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SUMMARY

Rheumatoid arthritis (RA) is an autoimmune and inflammatory disease targeting the joints, leading
to their cartilage degradation, bone erosion, and eventual disability in patients. While treatment
options for RA, including both conventional and biologic therapies exist, selecting the most suitable
treatment often involves a trial-and-error approach. Moreover, only a small subset of patients
responds to the treatments underlying that there is an intrinsic variability in individual responses to
treatment, even among those diagnosed with the same condition. Transitioning towards personalized
medicine is crucial to tailor treatment approaches to suit each patient's unique response profile,
thereby maximizing efficacy while minimizing adverse effects. The FLAMIN-GO project aims at
developing a Synovia-on-Chip (SoC) using patient-derived cells for a personalized treatment of RA.
To accomplish this objective, this thesis focused on the development of a functional RA Syn-U
(synovial unit) chip by embedding patient-derived fibroblast-like synoviocytes (FLS) in gelatin
methacrylate (GelMa) hydrogel. Cells were initially cultured in two-dimensional (2D) environments,
then encapsulated in 8% GelMa/bio-ink, and subsequently bioprinted onto the chip. To replicate the
functional unit of human synovial tissue in vitro, the chips were perfused with a pressure-driven flow
through a microfluidic channel, which was automatically controlled. This pressure was uniformly
distributed to replicate physiological mechanical stress experienced by joints, using an on-chip
mechanical actuator. To mimic inflammation occurring in the in vivo situation, we perfused FLS with
a cocktail of pro-inflammatory cytokines such as TNF-a, IL-1B, and IL-6. Cells were stained and
observed at two different time points (24h and 48hr respectively) through a fluorescence microscopy
Thunder imaging system to monitor tissue development, including viability, morphology,
architecture, and proliferation. We found that after 24 hours post-bioprinting of FLSs on the chips,
they remained round-shaped in almost all conditions. Conversely, after 4 days of cultivation, FLSs
assumed their characteristic elongated, spindle-shaped form under mechanical stimulation and an
inflamed condition. We have developed a sophisticated 3D synovial tissue model within the SoC
platform. This advancement represents a significant innovation in our research, enabling us to better
replicate the intricate architecture and functionality of synovial tissue in a controlled, miniaturized
environment. This breakthrough paves the way for more precise studies of joint biology and the

development of targeted therapies for joint-related diseases.



1. INTRODUCTION

1.1 Rheumatoid Arthritis (RA)

Rheumatoid arthritis (RA) is a progressive chronic inflammatory and autoimmune disease. It mainly
affects the joints, but it should be regarded as a systemic syndrome including extra-articular
manifestations, such as pulmonary, cardiovascular, neurological, and musculoskeletal involvements
(Kim, et al. 2020). RA causes symmetrical joint inflammation, leading to cartilage degradation, bone
deterioration and physical disabilities. Its prevalence, affecting 0.4% to 1.3% of the population, is
influenced by age with the highest incidence of new RA diagnoses occurring in the sixth decade of
life. With regard to the gender, it occurs more frequently in the female population than in males (3:1).
Moreover, RA frequency rises from South to North and is higher in urban areas compared to rural
ones (Lin, et al. 2020). The probability of developing RA increases about three to five times for a
positive family history; concordance rates in twins are higher, suggesting a role for genetic elements
in the pathophysiology of the disease. Genetic polymorphisms account for 30-60% of the overall risk
of development RA. The strongest risk is conferred by HLA class II alleles; particularly HLA-DRB1
alleles that contain a particular sequence at amino acid residues of the B-chain, which forms an
antigen-binding pocket, which, along with other amino acid residues, implicates the HLA antigen—T
cell receptor complex in the disease risk. Among the hundred non-HLA genes predisposing to RA,
many are involved in shaping the selection, maturation, and function of T cells (Weyand, et al. 2020).
From the clinical point of view, RA is typically classified into two forms: seropositive and
seronegative RA. Blood tests that identify the presence of rheumatoid factor (RF) and autoantibodies
against citrullinated peptides (ACPAs) indicate seropositive RA (Nordberg et al., 2016). According
to current predictions, the heritability of RA is 40-65% for seropositive cases and 20% for
seronegative, which is defined by the absence of elevated levels of either antibody (Frisell et al., 2016;
Jiang et al., 2015). More than a hundred loci linked to the risk of RA have been identified by genome-
wide association studies employing single nucleotide polymorphisms; Many of these loci are
involved in immunological processes, some of which are also implicated in other chronic
inflammatory diseases. Smaller functional impacts are likely contributed by other genetic loci either
individually or cumulatively. These impacts may occur through mechanisms such as altered
costimulatory pathways (e.g., CD28, CD40), innate immune activation, cytokine signalling, and
lymphocyte receptor activation thresholds (e.g., PTPN22). ACPAs and autoantibodies against 1gG
are associated with seropositivity for RA in patients sharing the same epitope. (Lenz et al., 2015).

Between 50 and 70% of patients have these distinctive autoantibodies for RA at diagnosis, and they



show remarkable stability over the course of the illness. The connection between the shared epitope
and RF-negative and ACPA-negative RA is weak.

Environmental variables are also linked to the development of RA. For example, smoking may
account for up to 30% of environmental risk in RA patients. It is associated with the development of
the autoimmune conditions through interactions between genetic and environmental factors,
particularly HLA-DRBI alleles. These interactions may elevate the likelihood of developing anti-
citrullinated protein antibody-positive RA (Deane et al., 2017).

1.1.1 RA is an autoimmune disease

RA exhibits pathological diversity, with the presence of autoantibodies (seropositivity) linked to more
severe symptoms, joint damage, and higher death rate (Bugatti et al., 2018; Garaicoa-Pazmino et al.,
2016). These associations are likely due to the formation of immune complexes by ACPA with
citrulline-containing antigens, leading to RF binding and subsequent complement activation
(Anquetil et al., 2015; Wu et al., 2020). The detection of autoimmune responses to citrullinated self-
proteins, such as vimentin, a-enolase, fibronectin, fibrinogen, histones, and type II collagen,
represents a significant advancement for RA diagnosis (Cantagrel et al., 2016; Schellekens et al.,

1998). The activation site for these immune responses remains uncertain, but the lung is a plausible
candidate, This is consistent with the association between smoking and rheumatoid arthritis, as well
as shared citrullinated peptides in lung and synovial tissue biopsies (Reynisdottir et al., 2016). Over
time, ACPA concentration and epitope diversity increase, along with serum cytokine concentrations,
particularly preceding articular involvement. ACPAs can be Immunoglobulin (Ig)G, IgA, or IgM
isotype, are indicative of T-cell help and have an altered glycosylation status that confers enhanced
Fc-receptor and citrullinated antigen binding (Sahlstrom et al.,2022). ACPA-producing B cells were
found in blood and synovium (Kerkman et al., 2016; Karmakar et al., 2021). These autoantibodies
activate macrophages or osteoclasts both involved in the pathogenesis of RA.

RA’s joint swelling reflects synovial membrane inflammation resulting from immune activation,
characterized by the infiltration of innate (monocytes, dendritic cells, mast cells, and innate lymphoid
cells) and adaptive immune cells (T-helper (Th)-1 and Th-17 cells, B cells, plasma blasts, and plasma
cells). This inflammatory microenvironment prompts synovial fibroblasts to adopt an aggressive
phenotype, thus contributing to articular destruction along with enhanced chondrocyte catabolism
and synovial osteoclast genesis (Shi et al., 2014; Sokolove et al., 2014). The cytokine and chemokine
networks in the synovial compartment regulate this inflammatory milieu that is characterized by the
presence of tumor necrosis factor (TNF), interleukin-6 (IL-6), and likely granulocyte-monocyte

colony-stimulating factor. Other proinflammatory molecules, such as IL-1 and various lymphokines,



may play a less significant role (Shah et al., 2022). Moreover, both cytokines and chemokines induce
or worsen the inflammatory response by activating endothelial cells (ECs) and attracting immune
cells to accumulate in the synovial compartment. Once fibroblasts are activated, along with T cells,
B cells, monocytes, and macrophages, infiltrate synovial tissue. This infiltration ultimately triggers
osteoclast activation through the receptor activator of nuclear factor kB ligand (RANKL) expressed
on T and B cells (De Hair et al., 2012; James et al., 2014). Rheumatoid erosions arise from the "bare
area" at the junction between cartilage, periosteal synovial membrane insertion, and bone. Cartilage
damage occurs due to catabolic effects in chondrocytes stimulated by cytokines and matrix
degradation by matrix metalloproteinases and other enzymes (Perlman et al., 2009). Cytokines bind
cognate receptors, initiating intracellular signal transduction events and activating other genes that

contribute to inflammation and damage (Figure 1) (Mueller et al., 2021).
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Figure 1. The picture shows the pathogenetic pathways of RA and the different subsets of cells that contribute

to the disease development and progression (Mueller et al., 2021).




1.1.2 Pharmacological treatments

A critical approach is indispensable in the management of RA, involving consistently evaluating
disease activity to guide therapy or medication changes based on identified activity, following a 'treat
to target' strategy (Taylor et al., 2022). For this reason, therapy escalation should be carefully
considered in relation to patient characteristics and treatment-related risks. Rapid pharmaceutical
intervention within the first 12 months of diagnosis can be most beneficial for RA patients, as with
many other chronic diseases. Additionally, extraarticular manifestations often require both rapid and
long-term treatment strategies, mainly involving disease-modifying anti-rheumatic drugs,
corticosteroids, and nonsteroidal anti-inflammatory drugs. (Mota et al., 2013). Non-steroidal anti-
inflammatory drugs (NSAIDs) alleviate pain and stiffness and enhance physical function, but they do
not directly affect joint damage. Conversely, disease-modifying antirheumatic drugs (DMARDs) aim
to address inflammation and slow down the progression of structural damage. Glucocorticoids
provide rapid relief of symptoms and have disease-modifying effects, but their long-term usage is
linked to significant side effects.

DMARDs are drugs that aim to alleviate RA symptoms and slow down disease progression by
targeting the underlying processes driving RA (Mota et al., 2013).

There are two major classes of DMARD:s: synthetic and biological. Synthetic DMARDs are further
defined as conventional synthetic or targeted synthetic (Smolen et al., 2014a). Methotrexate (MTX)
is the most frequently prescribed synthetic DMARD for RA due to its widely recognized effectiveness
in modulating Th1/Th2 balance. It suppresses inflammation and disease progression by inhibiting
dihydrofolate reductase, decreasing purine and pyrimidine syntheses, and lowering IL-6 levels.
European Alliance of Associations for Rheumatology guidelines recommend initiating RA treatment
with MTX as the preferred choice in combination with low-dose glucocorticoids based on strong
evidence supporting this approach. Studies comparing different treatments have shown similar
outcomes without significant advantages between approaches (Goekoop-Ruiterman et al., 2005; Nam
et al., 2014). The dosage of conventional synthetic DMARDs should be tailored for optimal
effectiveness. Glucocorticoids are administered in low to moderate oral doses or through single
intravenous or intramuscular injections, especially when combined with MTX for additional
structural protection (Kavanaugh, et al. 2014). Conventional synthetic DMARDs include
sulfasalazine, leflunomide, hydroxychloroquine, and chloroquine. Celecoxib works by selectively
inhibiting the enzyme COX-2 to reduce joint inflammation and provide pain relief in RA
(McCormack et al., 2012). European Alliance of Associations for Rheumatology (EULAR)
recommends categorizing patients according to indicators of severity of disease, including ongoing

high disease activity despite previous treatment, the detection of autoantibodies (like ACPA or RF)



and early signs of joint damage visible in radiographic images (Smolen et al., 2014b). Patients with
different risk factors should be prescribed either a biological DMARD or a conventional synthetic
DMARD, often in combination with glucocorticoids. Approved biological therapies for RA operate
through four distinct modes of action: TNF inhibition, blocking of the IL-6 receptor, blockade of T-
cell costimulation, and depletion of B-cells. Within the category of TNF inhibitors, 5 compounds are
currently sanctioned - 1 for intravenous administration (infliximab) and 4 for subcutaneous use
(adalimumab, certolizumab pegol, etanercept and golimumab). Adalimumab (Humira®) is a
recombinant monoclonal antibody designed to bind specifically to TNF-a and has been administered
subcutaneously in trials involving patients with active RA who continued to experience symptoms
despite being treated with DMARDs (Bang et al., 2012). Due to the significant side effects and the

variability in patient response, transitioning towards a personalized medicine approach is imperative.

1.2 Personalized Medicine
The implementation of advanced biomedical tests, such as DNA sequencing, proteomics, imaging
technologies, and wireless monitoring devices, has unveiled substantial variances among individuals
in the impact of disease mechanisms and factors on their health (Goetz, et al. 2018). This discovery
has prompted inquiries into how much these individual differences should influence decisions
regarding the most effective approach to treat, monitor, or prevent disease for each person. It is widely
acknowledged that the diverse nature of many disease processes implies that strategies for managing
an individual's illness, as well as potentially preventing or monitoring it, must be customized or
'personalized' to match their unique biochemical, physiological, environmental exposure, and
behavioural characteristics. One fascinating facet of personalized medicine revolves around the
innovative concept of Patient-Derived Cellular Avatars. These avatars represent a cutting-edge
approach that involves creating and studying miniature models of a patient's own cells in the
laboratory. By deriving cells directly from the patient, researchers can generate cellular avatars that
accurately mimic the unique genetic and molecular characteristics of an individual's disease. These
avatars serve as powerful tools for understanding disease mechanisms, testing potential treatments,
and predicting individual responses to therapeutic interventions. By leveraging the intricacies of each
patient's biology, patient-derived cellular avatars hold immense promise for revolutionizing the
landscape of precision medicine, offering tailored solutions that optimize patient outcomes and
transform the delivery of healthcare. This approach involves the collection of FLS derived from joint
biopsy from RA patients purchased by Queen Mary University of London (QMUL), a partner of the
project. The employment of pluripotency induction techniques, such as induced pluripotent stem cell

(iPSC) methods, generate additional cell types relevant to a patient's condition without the need to



directly biopsy the affected tissue (Beltrdo-Braga et al., 2013). This method enables researchers to
construct a cellular model of a patient's condition, often referred to as a "disease in a dish." These
laboratory-grown cellular "avatars" can be analysed to pinpoint crucial molecular abnormalities,
offering insights into the most effective treatment strategies for specific patients. Furthermore, it is
feasible to generate miniature organs, known as "organoids," starting from individual cells (Ho et al.,
2018). Organoids offer a deeper understanding of the molecular irregularities linked to a patient's
condition as they can replicate cell-to-cell interactions and broader tissue functionality (Sin et al.,
2016). Moreover, to attain genuine personalized medical treatment, the incorporation of patient
avatars developed from their own cells could be combined with additional patient data and
corresponding action protocols. A significant aspect of using cell-based patient avatars in
personalized medicine is their capability for personalized drug screening. This involves
systematically testing numerous drugs and compounds against a patient's cells (or organoids,
conceivably enhanced with CRISPR technologies) to pinpoint medications or compounds that
specifically address the patient's molecular abnormalities (Goetz, et al. 2018). Precision medicine
holds considerable importance in managing RA, especially considering that only a minority of
patients respond favourably to treatment, and drug responses also may vary depending on the chosen
approach. Transitioning to a personalized approach could reduce the social and economic burden and
enhance treatment efficacy for RA, thereby minimizing the occurrence of adverse side effects. OoC
is a cutting-edge technology that can emulate the physiological environment and functionality of
human organs on a chip for disease modeling and drug testing, shows great potential for

revolutionizing the drug development pipeline.

1.2.1 The FLAMIN-GO Project

From pathobiology to synovia on chip: driving rheumatoid arthritis to the precision medicine goal
(FLAMINGO) is one project of the immunomics lab where I did my internship. Its vision is to develop
synovia-on-chip (SoC) for personalized medicine in RA aimed at maximizing benefits while
minimizing the risk of adverse effects. Additionally, it involves accelerating the discovery and
evaluation of new therapeutic targets, thereby assisting in determining novel paths for drug
development. Through these advancements, FLAMIN-GO strives to chart a new course in drug
development, ultimately enhancing the quality of care and outcomes for those living with RA. This
approach will involve the development and fabrication of a multi-compartment microfluidic platform
specifically designed for the 3D cultivation and perfusion of all relevant tissues within the joint

affected by the disease. It will primarily concentrate on the synovium and synovial fluid, which are



the key tissues targeted by the disease process, while also incorporating components of the immune
system (such as blood vessels and leukocytes) that perpetuate the disease.

Additionally, it will address the involvement of cartilage and bone, which are ultimately damaged
tissues leading to lasting disability.

This innovative technology is designed to mimic the complex structure of the joint, which comprises
various tissues such as blood vessels, articular cartilage, subchondral bone, and the synovial
membrane. The synovium, which envelops the joint, acts as a vital interface with the body's blood
circulation system, ensuring that the articular cartilage (not vascularized) receives necessary nutrients
through the synovial fluid. Within the synovial membrane, there are two distinct layers: the lining
layer and the sub-lining layer composed of loose connective tissue. The lining layer is primarily made
up of two types of cells: synovial fibroblasts, which make up a significant portion (up to 75%) of the
cells in a healthy synovium, and macrophages. These cells play crucial roles in maintaining the
synovial environment and supporting joint function.

There is a significant increase in the number of macrophages infiltrating synovia tissue of RA
patients. These cells, together with synovial fibroblasts, lead to the enlargement of the lining layer
resulting in the formation of a pannus. The pannus is responsible for the release of proinflammatory
cytokines like TNF-a, IL-1b, and IL-6, as well as enzymes that degrade the extracellular matrix
(ECM). These molecules play critical roles in causing inflammation within the synovium and
damaging cartilage and bone, leading to the development of subchondral erosions. The release of
cytokines also attracts inflammatory cells such as T cells, B cells, and monocytes among the others,
which rapidly differentiate into tissue macrophages in the synovial sub-lining tissue. Thus, the tissue
got inflamed resulting from the clinical point of view as joint swelling.

FLAMIN-GO project is made up 10 partners; each partner will develop a specific cell type and tissue
that will be used to build the SoC. The Immunomics laboratory is responsible for the development of
the synovial unit (Syn-U) which will incorporates distinct compartments: i) section housing patient
synoviocytes within a hydrogel system mimicking the extracellular matrix (ECM), i1) section contains
patient synovial fluid embedded in a cell invasion-friendly hydrogel. To replicate the physiological
load on joint surfaces, a pressure-driven on-chip actuator will be integrated into the synovial fluid
chamber, mechanically stimulating both the synovial fluid and adjacent tissue constructs via a
deformable membrane. Moreover, synovial fibroblasts from RA patients, sourced from discarded

surgical specimens, are currently being employed to establish optimal culturing conditions.
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Figure. 2. The figure shows the cellular compartments of a RA’s joint. These compartments include the
synovial membrane, cartilage, and bone, each of which is affected by the disease. The synovial membrane
becomes inflamed and thickened, leading to an overproduction of synovial fluid. This fluid, along with
inflammatory cells, contributes to the destruction of cartilage and bone, causing pain and reduced joint

function. The diagram helps in understanding how RA progresses and impacts joint structures.



1.3 Organ on Chip (OoC)

In recent decades, there has been significant progress in medicine, biology, and biotechnology
highlighting the limitations of traditional 2D cell cultures. There is growing pressure to minimize
animal experimentation due to translational issues and ethical questions. This has led to a necessity
for advanced biomimetic 3D cellular and tissue models that incorporate manufacturing techniques
and materials science into biomedical research (Celikkin et al., 2021).

OoC technology enables the reconstruction of an organ's microarchitecture by designing a mechanical
context that closely matches the surface pattern, and stiffness of specific organ microenvironments.
This technology allows for precise microfluidic flow control to ensure optimal oxygenation and
nutrition, supporting long-term tissue viability and efficient circulation of immune system cells,
antibodies, biochemical signalling molecules, metabolites, as well as facilitating small secretion
volume collection for analysis. Continuous perfusion and mechanical stress contribute to creating
dynamic tissue models more relevant than traditional static cell cultures while enabling manipulation
of spatiotemporal chemical gradients and mechanical cues to explore their effects on cellular
behaviour (Mastrangeli et al. 2019).

Traditional 3D cultures are limited in mimicking the dynamic microenvironment of the human body,
including fluid flow, oxygen distribution, and mechanical stresses. OoC platforms using human cells
provide a promising alternative to address these challenges. They serve as microfluidic devices for
cell culture and can support personalized medicine by incorporating cells from specific donors or
donor groups (Van der Helm, et al.2016).

3D bioprinting automates the research process in personalized medicine and enables the generation
of customized devices for precise diagnostics, therapeutic interventions, and tailored drug testing to
treat and prevent disease. Automation simplifies implementation by offering high throughput,
reproducibility, and minimizing human error. The goal is to commercialize sterilized user-
independent microfluidic platforms through a one-step fabrication process of printed OoC that
incorporates necessary biomaterials and bioinks. This combination enhances personalized therapy
research by using bioprinted cells within a microfluidic platform (Chliara et al., 2022).

These platforms are not universally applicable across all human diseases, but their use is promising
in use in certain medical areas, such as cancer, neurodegenerative diseases, and rare disorders. They
facilitate the development of effective treatments and the transition of these treatments from the
laboratory to the clinic for patient subgroups with similar epigenetic profiles.

The 3D structures made through bio fabrication lack sufficient functionalities for use in the clinic.
Crafting artificial tissues or organs is complex and accurately predicting all necessary steps remains

challenging. Current approximations involve determining cell types, spatial arrangement in 3D,



establishing a blood supply, and nerve connections essential for providing nutrients to each cell within
the construct.

Considering the COVID-19 pandemic, these platforms have also been used to investigate the effects
of the SARS-CoV-2 virus on respiratory tissues, highlighting their considerable potential (Si et al.,
2021; Zhang et al., 2021). The integration of bio fabricated and Organ-on-a-Chip disease modelling
platforms into clinical applications presents challenges. While these platforms cannot fully replicate
in vivo effects, they serve as predictive assays for drug discovery. There is a need to develop multi-
organ systems such as miniaturized chips containing various organ/tissue compartments to evaluate
drug efficacy and Absorption-Distribution-Metabolism-Excretion profiles. Challenges include
optimizing universal cell culture medium formulations, renewable cell supplies, and establishing
nutrient/oxygen perfusion throughout the system. Additionally, achieving validated multi-organ-on-
a-chip systems requires thorough assessment of model scaling, real-time evaluation implementation,
and the development of chemical, mechanical, and electrical cues for absent organ systems. With
omics approaches integrated with OoCs, yielding fresh perspectives on creating realistic
physiological models has enhanced single-cell omics investigations by facilitating simultaneous

analysis of thousands of cells cultured within a customized microenvironment (Celikkin et al., 2021).
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Figure 3. The picture showed the wide range of biomedical applications of OoCs, they integrate biological,
biochemical, and engineering features of human organs in a microfluidic platform that is fabricated using

cleanroom-based microfabrication or 3D printing technology (Cho et al., 2023).

1.3.1 3D Bioprinting

3D bioprinting has increasingly been studied as a novel tool to overcome the classic limitations of
OoC systems, that employ intricate microchannel designs that mimic the functions of tissues and
organs. However, standard microfluidic devices face challenges in recreating complex, diverse, and
life-like environments through simple biomaterial injections or the use of connectors and pumps for
cell introduction. This limitation could lead to longer setup times, greater complexity, and diminished
cell viability. Conversely, 3D bioprinting allows the strategic placement of biomaterials and clusters
of cells into sophisticated and precisely controlled layouts, thereby improving the biological
performance of the resulting constructs. Moreover, it enables the generation of models that
authentically resemble the physiological features at the tissue and organ scale. The use of multiple
printheads within a single fabrication process adds even more value to this technique. Over time,

various methods have been developed to incorporate bioprinting technology into OoC production.



The initial approach involves the precise placement of cells or biomaterials loaded with cells in a
patterned manner within the chip chambers. This technique aims to enhance cell survival and ensure
consistency in high-throughput operations (Bhise et al., 2016; Massa et al., 2017). Another method
includes creating the biomimetic tissue model and the microfluidic chip simultaneously in a single-
step procedure. This is achieved by also printing the fluidic channels and chambers using devices
equipped with multiple printheads (Ma et al., 2018). Lastly, researchers have explored the possibility
of printing smart structures with integrated on-chip sensors or actuators to monitor the cell
microenvironment or provide bio stimulation. This is achieved using stimuli-responsive,
functionalized materials (Pérez et al., 2020). Through these different strategies, a range of tissues and
organs such as the liver, heart, and bone have been explored in OoC applications. Efforts to simulate
a vascular network have also been made using different techniques. Although 3D bioprinting holds
significant promise for OoC applications, its use is still in early stages. Most achievements to date are
essentially preliminary proofs of concept. Numerous challenges persist, particularly in achieving the
ideal equilibrium between the precision of printing and the survival of the cells incorporated within.
There is a continued need for progress in the creation and modelling of biomimetic 3D structures, as
well as in refining the selection of biomaterials and cells. Additionally, the development of functional
devices that can replicate the interaction between various tissues to create models with physiological

relevance remains an unresolved issue.

1.3.2 Gelatin Based Bioink Hydrogels

Gelatin Methacrylate hydrogels are popular in biomedical applications for their biological and
physical properties. They mimic natural ECM, promoting cell adhesion and being sensitive to matrix
metalloproteinases, supporting tissue regeneration and repair (Lietal., 2018). GelMA hydrogels offer
versatility, as they can be combined with nanoparticles and polymers to create hybrid systems with
tailored properties for specific biological applications. These hybrids can enhance mechanical
strength, electrical conductivity, or bioactivity based on the desired use. (Toh, et al., 2014). Recent
studies have shown the effectiveness of GelMA-based hydrogels in various applications, including
tissue engineering for bone development. (Heo et al., 2014), cartilage (Levett et al., 2014), cardiac
(Koti et al. 2019), and vascular tissues (Bertassoni et al., 2014). Hydrogels are versatile for creating
functional tissue constructs and 3D cell cultures that mimic the in vivo environment. They also
support single-cell studies by providing a controlled environment for understanding cell behavior and
interactions (Yue et al.,, 2015). Cell signaling studies often use hydrogels to explore cell
communication and response to stimuli, important for understanding wound healing and cancer
metastasis. GeIMA hydrogels are also utilized in drug and gene delivery systems due to their

customizable properties enabling controlled release of therapeutic agents. GeIMA hydrogels are



important for developing targeted therapies and biosensing applications due to their biocompatibility,
ability to incorporate sensing elements, and capacity to detect a wide range of biological molecules.
(Buwalda et al., 2017). This capability is particularly important for developing targeted therapies that
minimize side effects and improve treatment efficacy. GeIMA hydrogels are also utilized in
biosensing applications. Their biocompatibility and ability to incorporate various sensing elements
make them ideal for developing sensitive and specific biosensors, detecting a wide range of biological

molecules for diagnostics and health condition monitoring (Kim et al., 2019).



2. OBJECTIVE
The objective of this thesis aligns with the goals of the European project FLAMIN-GO that has

received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No 953121. The FLAMIN-GO project aimed at developing a SoC platform
isolating cells from patient biopsies to recreated in vitro the inflamed joint of each RA patient, by
designing and fabricating a multi-compartment microfluidic device capable of culturing and
perfusing all relevant joint tissues in 3D.

My internship took place at the Immunomics Laboratory at the Center for Translational Research on
Autoimmune and Allergic Diseases (CAAD), under the supervision of Prof. Annalisa Chiocchetti.
During the internship, I focused on the development of 3D synovial tissue within the Syn-U of the
SoC, using FLS isolated from RA patients. In my comprehensive investigation, I conducted a
thorough assessment of various parameters crucial for understanding the behaviour of RA patient-
derived FLS within a sophisticated micro physiological system known as the Syn-U.

To begin with, I evaluated the viability, morphology, and proliferation activity of the encapsulated
FLS using advanced staining techniques with calcein and propidium. These analyses provided
valuable insights into the overall health and functionality of the FLS within the 8% GelMA hydrogel
matrix, which served as the structural scaffold for the Syn-U. Moreover, recognizing the importance
of simulating the dynamic and complex conditions of the in vivo synovial tissue microenvironment,
I subjected the Syn-U to mechanical stress. This was achieved through the implementation of a
microfluidic channel integrated with an on-chip mechanical actuator, allowing for precise control
over pressure-driven flow. By exposing the encapsulated FLS to mechanical stress, I aimed to
replicate the mechanical forces experienced by cells within the synovium, thereby enhancing the
physiological relevance of the Syn-U model. Furthermore, to accurately mimic the inflammatory
status characteristic of RA patients' synovial tissue, I created an inflamed SoC model. This was
accomplished by stimulating the encapsulated FLS with a cocktail of proinflammatory cytokines,
including IL-1, IL-6, and TNF-a. This inflammatory milieu induced by cytokine stimulation mirrored
the inflammatory conditions observed in RA, enabling a more comprehensive investigation of disease
mechanisms within the Syn-U platform. Overall, the integration of these advanced techniques and
methodologies within the SoC platform holds immense potential to revolutionize RA therapy. By
providing a customizable and patient-specific approach to intervention, the SoC platform has the
capacity to tailor treatment strategies based on individual patient profiles. This personalized approach
not only has the potential to improve treatment outcomes but also to enhance the quality of life for

individuals affected by this debilitating autoimmune disease.



3. MATERIAL AND METHODS

3.1 Thawing synovial tissue

Initially a 10 cm Petri dish was initially prepared with warm Dulbecco's Modified Eagle Medium
(DMEM/F12) (Gibco, USA). The complete DMEM/F12 medium was prepared in advance by adding
FBS (Gibco, USA), Gentamicin (Gibco, USA), and Penicillin-Streptomycin (Corning, USA) to
achieve final concentrations of 10%, 0,1%, and 1%, respectively. A 6-well plate was set up with 2
wells containing DMEM/F12 supplemented with 5% Fetal bovine serum (FBS) and 1 well containing
only DMEM/F12, all prewarmed. Frozen samples stored in Cryo tubes were rapidly thawed in a water
bath at 37°C with gentle swirling until fully melted. The thawed sample was then poured into the
prepared Petri dish with warm DMEM/F12, transferred using a cell strainer into a well in the 6-well
plate containing prewarmed 5% FBS/DMEM/F12, and incubated at room temperature for 10 minutes
to wash out the cryoprotective agents. During this incubation, the sample was gently swirled several
times for thorough mixing. Following the initial wash, the tissue was transferred to a new well with
prewarmed 5% FBS/DMEM/F12 for a further 40 minutes of incubation, divided into 20 minutes at
room temperature and 20 minutes in an incubator. Finally, the tissue was transferred to another well
containing prewarmed DMEM/F12 without serum for a 5-minute rinse to remove any residual serum

and media.

3.2 FLS extraction from patient’s biopsies

RA patients derived FLSs were extracted from the biopsies of the patient’s synovial tissue. The
digestion buffer was prepared with 1 mL. Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-
12 (DMEM/ F12) (Gibco, USA) without serum and collagenase (Img/mL) (Sigma-Aldrich®) inside
a bijou, to allow the digestion of the tissue and the subsequent release of the cells. The sample was
cut with the support of a scalpel or a scissor into some pieces. With the use of forceps, the tissue was
transferred into the bijoux with the digestion buffer. The sample was digested in incubator for 30
minutes at 37 °C, and it was inverted several times during the incubation period. The tissue was
subsequently filtered through a 0.22 um filter into a 50mL Falcon tube. In order to stop the digestion,
it was added a total amount of 3 mL DMEM/F12 10% FBS into the bijoux. Afterwards the tissue
pieces were plate in a T75, distributed inside the flasks. In order to prevent the detachment of the
pieces from the flasks it was waited 20 minutes, subsequently it was added very slowly 10 ml of fresh

DMEM/F12.



3.3 FLS in 2D culture

RA patients derived FLSs were cultured to expand cellular numbers using T75 flasks containing 8 ml
of culture medium composed of DMEM/F12 (Gibco, USA). To maintain cells in culture, when they
reached 90% confluence, the previous medium was aspirated, and 8 ml of Phosphate-Buffered Saline
(PBS) was used to thoroughly rinse out any residual medium. After rinsing, the PBS was discarded,
and 1 ml of Trypsin (Biowest, USA) was added to the flask. The cells were placed in an incubator at
37°C for 5 minutes. After the incubation period, 8 ml of complete DMEM/F12 was added to
deactivate the Trypsin. The cells detached from the surface and suspended in the medium were
subsequently centrifuged at 1500 rpm for 5 minutes to collect them into a pellet. The supernatant was
discharged, and cells were resuspended in 1ml of complete DMEM/F12. The live cells were counted
using Trypan Blue (Pan Biotech, Germany) exclusion test. Cells were then used for the upcoming

experiments or transferred into a new T75 flask containing fresh medium and placed in an incubator

at 37°C.

3.4 FLS in 3D culture

RA patient derived FLS were used for culturing between the III and VI passage. The cells were
previously embedded in 8% GelMa-based hydrogel and subsequently bioprinted into the chips in two
different concentration 2x10°cells/mL and 10x10° cells/m per hydrogel solution. The viability and
the morphology of the embedded cells were evaluated at two different time points: 24 hours and 4

days.

3.5 GelMa Hydrogel Preparation

In the pursuit of creating a sterile GelMa solution with an 8% final concentration in phosphate-
buffered saline (PBS), supplemented with the photo-initiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) at a concentration of 0.5%, a meticulously designed protocol was
meticulously followed. The process commenced with the precise measurement of 0.8 grams of GelMa
powder, which was weighed out and carefully transferred into a sterile 50-milliliter Falcon tube. This
step was conducted under stringent aseptic conditions to ensure the integrity and sterility of the GelMa
material. Subsequently, the GelMa powder was thoroughly dissolved in PBS, with attention paid to
achieving a homogenous solution. This process involved gentle agitation and intermittent mixing to
facilitate the dissolution of the GelMa powder and ensure uniform distribution within the PBS solvent
with a magnetic stir bar at 60°C for 1 hour. Once the GelMa powder was fully dissolved, the photo-
initiator LAP (Sigma-Aldrich, USA) was added to the solution at a concentration of 0.5%. The
addition of the photo-initiator was a critical step in facilitating the subsequent crosslinking of the

GelMa hydrogel matrix upon exposure to ultraviolet (UV) light, thereby imparting structural integrity



to the encapsulated cells within the GelMa matrix. This GelMa solution served as the foundation for
encapsulating cells and fabricating complex micro physiological systems, such as the Syn-U, for a

wide range of biomedical applications.

3.6 FLS encapsulation and Bioprinting parameters

The cell encapsulation process included resuspending the cells in small volumes of DMEM/F12
medium (30 uL) and mixing them with a sterile GeIMa-LAP solution to form a uniform bio-ink. FL.S
were added to the GelMa hydrogel, which was gently mixed to achieve a well-rounded encapsulation.
GelMa/FLS bio-ink was filled in a 3cc sterile disposable Amber syringe barrel (Nordson EFD, USA)
and placed into an extrusion bioprinter head (3DDiscovery™, Regen-IU, R-GEN, CH) to proceed
with the 3D bioprinting of synovial tissue in the Syn-U. Bioprinting parameters were adjusted based
on factors such as temperature, pressure, printing speed, and needle diameter to achieve optimal
printing resolution while preserving cell viability and morphology. Calibration curves were analysed
experimentally to minimize shear stress on the bioink and encapsulated cells, ensuring high shape
fidelity. To enhance cell viability, the bioprinter parameters were optimized further. Using the
selected parameters -a 0.25 mm conical needle, 50 kPa pressure, 3 mm/s speed, and a temperature of
20°C the cells were bioprinted onto the chip. Following the bioprinting process, a curing procedure
involving UV exposure at an intensity of 2 mW/mm? and a dose of 4 mJ/mm? was applied in order
to stabilize the microtissue. Finally, the chips were exposed to 365 nm UV light for 60 seconds to
allow GelMa's photo-crosslinking. Subsequently, the chips were left open to soak in their own
medium in a petri dish at 37°C for 2 hours, and then sealed with a polydimethylsiloxane (PDMS)
membrane to be connected to the microfluidic pump. The influx tube connected to a microfluidic
pump supplied DMEM/F12 at a flow rate of 6 uL/h. The chips were maintained at 37°C under a 5%
CO2 atmosphere throughout the experiment. In order to emulate the inflammatory conditions
characteristic of RA within the Syn-U, a precise protocol was established to induce inflammation in
the micro physiological system. This involved supplementing the culture medium with a combination
of proinflammatory cytokines, namely TNF-a, IL-1B, and IL-6, each at specific concentrations
tailored to elicit a robust inflammatory response. The concentrations selected for the proinflammatory
cytokines were meticulously determined based on previous literature and empirical evidence
indicating their relevance in RA pathogenesis (Bennett et al.,2018). TNF-o was added at a
concentration of 20 ng/mL, while IL-1p and IL-6 were supplemented at concentrations of 10 ng/mL
each. These concentrations were chosen to ensure an effective induction of inflammation within the
Syn-U microenvironment, while minimizing potential cytotoxic effects on the encapsulated FLS.
Through the implementation of this protocol, we were able to establish an inflamed SoC model that

faithfully recapitulates the inflammatory status observed in RA patients.



This model holds significant promise for advancing our understanding of RA pathogenesis and for
facilitating the development of novel therapeutic strategies tailored to target the inflammatory

processes driving this debilitating autoimmune disease.

3.7 Mechanical actuator

Following the bioprinting process, wherein FLSs encapsulated within an 8% GelMa hydrogel matrix
were precisely deposited onto the Syn-U, the next crucial step involved the positioning of the actuator
beneath the Syn-U assembly. With meticulous care, the actuator was strategically positioned to
interact with the Syn-U, thereby simulating mechanical forces that mimic the dynamic environment
of the synovial tissue. This positioning ensured direct engagement between the actuator and the
encapsulated FLSs, enabling controlled mechanical stimulation within the micro physiological
system. Subsequently, we applied a resin chamber with a window, creating a vacuum, and sealed it
with the PDMS membrane to create pressure-driven mechanical stimulation patterns on the synovial
cells culture, this mechanical stimulation resembles the physiological condition on patient’s joints.
Elve flow pump is distinguished by its capacity to produce both flow and the required pressure for
the actuator. The mechanical stress was simulated using a pressure of 300 mbar, maintained for 20
seconds before being reduced to 0. This cycle was repeated over a period of 1 hour per day. Such
advancements are essential for advancing our understanding of joint biology and disease mechanisms
and hold significant promise for the development of targeted therapeutic interventions for RA and

other joint-related disorders.

3.8 Calcein and Propidium Staining (Live and Dead, L/D)

Live/Dead staining can utilize Calcein-AM (BD, USA) and Propidium (PI) (ThermoFisher Scientific,
USA). Calcein-AM, a membrane-permeable dye, is converted into fluorescent Calcein by
intracellular esterases, serving as an indicator for viable cells. Conversely, the nuclei staining dye PI
cannot penetrate viable cell membranes; it reaches the nucleus by traversing disrupted membranes of
dead cell membranes and binding with the DNA double helix. This method allows for the clear
differentiation of viable cells, which appear green, from dead cells, which appear red. It's crucial to
prepare the staining solution freshly and avoid using it for more than two hours. Additionally, the
solution should be shielded from light and stored at 4°C if not immediately required. The staining
solution consisted of Calcein-AM (2mM) and PI 1X (50 pg/mL). The chips were opened and
positioned on a Petri dish, washed with PBS and subsequently 1mL of staining solution was added
directly on the cells in hydrogel. The samples ware incubated at 37°C, in the dark, for 20 minutes.
Once the incubation period had ended, the staining solution was removed, and the chips were washed

once again with PBS, and they could be analysed with Thunder Fluorescence Microscope (Leica



Biosystems, Germany). For the 24 multiwell the supernatant was removed, and wells were washed
twice with PBS. Subsequently, 500 uL of staining solution was added to the plate, being careful to
cover the hydrogel drop completely. The sample was incubated at 37°C, in the dark, for 20 minutes.
Once the incubation period had ended, the staining solution was removed, and wells were washed
once again with PBS. Lastly, PBS was added to the sample, and it can be analysed with Thunder

Fluorescence Microscope (Leica Biosystems, Germany).

3.9 Images analysis

All images were captured using the Thunder Fluorescence Microscope (Leica Biosystems, Germany)
at magnifications of both 5x and 20x. The lower magnification (5x) was employed to assess the
overall viability of FLS populations within the hydrogel, providing a broad overview. Conversely,
the higher magnification (20x) was utilized to examine cells in greater detail and facilitate semi-
quantitative image analysis. Semi-quantitative image analysis (n=3) was conducted on three
randomly selected images per sample using ImageJ NIH software. The viability of FLS cells

embedded in GelMa was determined using the following equation:

Viabilit lls (%) = Live Cells (Green) ¥ 100
lability of cells (%) = Total Cells (Green + Red)

3.10 Statistical Analysis

A comprehensive descriptive statistical analysis was conducted to rigorously assess the data obtained
from our experiments. This analysis involved calculating the mean, median, and standard deviation

of the technical triplicates for each experiment performed.



4. RESULTS

4.1 Optimization of bioprinting parameters

The optimization of diverse printing conditions was performed to identify the best bioprinting
parameters for GelMa achieving an appropriate printing resolution for the Syn-U while preserving
cell viability and morphology. High shape fidelity of the extruded bio-inks was reached by
incorporating all the optimal parameters as follows: temperature of the extruding syringe (20 °C),
pressure (50 and 68 kPa), printing speed (ranging from 5 to 3 mm/s) and needle geometry (conical
needle 0.25 mm). The optimization of various parameters consisted of experimental analysis of
calibration curves to minimize the shear stress acting on the bio-ink, and consequentially on the
encapsulated cells, while ensuring maximum shape fidelity. After bioprinting, the width/thickness of
the printed lines was measured by using a ruler which measured 3 points for each line, in total 9 points
for each printed sample. The average of the 9 measurements was calculated for each sample to obtain
a single value and standard deviation. The more appropriate parameters for the bio-ink bioprinting
were chosen: 0,25 mm conical needle, 50 kPa pressure, 3mm/s speed, and 20°C temperature (Figure

4).

After bioprinting, the microtissue was stabilized by performing the curing procedure consisting in

UV exposure at the intensity 2mW/mm? and dose 4mJ/mm?.

A. B.
Temperature (°C) Pressure (bar) Speed (mm/s) Printability
no
0,68 2
yes
20 2
0,5 5 no
3 yes

Figure 4. (A) Table with different bioprinting parameters used to choose the best one. (B) Three stripes that

were used as a quality control for bioprinting.



4.2 Assessment of the right concentration of encapsulated and bio-printed FLS

We encapsulated FLS derived from patients with RA within an 8% GelMA hydrogel matrix. This
step was pivotal in creating a biologically relevant microenvironment that closely mimics the
conditions found within the synovium. Following the encapsulation process, we utilized cutting-edge
bioprinting technology to precisely deposit the encapsulated FLS onto the chip. This involved testing
two different concentrations of FLS: 2x106 cells/mL and 10x10° cells/mL. The aim was to identify
the optimal cell concentration that would ensure the highest viability and functionality of the FLS
within the chip. Detailed methodologies outlining these procedures are provided in the Materials and
Methods section of our study. The chips were subsequently placed under microfluidic conditions for
further evaluation. This involved placing the chips within a microfluidic system that allowed for
continuous perfusion of nutrient-rich media, simulating the dynamic environment of the synovium.
By subjecting the encapsulated FLS to these controlled microfluidic conditions, we aimed to assess
their viability and functionality in a manner that closely mirrors physiological conditions.

The viability assay and morphological evaluation of patient-derived FLSs embedded in 8% GelMA
at a concentration of 2x10° cells/mL at both 24h and 4 days are shown in (Figure 5). At 24 hours
post-seeding, we found an increasing number of dead cells figuring in red (Figure 5) as well as with
appearing rounded and not elongated shape (Figure SB). The same behaviour was observed at 4 days

(Figure 5C, D).



20x

24h

4 days

Figure 5. Viability assay of 2x10° cells/mL FLSs derived from RA patient embedded in 8% GelMA bioprinted
on the chip in microfluidic conditions, after 24 hours (A, B) and after 4 days (C, D) of cultivation. THUNDER
(Leica Biosystem), with a 5x lens (A, C) and a 20x lens (B, D). (Green: Calcein; Red: PI).

When we seeded FLS at a concentration of 10x10° cells/mL, we observed a notable improvement in
both the morphology and viability of the encapsulated FLS. This increase in cell concentration
resulted in a significant enhancement of their viability, as well as the noteworthy emergence of their
characteristic elongated shape. Importantly, this morphological transformation was evident at both

24 hours and 4 days of culture, as depicted in Figure 6A-D and Figure 7.

These findings underscored the remarkable resilience and adaptability of FLS within the chip
environment. It was evident that not only the FLSs manage to survive within the chip, but they also
retained their distinct morphological characteristics. This observation speaks to the robustness of
FLSs and their ability to maintain their structural integrity even when subjected to the controlled

conditions of the chip. Moreover, the preservation of FLS morphology within the chip further



validates its utility as a platform for studying joint biology and disease mechanisms, offering valuable

insights into the behaviour of these cells under physiologically relevant conditions.

5x 20x

24h

4 days

Figure 6. Viability assay and morphology evaluation of 10x10° cells/mL, FLSs originating from RA patient,
embedded in 8% GelMa bioprinted on the chip in microfluidic conditions after 24 hours (A, B) and after 4
days of cultivation (C, D). THUNDER, Leica, 5x (A, B) and 20x (C, D). (Green: Calcein; Red: PI).
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Figure 7. FLSs encapsulated in GelMa hydrogel: cell viability. Data are expressed as percentage of cell

viability; histograms represent the average viability of three replicates (n=3).



4.3 Viability and morphology evaluation of FLSs under mechanical stress

To mimic the mechanical stress occurring in vivo on RA joints patients, we integrated in the Syn-U
chip platform an actuator under the channel hosting synovial fluid by creating pressure-driven
mechanical stimulation patterns on the synovial cells in culture. Such stimulation helped to recreate
the native environment by providing an accurate representation of the in vivo condition. FLSs (at the
concentration of 10x10%) were encapsulated in an 8% GelMA matrix following the specified
bioprinting parameters and then printed onto the chip. The actuator was connected to a pump, both
under pressure and fluid pressure, with a flow rate of 6 pL/h. The parameters as shown in (Figure
9C) employed for the simulation of mechanical stress with a pressure of 300 mbar, held at that
pressure for 20 seconds, and then decreased to 0. This cycle was sustained for a duration of 1 hour
per day. Using the same setting as shown previous experiments (Figure 9C), we stained FLS with
L/D, Calcein-AM/PI, to evaluate the viability and overall morphology of the cells at 24 hours and 4
days.

We found that after 24h not inflamed FLS (control) (Figure 8A,B), without actuator stimulation,
showed a rounded shape, as well as upon mechanical stress induced by the actuator (Figure 8C,D)
After 4 days, in the absence of the actuator (Figure 8E,F) and upon actuator stimulation begun
stretching (Figure 8G,H), FLS reached their original spindle-shape morphology.

In Figure 9A it is reported the percentage of live cells at 24 hours, resulting significantly higher in
FLS not “stressed” in comparison with those subjected to mechanical stimulation, due to the actuator
pressure. After 4 days, we found that cells viability in the presence of the actuator decreased about

20% compared to FLS that were not subjected to the actuator, as depicted in Figure 9B.
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Figure 8. Viability assay of 10x10° FLSs embedded in 8% GelMA and bioprinted on chip after 24h and 4 days

of cultivation in microfluidic conditions, in not-inflamed environment in presence/absence of the actuator.

THUNDER, Leica, 5%, 20x. (Green: Calcein; Red: PI).
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Figure 9. The graphs show percentage of live cells from the average of 3 replicates (n=3) acquired by

THUNDER, Leica, 20x of one experiment, after 24h (A) and 4 days (B) of cultivation in non-inflamed

conditions. The parameter employed for applying mechanical stress to embedded FLSs, 300mbar, cyclical (20s

pressure) for 1h (C).



4.4 Viability and morphology evaluation of encapsulated and bioprinted FLSs under inflamed
conditions

We conducted our experiments under both inflamed and non-inflamed conditions, thereby capturing
the influence of inflammatory stimuli on FLS viability within the microfluidic environment. This dual
approach enabled us to explore the adaptive responses of FLS to inflammatory cues, shedding light
on their behaviour in disease-relevant scenarios.

The results, after 24 hours and 4 days, showed no changes in morphology, in both control and
inflamed sample (Figures 10A-H). Viability was slightly lower in the control (60%) compared to the
inflamed chips (80%) (Figure 11A), as well as when cells were seeded onto the Syn-U (Figure 11B).

NO CYTOKINES CYTOKINES

24 h

4 days

Figure 10. Viability assay and morphological assessment of 10x10° FLSs embedded in 8% GelMa and
bioprinted on chip in microfluidic conditions, upon 24h and 4 days of cultivation in non-inflamed and inflamed

conditions. THUNDER, Leica, 5x, 20x. (Green: Calcein; Red: PI).
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Figure 11. The graphs represent the average percent of viable FLSs in non-inflamed (“No Cytokines”) and
inflamed (“Cytokines”) conditions after 24h (A) and 4 days (B) of cultivation, of 3 replicates (n=3).

4.5 Viability and morphology evaluation of FLSs under mechanical stress and inflamed

conditions

We then sought to investigate whether mechanical stress, applied via the actuator, would impact cell
viability under varying conditions of inflammation. Specifically, we aimed to determine the effects
on FLS when subjected to mechanical stress both in the presence and absence of cytokine-induced
inflammatory conditions.

To carry out this investigation, we designed a series of experiments where the mechanical actuator
applied controlled, precise stress to the FLS cultured within our advanced 3D synovial tissue model.
We meticulously monitored cell viability, assessing any potential changes or adverse effects resulting
from the mechanical stress. We found that FLS maintained a round shape after 24 hours, regardless
of whether stress conditions were applied mechanically via the actuator or under inflammatory ones.
However, after 4 days, FLS subjected to mechanical stress, started to assume the typical spindle-
shape, as well as control group characterized by absence of actuator and proinflammatory cytokines).
Conversely, when FLS were kept under inflamed conditions and mechanical stress they maintained
their round shape as shown in Figure 12.

Furthermore, we found that the viability of FLS remained unaffected under all tested conditions. Both
the stressed and non-stressed FLS, as well as those cultured in the presence or absence of
inflammation, exhibited stable viability levels. These results, depicted in Figure 13 A-B, indicate that

both cell viability remained consistent and stable across different experimental conditions.



A CTR Actuator Actuator + cytokines

Figure 12. Viability assays of 10x10° FLSs embedded in 8% GelMA and bioprinted on chip under the
influence of mechanical stress after 24 hours (A) and 4 days (B) of cultivation in non-inflamed and inflamed

environment under microfluidic conditions. THUNDER, Leica, 5x, 20x. (Green: Calcein; Red: PI).
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Figure 13. The graphs represent the percentage of viable FLSs with actuator stimulation in non-inflamed (No

cytokine) and inflamed (Cytokine) conditions after 24h (A) and 4 days (B) of cultivation of 3 replicates (n=3).



S. DISCUSSION

RA is a common chronic inflammatory disorder characterized as a complex syndrome involving both
autoimmune and inflammatory components. Although it primarily impacts the joints, it also displays
diverse non-joint symptoms. In fact, RA is characterized by advancing, symmetrical joint swelling
that results in cartilage deterioration, bone erosion, and impaired mobility. Its occurrence ranges from
0.4% to 1.3% of the population and is influenced by factors like gender, age, and specific patient
demographics. The impact of RA on individuals and society is substantial (Wu et al., 2021). It is
essential to emphasize early detection, prompt treatment initiation, and the formulation of innovative
treatment approaches to manage inflammation and reduce or prevent associated harm. (Prasad et al.,
2022)

In clinical settings, patients receive a range of traditional and biological medications (like
Methotrexate, Celecoxib, and Humira). However, only a small number of patients show positive
responses to the treatment, often requiring multiple medication trials to find the most suitable one.
(Smolen et al., 2016). Regrettably, the conventional treatment approach does not consider the unique
variations among patients. Individuals with a similar illness may exhibit varied reactions to identical
treatments. (Lin et al., 2017).

To address this gap, the FLAMIN-GO Project was launched. This ambitious project represents a
collaborative effort involving leading researchers, clinicians, and industry partners dedicated to reveal
the intricate interplay in RA. Its goal is to develop an innovative OoC technology, specifically a
customized Joint-on-Chip, to evaluate various treatments for RA directly on patient-derived tissue.
Furthermore, the FLAMIN-GO Project places a strong emphasis on translational research, aiming to
translate fundamental discoveries into tangible clinical applications. This approach would expedite
the discovery of suitable treatment, lessen the socio-economic impact on patients, and enhance
treatment effectiveness by emphasizing personalized rather than standardized care. The creation of
an OoC system requires a supportive structure that facilitates the cultivation of cells in 3D. This can
be effectively achieved using advanced biomaterials, such as hydrogels, which provide a conducive
environment for cell growth and organization. In our research, we concentrated on FLS, cells that
play a crucial role in producing and organizing the ECM within the synovium. Our primary objective
was to optimize the development of the Syn-U by perfecting the 3D culture of FLS. To accomplish
this, we employed a mechanical actuator alongside cytokine-induced inflammation to accurately
mimic the in vivo conditions that FLS experience in patients. This approach not only enhances our
understanding of the ECM dynamics within the synovium but also provides a robust platform for
studying joint biology and disease mechanisms. Our ultimate goal is to leverage this advanced 3D

model to facilitate the development of targeted therapies for joint-related conditions, offering a more



precise and effective treatment strategy. This involved using a mechanical actuator and cytokine-
induced inflammation to closely replicate the in vivo environmental conditions of FLS in patients.
The optimization of the protocol involved addressing various functional issues. These included
temperature control, pressure regulation, and bioprinter speed. In addition, optimizing UV
crosslinking was crucial since it significantly impacted both cellular viability and morphology in a
significant way.

In order to resemble the disease conditions of FLS occurring in vivo, we employed a mechanical
actuator to mimic stress conditions and stimulated these cells with a proinflammatory cocktail to
mimic inflammation. We optimized cell seeding in GelMa hydrogel by increasing the cell
concentration from an initial density of 2x10° to 10x10° cells/mL. In a study conducted by Jain et al.,
they demonstrated, through their experiments, that varying concentrations of GelMa had notable
effects on the behaviour of encapsulated FLS. Precisely, they showed that low cell density
corresponding to 1x10° cells/mL impacted the rate of elongation. Conversely, when the cell
concentration was increased up to 10x10°¢ cells/mL, the 3D-printed and photo-crosslinked scaffolds
were able to support cell attachment and proliferation for up to 14 days post-printing. These findings
underscore the importance of carefully optimizing GelMa concentration for FLS encapsulation, with
higher cell densities showing promising outcomes in terms of morphology and long-term viability
within 3D-printed GelMa scaffolds. In line with these findings, it was observed that encapsulated
FLS were homogeneously distributed throughout the GeIMA bioink by forming efficient cellular
networks when closer together. This is crucial under microfluidic experimental conditions.
Throughout the vast expanse of scientific literature, a consensus has emerged regarding the pivotal
role of mechanical stimulation in the pathogenesis of the disease, among which RA stands
prominently. This multifaceted condition, characterized by chronic inflammation and progressive
joint damage, is profoundly influenced by mechanical forces acting upon the musculoskeletal system
(Zhang et al., 2016). However, synovial tissue in living organisms is physiologically exposed to
specific mechanical forces that cannot be replicated in conventional in vitro models (Gangi et al.,
2022). In order to recreate a natural pericellular matrix microenvironment (Zhang et al., 2017), thus
to study the influence of these mechanical factors on FLS, we integrated into the SoC model a
specifically designed mechanical actuator, which consists of a resin chamber with a window, creating
a vacuum and sealed with a customary PDMS membrane. The pump applies both flow and pressure
to emulate the fluid shear stress experienced by synovial tissue during loading. Additionally, the
media pumped through the system was enriched with pro-inflammatory cytokines (IL-1p, IL-6, and
TNF-a) to mimic the inflammatory environment present in RA joint tissue. Paggi et al, reported that

multi-directional mechanical stimulation on a 3D cell-laden hydrogels, allowed the emulation of the



native articular cartilage microenvironment, by applying a 300-mbar pressure in the actuation
chamber. Because of this pressure, all cells across the entire hydrogel resulted deformed and were not
exposed to any hyper-physiological stimuli (Paggi et al., 2022). In our experimental setting, we decide
to apply the same parameter with a frequency of 1 Hz for mimicking the walking pace of an individual
as described by Anderson et al., The response to a given biomechanical stimulus often may result in
cellular changes, since sense this stimulation through mechanotransduction (Huang et al., 2004).
ECM mechanical cues may also affect fundamental cellular processes, transmitted over varying
timescales, and may involve the activation or inhibition of signalling pathways as well as control over
gene expression (Martino et al., 2018). Altogether, the aforementioned effects impact on cell
morphology, as well as its function. In our research, we have successfully created an advanced 3D
synovial tissue model integrated within the SoC platform. This state-of-the-art development marks a
significant leap in our scientific efforts, enabling us to accurately replicate the intricate architecture
and functionality of synovial tissue within a controlled and miniaturized setting. The creation of this
sophisticated 3D model is a testament to our commitment to innovation and excellence in the field of
biomedical research. It offers a powerful tool for gaining deeper insights into the biology of joints,
enabling us to study their intricate mechanisms with greater precision. Furthermore, this breakthrough
holds significant potential for the development of more effective and targeted therapies for diseases
affecting the joints, such as arthritis and other degenerative conditions. By utilizing this advanced
model, we are positioned to make substantial progress in understanding joint health and disease,
ultimately contributing to improved patient outcomes, and advancing the frontiers of medical science.
For sure further investigation is needed to improve the process and we believe that the outcomes from
our study will provide a solid foundation for advancing the development of a SoC and subsequently

moving toward a personalized medicine approach in treating RA patients.
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