclei center and the border was defined by morphological dynamics as
the following: Let LM be a local maximum of the U-Net probability map output .
LM represents a cell nuclei if along all paths P connecting LM with some higher
maximum LM', the decrease in ¢ is at least A

i ax[§(LM) — i(z)]} > A .
P:(LJIJI%I.?,LM'){?E%[EI( ) = 9(=)]} (4)
GLM")>5(LM)

where x is a pixel at (i, j) coordinates and A is a free parameter optimized for each
clearing method (see SI Figure 6.B). The final segmentation map was then obtained by
applying watershed transformation to the inverted probability map seeded from the
maxima that fulfill this criterion.
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Dist

The problem in high nuclei density 2D spheroid images is that the touching and
overlapping nuclei are segmented as one object. Several works were proposed to solve
this problem by predicting both the object and their contours [59,60]. Others proposed
to focus the attention of the model on the core of the nuclei by predicting an eroded
version of the annotation as centers correspond to the ultimate erosion of the ground
truth [61,62]. In our work and unlike pixel-wise binary classification used previously, we
follow the proposed work in [37] and we turned 2D spheroid images classification to a
regression problem by predicting the distance maps (a?) that focus on the center of
nuclei (see SI Figure 6.A). Therefore, for each pixel z = (i, j) of the annotated spheroid
binary image (y), with y(x) > 0, we assign a distance transform (D,) representing the
distance to the closest background pixel z;, = [i, jy]. Here, we used the Chebyshev
distance defined as,

De = max(|ip — i, jb — j|) - (5)

The Dist model is based on the same U-Net architecture described before. The same
training hyper-parameters were used to predict distance maps. Only sigmoid output
function was replaced with ReLU function at the output channel since the predicted
values are higher than 1. The final binary segmentation map was then obtained by
thresholding the distance output maps d. The threshold value denoted 3 was also
optimized for RapiClear, Control and Glycerol clearing methods. Finally, the post
processing step described before was also applied to the predicted maps to enhance the
final segmentation after optimizing the parameter A for each clearing method.

Stardist: Star-convex polygons

Star-convex polygons (Stardist) is one of the robust widely used algorithms for cells
detection and segmentation in 2D microscopy images [36]. It consists in predicting a
star-convex polygon for each cell nuclei pixel x = [i, j] by regressing the distances

{‘rf"i 4_, of the pixel to the boundary of the nuclei to which belong, along a set of
optimized number of radial directions n with equidistant angles. Also, separately, the
algorithm predicts probability map (p; ;) for each pixel z as the normalized Euclidean
distance to the nearest background pixel x;, = [iy, jp] (see SI Figure 6.A). Given such
polygon candidates with their associated nuclei probabilities, a non-maximum
suppression (NMS) was performed to reach the final set of polygons, each representing a
cell nuclei. Stardist was mainly based on Unet architecture with 3 blocks for contracting
and expansive paths, each consisting of 2 convolutional layers with 32.2" (n = 0,1, 2)
filters of size 3 x 3, and an additional layer of 128 3 x 3 filters added after the final Unet

feature layer to avoid that the subsequent two output layers have to fight over features.

The activation functions between layers are ReLU and the total number of trainable
parameters was approximately 1.4 million parameters. The output layers of the
architecture consist of a single-channel convolutional layer with sigmoid activation for
the nuclei probability output and the polygon distance output layer has as many
channels as there are radial directions 7 and do not use an additional activation
function. We used Stardist in our study to segment cell nuclei inside 2D spheroid
images. For the three conditions datasets, the training stage was performed with the
following primary hyper parameters: batch size = 1, epochs = 400 and the learning rate
Ir = 0.3e~%. After that, the best training model that minimized the loss functions
(Equations 6, 7) was selected for each condition. So, based on this criterion the hyper
parameters for the selected models of RapiClear, Control and Glycerol datasets were
(epochs = 317, Ir = 0.75e~ %), (epochs = 282, Ir = 1.5e™*) and (epochs = 380,

Ir = 0.75¢~%) respectively. As in the previously described segmentation methods, the
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parameters: number of rays 7, threshold « of the nuclei probability map and threshold
of the non-maximum suppression 7, were optimized for each data set.

Training loss functions and segmentation evaluation metrics
Loss function

The purpose of loss function in a deep learning training stage model is to quantify the
difference between predictions and ground truths for steering the training of the network.
In our work, we used two commonly used loss functions the binary cross entropy (BCE)
and the mean squared error (MSE) for classification and regression problem

respectively. The BCE for binary classification (nuclei and background) was defined as

M
. -1 N .
BCE(y,§) = 57 > UmA0g(im) + (1= ym)-dog(1 = m) (6)
m=1

and M SFE for distance map prediction was defined as,

M
. -1 5 \g
MSE(d,d) = 32 > (dm — dpm) (7)
m=1
where M is the 1D output map size, ¢, and d,p, are the m-th scalar values in the
output predicted maps, ¥, and d,, the corresponding target values of probability maps
and distance maps respectively.

Evaluation metrics

To evaluate the performance of spheroid images segmentation and to be able to
quantitatively compare between the transferability of segmentation models trained on
clarification method to other clearing protocols, we used the pixel wise-metric
Fl-score [63] for segmentation evaluation and also the Aggregated Jaccard Index
(AJI) [61] as an object-wise metric for touching nuclei splitting evaluation. The F1
measure is defined as the harmonic mean between recall and precision at the pixel level
and it was computed as

Precision x Recall

Fl-sc = 2.
seore Precision + Recall (8)

with the Precision = % and Recall = %, where TP, FP and FN are
the true positive, false positive and false negative respectively.

The AJI is an extension of the global Jaccard index, where every ground truth
nucleus is first matched to one detected nucleus by maximizing the Jaccard index. The
AJI corresponds then to the ratio of the sums of the cardinals of intersection and union
of these matched components respectively. In addition, all detected components that do

not matched were added to the denominator. More formally [37], AJI can be defined as,

»E L IG N 8;G)]
Zle ‘Gi u SE (”l + ZIeU |SE|

where G; is a nucleus ground truth of L nuclei in an image, S is all the detected
nuclei, S} (7) is the segmented nucleus associated with G; that maximizes the Jaccard
|GiNSk|
|G,,usi|
have not been assigned to any ground truth.

AJT =

(9)

and U is the set of indices of detected nuclei that

index, i.e. Sj (i) = argmax;,
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Parameter Optimization

One important step in supervised learning with deep learning is the hyperparameters
fine tuning. This optimization step was applied to validation data set to maximize the
segmentation metrics such as Fl-score, AJI or Jaccard index for Stardist segmentation
method. In our work, threshold of the probability maps «, threshold of predicted
distance maps 3, the h-minima value X\ of the dynamic morpholoy reconstruction post
processing step, the numbers of rays of the star-convex polygons n and threshold 7 of
the non-maxmimum suppression (nms) were optimized empirically by varying each
parameter between a range of values (see SI Figure 7). Then, the value that maximized
a segmentation metric were selected for each segmentation method depending on the
RapiClear, Control and Glycerol segmentation models as shown in Table 2.

Parameters | Segmentation methods Ranges Metrics SsRiieniatUN smodels
Control | RapiClear | Glycerol
o Unet ae[01] Fl-score 0.5 0.6 0.4
Stardist ae[0307] | Jaccard index 0.6 0.4 0.5

A Dist Fea Fl-score 11 12 0.6
Tne /

i L I}t‘t + DM Ae[020] AJL 8 7 2
Dist + DM 2 1 1

7 Stardist ne2, ie[28] FI-SCL.)l'e 64

T 7 €[0.30.5] Jaccard index 0.4 ‘ 0.3 | 0.4

Table 2. Parameters optimization step. Various thresholds were optimized for each
used segmentation method between a range of tested values. The value of threshold
that maximized a metric was selected.

Transfer learning

We used transfer learning [64] methodology in our study to transfer knowledge gained
from training segmentation model on a dataset from a clarification condition and apply
the pre-trained model to segment images clarified from other conditions. This was done
by brute transfer of the weights in the neural network without fine tuning.

Supporting information

S1 Fig. Supplementary Figures 1,2,3,4,5 and 6

S1 Datasets and Videos. Datasets availability and 3D spheroids
reconstruction videos. Annotated data sets used during the current study are
available and supplementary videos of 3D reconstructed spheroids for Control (non
cleared), Rapiclear and Glycerol cleared samples are available in the following
repository: https://uabox.univ-angers.fr/index.php/s/6myuGGs0JO94M8D.
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