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ABSTRACT

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by persistent synovial
inflammation, progressive cartilage destruction, and bone erosion. RA fibroblast-like synoviocytes
(RA-FLSs) play a central role in disease progression by promoting inflammation, extracellular
matrix remodeling, and joint damage. Although conventional in vitro models have improved our
understanding of RA pathophysiology, they do not accurately reproduce the dynamic, three-
dimensional (3D) synovial microenvironment. Therefore, developing physiologically relevant
synovium-on-a-chip (SoC) platforms has emerged as a promising strategy for studying RA and
evaluating therapeutic responses. This study aimed to develop and characterize a hydrogel-based
SoC model for RA by evaluating RA-FLSs viability, spatial organization, phenotypic
heterogeneity (CD55 and CD90), lubricin functionality, and inflammatory responses. RA-FLSs
isolated from RA patients were encapsulated within a 3D hydrogel and cultured in a microfluidic
SoC platform under physiological and inflammatory conditions. Cell viability was assessed using
a Live/Dead fluorescence assay, while fibroblast phenotype and function were evaluated by
immunofluorescence staining of CD55, CD90, and lubricin. Fluorescence images were processed
using Fiji/Image], and quantitative image analysis was performed using custom Python and
Fiji/Image] workflows. The SoC platform successfully supported the formation of a viable 3D
RA-FLSs microtissue, maintaining high cell viability and characteristic fibroblast morphology
throughout the hydrogel. Analysis of CD55 and CD90 expression demonstrated the preservation
of fibroblast phenotypic characteristics within the engineered construct, with CD90 displaying a
significant spatial distribution across the microtissue, while lubricin expression confirmed the
maintenance of fibroblast functional activity under physiological conditions. Inflammatory
stimulation significantly reduced lubricin expression without markedly affecting overall cell
viability, indicating functional impairment of RA-FLSs. In conclusion, the developed SoC model
provides a physiologically relevant 3D platform that preserves RA-FLSs viability, phenotypic
characteristics, and functional activity while reproducing key pathological features of RA under
inflammatory stimulation. These findings support the use of the model as an in vitro platform for

investigating RA-FLSs disease-associated functional changes.



1. INTRODUCTION

1.1. RA

RA is a chronic autoimmune condition characterized by systemic inflammation that affects the
joints and multiple organ systems (Radu and Bungau, 2021). RA occurs in about 0.5% of the
population, leading to severe joint damage and compromised physical function (Aletaha and
Smolen, 2018). RA is characterized by the production of autoantibodies, primarily rheumatoid
factor (RF) and anti-citrullinated peptide antibodies (ACPA), that target widely distributed self-
antigens across the joints. It is also a chronic inflammatory condition led by numerous cytokines
that function both correlatively and simultaneously, a feature referred to as overlap within the

cytokine network (Boissier, 2011).

The prevalence of RA varies across regions, often being higher in developed countries due to
environmental risks, genetic factors, population-based differences, and incomplete reporting in
other regions (Finckh et al., 2022). Genetic factors play a role in the development of RA from early
life, with the strongest links found in females and individuals with a family history of the disease.
Environmental factors and various health conditions are linked to RA, with recent evidence
highlighting gene—environment interactions. Comorbidities, like obesity and diabetes mellitus, are
known to increase the risk of developing RA, although their predictive value is low (van Boheemen
and van Schaardenburg, 2019). Furthermore, various mechanisms have been proposed to explain
tissue damage in RA, immune complexes are likely the first fundamental cause (Weissmann,

2004).

Both musculoskeletal and general symptoms have been linked to RA, including joint pain and
swelling, along with warmth, redness, and burning sensations around the joints. Others include
early morning stiffness, muscle weakness, reduced motor function, fatigue, sleep disturbances, and

depressive symptoms (van Boheemen and van Schaardenburg, 2019).

Over the past two decades, major advances have been made in understanding RA pathophysiology,
enhancing outcome measures, and developing effective treatments, with a growing focus on early
diagnosis and management (Aletaha and Smolen, 2018). While recent advances in RA therapy

may lead to enhanced life-saving in the future, factors such as sustained low-grade inflammation,



comorbidities, and immunogenetic influences may still contribute to increased mortality and limit

this progress (Myasoedova et al., 2010).

Managing RA calls for a clear-eyed, critical approach. Disease activity needs to be checked again
and again, so treatment can be adjusted as needed, staying aligned with a “treat to target” strategy
(Szmyrka and Szechinski, 2001). Escalating therapy needs to be matched closely to who the patient
is and what risks come with the treatment plan. For RA patients, starting drug therapy promptly,
especially in the first year after diagnosis, tends to pay off, much like it does in other long-running
conditions. When extra-articular features show up, the approach usually must cover both the here-
and-now and the long haul, most often with disease-modifying anti-rheumatic drugs (DMARD:s),
corticosteroids, and nonsteroidal anti-inflammatory drugs (NSAIDs). NSAIDs can ease pain and
stiffness and help patients move and function better, but they don’t stop joint damage itself.
Glucocorticoids, by acting on the disease’s underlying drivers, can calm symptoms fast and have
disease-modifying effects, yet the downside is that extended use carries major adverse effects.
DMARDs, on the other hand, are chosen to bring inflammation down and to slow structural
deterioration over time. Broadly, DMARDs fall into two groups, synthetic and biological, and
synthetic DMARDs are commonly split again into conventional synthetic and targeted synthetic

types (Smolen et al., 2014).

Methotrexate (MTX) is the synthetic DMARDs most often prescribed for RA, largely because it
works well at shifting the Th1/Th2 balance toward Th2 expansion (Monserrat Sanz et al., 2020).
By blocking dihydrofolate reductase, it dampens inflammation and slows disease activity, since
purine and pyrimidine production drops and IL-6 levels come down as well. For RA, the European
Alliance of Associations for Rheumatology (EULAR) advises beginning therapy with MTX and
pairing it with low-dose glucocorticoids, a recommendation backed by solid evidence. When
different treatment strategies have been put side by side in studies, results have largely lined up,
with no approach showing a clear, meaningful edge over the others (Nam et al., 2014).
Glucocorticoids can be given by mouth at low to moderate doses, or as a one-time intravenous or
intramuscular shot, particularly when paired with MTX to add extra structural protection (Antoni

et al., 2005).



1.2.  Synovium in RA

The synovium is a soft connective tissue that lines the chambers of synovial (diarthrodial) joints,
as well as tendon sheaths and bursae. It consists of two main elements: a surface layer known as
the intima and a deeper layer called the subintima. The intima is made up of specialised FLS along
with synovial macrophages, while the subintima contains blood and lymphatic vessels, along with
resident FLS and infiltrating immune cells integrated within a collagen-rich extracellular matrix
(Smith and Wechalekar, 2015). In healthy tissue, FLS play a key role in maintaining joint
homeostasis by providing the joint cavity and adjacent cartilage with fundamental plasma-derived
nutrients and lubricating substances, including hyaluronic acid. They also assist in ongoing
extracellular matrix turnover by synthesizing structural components like collagen and hyaluronan,
while concurrently secreting enzymes that regulate matrix degradation (Miiller-Ladner et al.,

2007).

In RA, the synovium is the major site of inflammation, and without treatment, this can cause
permanent deterioration of surrounding cartilage and bone. It is now well recognized that RA-
specific autoantibodies, such as RF and ACPA, occur before clinical symptoms develop (Boissier,
2011). Once synovitis in RA is identified, various reinforcement processes help sustain
inflammation and encourage disease persistence (Hitchon and El-Gabalawy, 2011).
Proinflammatory cytokines play a role in the early stages of inflammation within the rheumatoid
synovium. Although the accurate triggers of rheumatoid synovitis are not fully understood, both
antigen-specific and non-antigen-specific pathways are thought to participate. Activated T
lymphocytes, particularly those expressing human leukocyte antigen DR4. (HLA-DR4) with the
shared major histocompatibility complex (MHC) epitope, are thought to be important in initiating
the pathological process (Arend, 2001).

RA-FLSs are the major cell types in the outer layer of the thickened synovial tissue that sweeps
and destroys nearby cartilage and bone. They play an active role by enhancing inflammation and
joint breakdown through the release of pro-inflammatory cytokines and enzymes that degradate
the extracellular matrix (Miiller-Ladner et al., 2007). Evidence suggests that chondrocytes are not
merely reactive targets in cartilage injury but also actively contribute to matrix degradation. They
respond to proinflammatory cytokines sourced from the synovium and can also produce such

cytokines themselves. Through autocrine and paracrine signaling, these mediators promote tissue



breakdown while inhibiting repair mechanisms. This imbalance between catabolic and anabolic
processes likely plays a major role in the accelerated loss of cartilage matrix seen in RA, with the
main cytokine-mediated interaction involved in RA pathogenesis summarized in (Figure 1) (Otero

and Goldring, 2007).
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Fig. 1. Cytokine network involved in the pathogenesis of RA. Pro-inflammatory cytokines, including TNF-q,
IL-1, IL-6, IL-17, and IFN-y, produced by immune cells and RA-FLSs promote synovial inflammation, cartilage
degradation, and bone destruction. Anti-inflammatory mediators such as I1L-4, IL-10, IL-13, TGF-f, and IL-1
receptor antagonist (IL-1Ra) counteract these inflammatory pathways and contribute to the regulation of immune
responses and tissue homeostasis (Otero and Goldring, 2007).

1.3. RA Models

1.3.1. In vitro models of RA

There are numerous preclinical models of RA available; many have limited predictive precision
because they depend on distantly related animals. Over the past decade, advances in tissue
engineering have considerably enhanced in vitro techniques for studying RA. As a result, the

disease’s pathogenesis has been shaped using a wide range of both in vitro and in vivo systems.



Cell-based in vitro approaches vary from tissue explants and simple 2D (co)culture models to more
advanced 3D engineered systems composed of multiple cell types. These cells may be obtained
from established cell lines, primary sources, or patient-derived materials such as mesenchymal
stromal cells (MSCs) and induced pluripotent stem cells (iPSCs). Such models are used to examine
processes including cell migration, activation, antigen presentation, cell-cell interactions, and

alterations in both cellular behavior and extracellular matrix structure (Damerau and Gaber, 2020).

Furthermore, organoids cultured on microfluidic chips, along with computational (in silico)
models, represent promising tools for enhancing the understanding of RA pathophysiology and
identifying new treatment targets. Future preclinical in vitro screening platforms are planned to
rely on microphysiological human joint-on-a-chip systems that integrate primary cells from RA
patients and various organs. These models aim to reproduce the systemic nature of the disease,
enhance translation to human implementation, and reduce dependence on animal testing (Figure

2) (Damerau and Gaber, 2020).
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Fig.2. Overview of state-of-the-art in vitro models classified according to experimental feasibility and
physiological proximity. Figure contains graphics from Servier Medical Art, licensed under a Creative Commons

Attribution 3.0 Generic License. http://smart.servier.com/.(Damerau and Gaber, 2020).

1.3.2.

Precisely replicating the physiological and pathological complications of biological systems often

requires the use of tissue explants or advanced 3D tissue models that maintain structural

2D culture and co-culture approaches


http://smart.servier.com/

organization. 2D monolayer cultures are commonly used for rapid in vitro cell enlargement,
although they may cause changes in cell morphology, genetics, diversity, cell cycle behavior, and

differentiation potential (Damerau and Gaber, 2020).

By extending 2D monolayer cultures into co-culture systems, exchange between cells within the
same environment can be investigated either indirectly, using physical separation methods such as
medium transfer or transwell chambers, or directly through mixed cultures that allow cell-to-cell
contact. Using both methods, human RA-FLSs suppressed the tumor necrosis factor-alpha (TNF-
a)-induced interferon-gamma (IFN-y) response in macrophages under both direct and indirect
conditions. Due to this, direct cell contact is not necessary, and soluble factors released by

fibroblasts are responsible for inhibiting the macrophage IFN-y signature (Donlin et al., n.d.).

3D models provide important advantages over traditional 2D systems, as they better assist cell—
cell and cell-matrix interactions, as well as processes such as cell proliferation, differentiation, and
migration, while preserving cellular behavior within a more physiologically relevant environment.
To precisely replicate joint structure, an essential condition for modeling RA pathogenesis, various
cellular components, including the synovial membrane and the cartilage, and bone-forming
(chondrogenic and osteogenic) elements, need to be integrated into 3D in vitro systems (Damerau

and Gaber, 2020).

1.3.3. Organ-on-a-chip (OoC)

In recent years, infusion-based culture systems have gained increasing significance due to their
ability to support the development of functional tissues. These systems provide a continuous
delivery of nutrients and enable precise, real-time control of environmental parameters such as pH,
temperature, and oxygen levels. Additionally, multi-chamber bioreactors enable the controlled co-

culture of two or more cell or tissue types within a defined environment. (Lin et al., 2014).

In general, microfluidic systems offer high design flexibility, enabling the creation of controlled
concentration gradients, accurate spatial arrangement of cells, and tailored co-culture and shear
stress conditions (Mestres et al., 2019). Currently, only a small number of microfluidic culture
methods can partially replicate joint physiology by modeling subchondral bone, articular cartilage,
or the osteochondral region, as well as the synovial membrane, including its spatial and mechanical

characteristics (Figure 3) (Rosser et al., 2019).
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Fig.3 Overview of microfluidic approaches mimicking selected physiological interactions of the human joint
tissues. The figure was modified from Servier Medical Art, licensed under a Creative Commons Attribution 3.0
Generic License. http://smart.servier.com/. (Celikkin et al., 2021).

An OoC is a microfluidic cell culture platform consisting of continuously infused and/or
mechanically promoted microchambers or channels that assemble living cells arranged in three
dimensions to replicate the structure and function of tissues and organs. In tissue engineering and
regenerative medicine, biofabrication has become a key method for recreating the complex
architecture and scale of human organs, providing benefits such as precise, automated production
of physiologically relevant 3D tissues with high reproducibility (Celikkin et al., 2021). Among
many techniques to analyze OoC, immunofluorescence is a technique in which fluorescently
marked antibodies are used to evaluate the expression of target antigens (Odell and Cook, 2013),
supplementing clinical evaluation and histopathological analysis for diagnosing autoimmune
diseases. They facilitate timely identification, guide treatment determinations, and support ongoing

evaluation of disease progression in affected patients (Mohan et al., 2008).
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2. OBJECTIVES

This internship was carried out at the Immunomics laboratory (Head Prof. Annalisa Chiocchetti),
and it is part of the FLAMIN-GO project (Grant Agreement No. 953121), funded by the European
Union's Horizon 2020 programme. The aim of this thesis concerned the development,
optimization, and application of an image-analysis pipeline for the quantification of
immunofluorescence images obtained from RA-FLSs cultured within the SoC model. My
contribution focused on image processing and quantitative analysis using Fiji/ImageJ and Python-

based computational tools to extract quantitative measurements from fluorescence images.

The image analysis workflow was applied to investigate cell viability, FLS phenotypes, and
cellular functions of RA-FLSs under experimental conditions applied in the SoC model. Specific
quantitative analysis of live/dead cell distributions and the levels of expression of the fibroblast
markers CD55 and CD90 and lubricin will be described in the thesis. The developed analytical
approach was used to compare RA-FLSs when cultured under static and microfluidic conditions,
to investigate their spatial organization across different regions of the SoC, and to quantify changes

associated with inflammatory stimulation.

The final aim of this thesis was to provide a structured and reproducible image-analysis method
capable of reporting qualitative data for the SoC model, extracted from fluorescence microscopy

images and interpreted based on their biological significance.



3. Methods and Materials

3.1.  Cell-hydrogel scaffold preparation and encapsulation on a chip

RA-FLSs suspended in media culture (5x10° cells/mL RA-FLS) were mixed gently with GeIMA -
LAP solution to reach a working solution of 5% and 0.3%, respectively. Then, the bioink was
embedded in the synovial chamber of the SoC or in a plate (static condition) and exposed to UV
irradiation for 1 minute to enable GelMA's photocrosslinking. Subsequently, the SoC was sealed
tightly with a PDMS membrane and screws, and the inlet and outlet tubes were connected to

perfuse the media. Complete DMEM/F12 medium was used to culture RA-FLSs on the chip.

3.2.  Characterization and functionality of RA-FLSs on chip

SoCs were cultured under continuous perfusion (40 pl/hour) using a mechanical microfluidic
pump in an incubator at 37°C, 5% CO2. After 3 days of encapsulation, cell viability, functionality,
and phenotype were assessed using Calcein-AM/PI staining, lubricin staining, and CD55/CD90

staining, respectively.

3.3.  Characterization and functionality of RA-FLSs on chip under inflammatory stimuli

To mimic the inflammatory microenvironment characteristic of RA conditions, the culture medium
was supplemented with pro-inflammatory cytokines, namely TNF-a (20 ng/mL), IL-1p (10
ng/mL), and IL-6 (10 ng/mL). Cytokine stimulation was initiated 18 h after cell encapsulation on
the chip and maintained for approximately 54 h to induce an inflammatory response. After 3 days

of encapsulation, we evaluated the readouts described in 3.2. On-chip immunofluorescent staining.

3.3.1. Calcein-AM/PI staining for cell viability

Calcein-AM (3 uM) (BD Biosciences, USA) and PI (50 pg/mL) (Sigma-Aldrich, Germany)
resuspended in PBS 1X were fluxed into the chip for 20 minutes at 37°C in the dark at 40 pl/hour.
The chip was washed with PBS 1X before and after staining for 10 minutes at the same speed.
Viable cells emitted green fluorescence at excitation/emission set at 488/530 nm, whereas nuclei

of dead cells appeared red at 530/580 nm.

3.3.2. Lubricin staining for cell functionality

BD GolgiPlug™ Protein Transport Inhibitor (1:1000; BD Sciences) were fluxed into the chip for
at least 4 hours to keep the lubricin inside the cells and then fixed with 4% paraformaldehyde

10



(PFA; Sigma-Aldrich, Germany) in PBS 1X for 20 minutes. The cells were then permeabilized
with 0,2% Triton (Sigma-Aldrich, USA) in PBS 1X for 15 minutes and blocked with 4% Bovine
Serum Albumin (BSA; Merck) in PBS 1X for 30 minutes. Primary antibody (anti-Lubricin 1:500
- Thermofisher) diluted in 1% BSA was added and incubated for 2 hours. Subsequently, secondary
antibody (Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
1:500 - Thermofisher) diluted in 1% BSA was added for 1 hour. Finally, HOECHST (1:250;
Thermofisher) in PBS 1X was added for 15 min. Between and after each step, the chips were
carefully washed with PBS 1X for at least 5 min. Every step was performed by gently adding the
solutions to the fluidic system of the SoC. The lubricin® emitted green fluorescence at
excitation/emission set at 488/530 nm, whereas the cell nuclei emitted blue fluorescence at

excitation/emission set at 355/450 nm.

3.3.3. CD55/CD90 staining for cell phenotypes

Cells encapsulated inside the SoC were fixed with 4% PFA in PBS 1X for 20 minutes. The
hydrogels with cells were then blocked with 4% BSA in PBS 1X for 30 minutes. Then, antibodies
anti-CD55 (Monoclonal antibody (Bul4; CD55) — FITC 1:100 — Thermo Fisher) and anti-CD90
(APC- Mouse anti-human CD90 1:100; Thermo Fisher), diluted in 1% BSA, were added and
incubated for 1 hour and 30 minutes. Subsequently, HOECHST 1:250 in 1% PBS was added for
15 min. Between and after each step, the chips were carefully washed with PBS 1X for at least 5
min. Every step was performed by gently adding the solutions to the fluidic system of the SoC.
The CD55+ emitted green fluorescence at excitation/emission set at 488/530 nm, whereas the
CD90+ emitted far-red fluorescence at excitation/emission set at 650/660 nm, and the cell nuclei

emitted blue fluorescence at excitation/emission set at 355/450 nm.

Images after all the staining were acquired using a Leica THUNDER Imager 3D Live Cell in

brightfield and fluorescence channels at an objective magnification of 20X.

3.4. Image processing and analysis

Images after the staining were acquired using a Leica THUNDER Imager 3D Live Cell in
brightfield and fluorescence channels at an objective magnification of 20X. High-resolution Z-
stacks were acquired at 20X magnification to encompass the full depth of the 3D

microenvironment. Raw imaging data (TIFF format) underwent background subtraction and were

11



collapsed into maximum intensity projections (MIP) using ImageJ (NIH) to facilitate downstream

quantitative analysis.

For analyzing spatial organization, phenotype, and functional output of FLS within the 3D
microenvironment, Z-stack imaging data (TIFF format) underwent background subtraction and
enabled the arbitrary subdivision of the microtissue into three distinct regions, defined as top
(adjacent to the PDMS membrane), middle, and bottom layers using Fiji/ImagelJ software (version
1.54p; Wayne Rasband and contributors, NIH, Bethesda, MD, USA) to facilitate downstream

quantitative analysis.

3.4.1. Viability analysis

Images were produced from fluorescence Z-stacks in Fiji/Image] and then measured quantitatively
with a custom image-analysis workflow implemented in Python 3. Image acquisition varied by
experiment; the analysis was based on two fluorescence channels: the green channel (ChO1)
corresponded to Calcein-AM, marking viable cells, while the red channel (Ch02) corresponded to

Propidium Iodide (PI), marking non-viable cells.

Images from the two channels of fluorescence were paired according to their filenames and analyzed
separately. Prior to segmentation, fluorescence images were intensity-normalized between the 1st
and 99.8th percentiles to improve consistency in objects across images. To quantify viability, a deep
learning segmentation workflow was run in Python 3. Live and dead cells were detected
automatically using the StarDist2D deep learning framework with the pretrained 2D versatile fluo
model. The same segmentation parameters were applied to both channels, with a probability

threshold (prob_thresh) of 0.7 and a non-maximum suppression threshold (nms_thresh) of 0.0.

After image analysis by StarDist, an instance segmentation mask was created for every fluorescence
image, and the number of identified particles was automatically extracted. The number of objects
identified in the Calcein-AM, green channel (ChO1) image was attributed to the number of viable
cells, and the number of objects identified in the PI, red channel (Ch02) was attributed to dead cells.

For each image, the numbers of viable and dead cells obtained from the segmented Calcein-AM and

PI channels were used to calculate cell viability according to the formula:

Cell Viability (%) = Number of viable cells % 100
eH VIabtY A0 = Total number of cells

12



where the total number of cells corresponds to the sum of viable and dead cells.

For each image, the automated pipeline produced quantitative cell counts, and those values were
then carried forward into GraphPad Prism for statistical processing. The same workflow was kept in
place for every condition tested, covering both static and microfluidic culture formats in

physiological as well as inflammatory environments.

3.4.2. Quantification of lubricin fluorescence

Lubricin expression was measured from fluorescence microscopy images by measuring the
intensity of the lubricin-specific signal in the green channel (Ch01). Quantification was performed
using pixel-based analysis in Fiji/Image], based on the principle that fluorescence intensity is

proportional to the amount of labeled protein.

For each image, the signal was segmented using the Otsu automatic thresholding technique,
resulting in the creation of a binary mask separating the positive cells from the background, which
was then used to quantify cell-specific fluorescence. Then, fluorescence measurements were
obtained using the “Set Measurements” function in Fiji/lmageJ. Among these parameters,
Integrated Density (IntDen) was used as the quantitative measure of lubricin fluorescence.
Integrated Density represents the sum of all pixel intensity values within an analyzed region and

therefore provides a measure of the total fluorescence signal associated with lubricin expression.
Integrated density is calculated by the following equation:

Integrated Density (IntDen) = Area X Mean Gray Value

For each image, the fluorescence signal corresponding to lubricin expression was quantified by

adding the IntDen values across all detected cellular regions:
Total Lubricin Intensity = Z IntDen

Since variation in the number of cells found in each image can affect the overall level of
fluorescence, values of lubricin fluorescence were then normalized to account for variations in cell
counts between each image. This normalization represented lubricin expression relative to the
amount of cellular material in each image analyzed, thus making the values comparable between

experimental conditions.
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Cell quantification was determined using the nuclear fluorescence channel (ch02) to account for
differences in cell density among images, which allowed accurate identification of individual cells

based on fluorescence signal.

Nuclear Images were processed in Fiji/Image] by converting the corresponding channel to 8-bit
grayscale and applying threshold-based segmentation to differentiate nuclei from background
noise. Following threshold-based segmentation, the resulting binary images were used for
automated cell detection, which was carried out using the “Analyze Particles” function in
Fiji/Image], which identifies separate objects based on predefined size and intensity criteria. This
method enabled consistent and replicable detection of nuclei across all samples. The resulting cell

count was used to normalize the total lubricin fluorescence intensity.

Because total lubricin fluorescence intensity is influenced by the number of cells present in the
image, normalization was applied to consider variations in cell density between samples.
Specifically, total lubricin fluorescence intensity (calculated as the sum of Integrated Density
values from the lubricin channel, chO1) was normalized to the total cell count obtained from the

nuclear channel.

To normalize fluorescence intensity to cell number, normalized lubricin expression was calculated

as:

Total Lubricin Intensity (ch01)
Total Cell Count (ch02)

Normalized Lubricin Expression =

3.4.3. CD90/CDS5S analysis

CDS55 and CD90 expression was quantitatively assessed from immunofluorescence images using
Fiji/Image]. Specifically, for each of the phenotypic markers, its fluorescence channel was
measured, and the corresponding cell numbers were acquired using the cell nuclear channel

(Hoechst-stained) as described in section 3.5.2.

For each marker, raw fluorescence images were converted into 8-bit grayscale and segmented from

the background by Otsu's automatic thresholding method. Using the thresholded fluorescence-
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positive areas, we quantified the intensity associated with the marker. The IntDen was acquired as

the intensity value, the total intensity summed within the identified positive regions.

In order to take cell density differences into account in each picture, the sum of the fluorescence
intensity measured for each marker was divided by the sum of nuclei detected in each field. For

CD55 and CD90, expression per cell can be quantified according to the following equation :

total marker fluorescence intensity

Normalized marker expression =
total cell count

A similar method for imaging and quantification was applied reproducibly to images of both CD55
and CD90 for the different experimental conditions and separately to the top, middle, and bottom

regions of the image when analysis focused upon spatial aspects of the SoC.

3.5.  Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.0.0 (121) (GraphPad
Software, San Diego, CA, USA). Quantitative data obtained from image analysis were organized
according to the experimental comparison and are presented as individual biological data points

together with the mean =+ standard error of the mean (SEM).

Before statistical comparisons, data distribution was assessed using the Shapiro—Wilk normality
test with a significance level of a = 0.05. Statistical tests were selected according to data
distribution and experimental design. The specific statistical test used for each experiment is
indicated in the corresponding figure legend. A value of P < 0.05 was considered statistically
significant. Statistical significance is indicated in the figures using asterisks: *P <0.05, **P <0.01,

and ***P < 0.001, while non-significant differences are indicated as ns.
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4. Results

The experimental results were arranged to test how the SoC model behaves across different culture
conditions. To begin with, RA-FLSs grown in standard static culture were compared to cells
maintained in the microfluidic SoC device, with the focus placed on potential shifts in viability
and in lubricin expression. After that initial comparison, the SoC model was examined more
broadly, both in structure and in functional characterization by evaluating cell viability,
morphology, spatial distribution, the presence of fibroblast phenotype markers (CD55 and CD90),
and lubricin expression throughout the engineered microtissue. Finally, inflammatory stimulation
was introduced to see how the SoC model reacts, tracking any resulting changes in viability,

fibroblast phenotype, and lubricin expression (Figure 4).
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Fig.4. Experimental workflow of the SoC study. RA-FLSs were cultured under conventional static conditions
and within a microfluidic SoC platform. Cell viability and functionality were assessed, followed by spatial
characterization of the SoC across the top, middle, and bottom layers. Subsequently, the SoC was exposed to
inflammatory cytokines (IL-1pB, IL-6, and TNF-a) to evaluate morphological, viability, phenotypic (CD55 and
CD90), and functional (lubricin) responses. Finally, quantitative image analysis and statistical evaluation were
performed to interpret the results and compare experimental conditions.

4.1. Development and application of the quantitative image-analysis workflow

Quantitative analysis of the SoC fluorescence imaging data was performed using an image-
analysis workflow that was specifically custom-designed and optimized for the present study. The
main purpose was to convert the images of RA-FLSs in the fluorescence images into quantitative
and repeatable measures of cell viability, cell phenotype, and cell function. Emphasis was placed
on selecting image processing and quantification methods that would be suitable for use

throughout SoC regions and with varying experimental conditions.
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Raw fluorescence images were organized based on experimental condition, biological donor,
staining, and imaging region. The Z-stack acquisitions were analyzed to generate maximum
intensity projection images, and each fluorescence channel was analyzed individually based on the
parameter of interest. To quantify cell viability, the Calcein-AM signal was utilized to differentiate
viable cells, and the propidium iodide signal to differentiate dead cells, and an automated image-
analysis pipeline was used to obtain the total number of cells counted. In parallel, to analyze the
immunofluorescence response, CD55, CD90, and lubricating fluorescence signal intensities were
measured using Fiji/Imagel, and the total fluorescent intensity measurements were subsequently

normalized to the corresponding cell number where required.

The analysis was performed in a similar way to investigate spatial heterogeneity across the 3D
microtissue, on images for the top, middle, and bottom areas of SoC. This process standardizes the
quantitative readings in terms of fluorescence obtained from the regions and from the experiments
and minimizes variability that can arise from manual image review. The data obtained in numerical
form were organized and transferred to GraphPad Prism for statistical analysis and visualization.
The complete quantitative image-analysis workflow, from fluorescence image preprocessing and
cell/marker detection to quantitative measurement, normalization, and generation of the final

datasets for statistical analysis, is summarized in (Figure 5).
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Fig. 5. Development and application of the quantitative image-analysis workflow. (A) Workflow for cell
viability analysis using Calcein-AM (live) and Propidium Iodide (PI, dead). (B) workflow for
immunofluorescence marker analysis (CD55, CD90, and lubricin) with Hoechst nuclear counterstain. The same
analytical pipelines were applied to all experimental conditions and spatial regions (top, middle, bottom layers)
under control and inflammatory conditions.

4.2.  Microfluidic culture supports RA-FLSs viability and functionality

The impact of the microfluidic culture system on RA-FLSs viability and lubricin expression was
assessed by fluorescence images acquired on RA-FLSs from both static and SoC cultures.

Representative Calcein-AM/PI and lubricin staining are shown in (Figure 5) above and were
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processed by the quantitative image analysis protocol. The analysis for viability was based on
detection of live and dead cells in the Calcein-AM and PI channels, respectively, and was

calculated as the percentage of live cells.

As shown in (Figure 6A), quantitative image analysis showed a high level of cell viability under
both culture conditions, with comparable mean viability values. RA-FLSs cultured within the SoC
showed a mean viability of 83.31 + 2.17%, while cells maintained under static conditions showed
a mean viability of 83.77 + 6.83%. No statistically significant difference in mean cell viability was
detected between the two culture conditions. However, the lower standard deviation observed in
the SoC condition indicates that the viability measurements were less variable across the analyzed

samples compared with static culture.

Next, cell function was quantified by measuring lubricin immunofluorescence intensity. Lubricin
fluorescence intensity was quantified and normalized to the corresponding cell number to obtain
fluorescence intensity per cell. RA-FLSs cultured on the SoC exhibited significantly more lubricin
signal compared with cells maintained under static conditions. Lubricin fluorescence intensity of
cells on the SoC increased from 29,069 +£7,358 intensity/cell in static culture to 51,922 +6,122
intensity/cell in the SoC (P < 0.05). This difference is visualized in the representative fluorescence
images below (Figure 6B), where lubricin staining is more pronounced and widely dispersed in the

microfluidic condition.

Overall, these quantitative image-analysis data imply that the SoC maintained the viability of RA-
FLS at a comparable level to standard static cultures, while supporting significantly greater lubricin
expression. Representative fluorescence images and comparisons for both static and SoC cultures

are presented in (Figure 6).
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Fig. 6. Microfluidic culture enhances fibroblast functionality compared to static conditions: (A)
representative MIP image showing viability of RA-FLSs (5§ x 1076 cells/mL in GelMA 5%) between 3D
encapsulated DROP and CHIP configurations after 3 days (left panel). Quantitative comparison of viability,
demonstrating high viability between the two conditions (right panel). (B) Representative MIP images showing
lubricin assessment of RA-FLSs (5 x 1076 cells/mL in GeIMA 5%) between 3D encapsulated DROP and CHIP
configurations after 3 days (left panel). Quantitative comparison of lubricin production, showing significantly
higher levels in on-chip culture (right panel). Data are presented as mean £ SEM, n = 4 independent biological
donors. Statistical significance was determined by an unpaired t-test or Mann-Whitney test, *P<0.05.

4.3.  Spatial organization and functional stratification of RA-FLSs within the SoC

To assess the capability of the SoC to recapitulate relevant features of the microtissue, after three
days of encapsulation within the SoC, RA-FLSs were assessed for viability, morphology,
phenotype marker expression, and functional protein production (lubricin). To evaluate spatial
variations within the platform, images of the SoC were acquired as Z-stacks in a Leica THUNDER
fluorescent microscope, then divided into three different areas, obtained by dividing the
microtissue into equal layers: top, adjacent to the polydimethylsiloxane (PDMS) membrane;

middle; and bottom.

Live/dead staining with Calcein-AM/PI revealed high overall viability across all three layers, with
no statistically significant differences detected among the spatial regions. Cell viability was 76.09

+ 5.37% in the top layer, 84.56 +4.35% in the middle layer, and 80.84 + 3.79% in the bottom layer.
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Although mean viability was slightly higher in the middle layer, repeated-measures one-way

ANOVA showed that the differences were not statistically significant (Figure 7D).

Interestingly, cell distribution and morphology varied by depth across the microtissue: the top layer
contained fewer cells overall, but were generally spindle-like and elongated, whereas the bottom
one showed increased cell density, composed predominantly of rounded cells. Given these
morphological differences, we analyzed the spatial distribution of CD55 and CD90. After 3 days,
CD90 was more strongly expressed across all layers than CD55. CD90 expression was highest in
the top layer and decreased toward the bottom layer of the SoC. The mean fluorescence intensity
was 309,023 + 40,324 intensity/cell in the top layer, 173,911 + 78,670 intensity/cell in the middle
layer, and 37,959 + 22,441 intensity/cell in the bottom layer, respectively. Tukey’s multiple
comparison test demonstrated that CD90 expression was significantly higher in the top than in the
bottom layer (p < 0.05), whereas no significant differences were detected between the top and
middle layers or between the middle and bottom layers (Figure 7F). CD55 expression was
detected in all three layers of the SoC. The highest mean fluorescence intensity was observed in
the middle layer, 41,453 + 12,758 intensity/cell, compared with the top layer 25,274 + 8,058
intensity/cell and the bottom layer 21,415 + 7,538 intensity/cell. A trend was observed consistently

across all individual replicates despite no statistical significance (Figure 7E).

To further validate this finding through functional characterization, we performed immunostaining
for lubricin, a key lubricating glycoprotein secreted by intimal RA-FLSs. Lubricin expression was
highest in the top layer, with a mean fluorescence intensity of 67,411 + 13,753 intensity/cell. In
comparison, lubricin expression was markedly reduced in the middle and bottom layers, with mean
values of 6,838 + 1,663 intensity/cell and 673 + 358 intensity/cell, respectively. Tukey’s
comparison test showed that lubricin expression was significantly reduced in the middle layer
compared with the top layer (P < 0.01) and further reduced in the bottom layer (P < 0.001), while

no significant differences were detected between the middle and bottom layers (Figure 7G).

Representative fluorescence images together with quantitative analyses of viability, CD55, CD90,

and lubricin expression across the three spatial layers are presented in (Figure 7).
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Fig. 7. The synovium-on-chip recapitulates spatial fibroblast organization and functional stratification:
(A) representative MIP images showing morphology and viability of RA-FLSs (5 x 10° cells/mL in GeIMA 5%)
after 3 days of culture in the SoC. Images are presented as three regions obtained from Z-stack acquisition: Top,
middle, and bottom layers. Cell viability was evaluated using Calcein-AM/PI staining. (B) Representative MIP
images showing CD55 and CD90 across the three spatial layers. (C) Representative MIP images showing the
functionality of lubricin expression across the three spatial layers. (D) Quantification of FLS viability. (E)
Quantification of CD55 fluorescence intensity per cell. (F) Quantification of CD90 fluorescence intensity per
cell. (G) Quantification of lubricin fluorescence intensity per cell. Data are presented as mean = SEM, n = 4
independent biological donors. Statistical significance was determined using repeated-measures-one-way
ANOVA for viability and CDS55, and ordinary one-way ANOVA followed by Tukey’s comparison test for CD90
and lubricin. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001.

4.4. Spatial organization and functional stratification of RA-FLSs under inflammatory

conditions

To mimic the RA inflammatory microenvironment on a chip, a cocktail of cytokines was added to
the culture medium after 24-hour encapsulation, including IL-1f (10 ng/ml), IL-6 (10 ng/ml), and
TNF-a (20 ng/ml). After three days of culture, cell viability, morphology, fibroblast marker
expression, and lubricin production were evaluated throughout the microtissue. Fluorescence
images indicated that, even after inflammatory stimulation, viable RA-FLSs were still spread
across the full thickness of the hydrogel (Figure 8A). In line with this, Calcein-AM/PI staining
showed that cells were largely alive in the top, middle, and bottom layers of the microtissue.
Quantitative analysis confirmed that cell viability remained comparable among the three layers

(Top layer: 73.09 + 8.04 %, Middle: 85.16 = 4.13 %, and Bottom: 85.32 + 1.66%) (Figure 8D).
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Even so, clear shifts in morphology were apparent: elongated, spindle-like cells were most
common close to the PDMS membrane, while cells became progressively rounder and more tightly

clustered toward the bottom layer.

Next, we assessed fibroblast phenotypic marker expression under inflammatory conditions. CD55
immunofluorescence appeared across all three layers (Figure 8B), and quantification indicated
that fluorescence intensity did not differ significantly among the top, middle, and bottom regions
(Figure 8E). By comparison, CD90 showed a clear spatial pattern across the SoC. Cells in the top
layer showed the highest intensity with 224,906 + 49,360. While the middle layer measured 86,547
+ 20,768, and the bottom layer dropped to 23,922 + 16,607. Using a Kruskal-Wallis test, the
analysis showed that the three layers differed overall (P < 0.05). Dunn’s post hoc testing then
identified the top layer as having significantly higher CD90 expression than the bottom layer (P <

0.05), whereas the remaining pairwise comparisons were not statistically significant (Figure 8F).

To further investigate fibroblast functional activity under inflammatory conditions (Figure 8C),
the lubricin staining appeared most intense at the superficial top layer and then steadily decreased
toward the middle and bottom layers of the microtissue. Quantification of lubricin fluorescence
demonstrated a marked spatial distribution across the SoC. Mean fluorescence intensities were
32,028 £+ 9,203 intensity per cell in the top layer, 4,491 + 2,115 intensity per cell in the middle
layer, and 361.1 £ 174.1 intensity per cell in the bottom layer. One-way ANOVA revealed a
significant overall difference among the three regions (P < 0.01). Tukey's multiple-comparisons
test showed that lubricin expression was significantly higher in the top layer compared with both
the middle layer (P < 0.05) and the bottom layer (P < 0.01), whereas no significant difference was
observed between the middle and bottom layers (Figure 8G). Overall, the data indicate that
lubricin is expressed mainly in the top layer of the SoC, then reducing toward the middle layer and
bottom layer. In conclusion, these data suggest a trend of high lubricin expression in the top layer
of the SoC, decreasing towards the middle and bottom layers. There was no significant difference
between the middle and bottom layers, implying equal low lubricin expression in the middle and
bottom layers. Representative fluorescence images together with quantitative analyses of cell
viability, CD55, CD90, and lubricin expression across the three spatial layers under inflammatory

conditions are presented in (Figure 8).
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Fig. 8. Spatial layout and functional layering of RA-FLSs in the Synovium-on-a-Chip during
inflammation. (A) Representative fluorescence image of FLS cultured in the top (T), middle (M), and bottom.
(B) Regions of the microfluidic device. Live cells were stained with Calcein- AM (green) and dead cells with
Propidium lodide (PI, red) to assess cell viability. CD55, CD90. (C) lubricin immunofluorescence is shown in
green or red, with nuclei counterstained using Hoechst (blue). (D) Cell viability was quantified across the three
layers. (E) Quantification of CDS55 fluorescence intensity. (F) CD90 fluorescence intensity was measured per
cell. (G) Quantification of lubricin fluorescence intensity per cell. Data are presented as mean £ SEM from four
independent biological samples (n = 4). Statistical significance is indicated as *P < (.05, **P < 0.01.

4.5. Dynamic response of the SoC to inflammatory stimulation

To evaluate the influence of inflammatory stimulation on the SoC, RA-FLSs cultured under control
(CTR) conditions were compared with cultures exposed to inflammatory cytokines (Inflamed).
Cell morphology, viability, and the expression of CD55, CD90, and lubricin were assessed by
fluorescence microscopy and quantitative image analysis (Figure 9). Representative fluorescence
images indicated that RA-FLSs maintained their morphology in both the CTR and Inflamed
conditions (Figure 9A). Live/dead staining showed that cells were largely viable across the two

conditions. Quantitative analysis confirmed that overall cell viability remained comparable
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between CTR and inflamed cultures, with no statistically significant difference detected (Figure

9A).

Expression of fibroblast phenotypic markers was evaluated. CD55 fluorescence intensity showed
a slight increase following inflammatory stimulation (30,883 + 9,605 intensity per cell) compared
with CTR cultures (15,088 + 3,173 intensity per cell). Although CD55 expression appeared to
increase following inflammatory stimulation, this difference was not statistically significant
(Figure 9B). Likewise, CD90 fluorescence intensity appears to moderately reduce inflamed
cultures compared with CTR groups. Quantitative analysis of CD90 fluorescence intensity showed
a modest reduction following inflammatory stimulation, decreasing from 204,791 + 64,869
intensity per cell under CTR conditions to 150,394 + 37,442 intensity per cell in inflamed cultures.
However, this difference did not reach statistical significance, indicating that inflammatory
stimulation did not substantially alter CD90 expression in the overall RA-FLSs population (Figure
9C).

In contrast, lubricin expression was significantly affected by inflammatory stimulation.
Quantitative analysis revealed a marked reduction in lubricin fluorescence intensity, decreasing
from 39,562 in control cultures to 19,286 intensity per cell after cytokine treatment (P<0.05)
(Figure 9D). These findings indicate that, although fibroblast viability and the expression of major
phenotypic markers remained largely preserved, inflammatory cytokines substantially impaired

the functional secretory activity of RA-FLSs.

Overall, the results indicate that the SoC responds to inflammatory stimulation primarily through
functional rather than phenotypic changes. While cell viability and fibroblast identity remained
largely stable, lubricin production was significantly reduced, indicating the establishment of an

inflammation-associated functional phenotype within the microphysiological model.

Representative fluorescence images together with quantitative analyses comparing CTR and

inflamed SoC cultures are presented in (Figure 9).
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Fig. 9. The SoC dynamically responds to inflammatory stimulation. Representative fluorescence images and
quantitative analyses of RA-FLSs under CTR or inflammatory (Inflamed) conditions after three days of culture.
(A) Representative live/dead staining using Calcein-AM (green) and Propidium Iodide (PI) (red), showing cell
viability in CTR and inflamed cultures. (B) Representative immunofluorescence images of Lubricin (green) with
nuclei counterstained using Hoechst (blue). (C) Representative immunofluorescence images of CD55 (green)
with Hoechst nuclear counterstaining (blue). (D) Representative immunofluorescence images of CD90 (red)
with Hoechst nuclear counterstaining (blue). (E) Quantification of cell viability, expressed as the percentage of
live cells, showing no significant difference between CTR and inflamed cultures (unpaired Student's t-test). (F)
Quantification of fluorescence intensity per cell for CD55, CD90, and Lubricin. CD55 expression showed a
slight increase and CD90 a slight decrease following inflammatory stimulation, although neither reached
statistical significance (paired Student's t-test). In contrast, Lubricin fluorescence intensity per cell was
significantly reduced in inflamed cultures compared with CTR (paired Student's t-test, P < 0.05). (G) Summary
of the statistical comparison between CTR and inflamed conditions for the analyzed markers. Data are presented
as mean + SEM, and statistical significance was considered at P < 0.05.
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5. Discussion

RA is a chronic immune-mediated disease in which persistent synovial inflammation promotes
progressive cartilage and bone damage. FLS, which normally maintain the synovial extracellular
matrix and produce joint lubricants such as lubricin, acquire an activated and aggressive phenotype
in RA. These cells contribute directly to synovial hyperplasia, inflammatory mediator production,
matrix degradation, and the persistence of joint inflammation. Therefore, understanding how RA-
FLSs maintain their phenotype and function within a physiologically relevant synovial
microenvironment is essential for improving disease models and identifying new therapeutic
strategies (Nygaard and Firestein, 2020). Recent advances in SoC technology have enabled more
physiologically relevant in vitro models by combining 3D culture with controlled microfluidic
perfusion. These systems better reproduce the native synovial microenvironment, promoting cell
viability, tissue-specific functions, and cellular interactions compared with conventional static
cultures. Consistent with these observations, our SoC model maintained high RA-FLSs viability
and preserved lubricin expression, supporting its suitability for modelling the synovial

environment and studying RA (Zhang et al., 2024).

Recent evidence indicates that RA-FLSs are composed of functionally distinct subsets rather than
a uniform cell population. CD55* fibroblasts are predominantly localized in the synovial lining
layer, where they contribute to synovial fluid homeostasis through the production of lubricin,
whereas CD90* fibroblasts are mainly found in the sublining region and are associated with
extracellular matrix remodeling and inflammatory responses. The preservation of both CD55 and
CD90 expression in our SoC model suggests that the platform maintains key fibroblast phenotypes
and reflects the cellular heterogeneity of the native synovium, making it a relevant model for
studying RA (Qian et al., 2024). Croft et al. demonstrated that FLS are organized into distinct
anatomical subsets that perform specialized biological functions within the joint. Rather than
representing a homogeneous cell population, lining and sublining FLS exhibit different
transcriptional programs and contribute differently to tissue homeostasis and disease progression.
The authors further showed that the anatomical localization of these fibroblast populations is
closely associated with their biological functions, emphasizing that preserving fibroblast
heterogeneity is essential for accurately modeling the native synovial microenvironment and

investigating RA pathogenesis (Croft et al., 2019). FLS are organized into distinct anatomical
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niches within the joint rather than being randomly distributed. Using transcriptomic profiling
combined with immunofluorescence analysis, Mizoguchi et al. identified multiple fibroblast
subsets with unique molecular signatures and regional localization, showing that cells residing in
the lining, sublining, and perivascular regions perform specialized biological functions. These
findings highlight that preserving both fibroblast heterogeneity and spatial organization is essential
for accurately reproducing the physiological architecture of the synovial tissue and understanding

disease-associated cellular behavior (Mizoguchi et al., 2018).

Based on these observations, we aimed at assessing if our SoC model could reproduce the spatial
organization and functional heterogeneity of RA-FLSs observed in vivo. To address this question,
we evaluated, using bioinformatic tools, cell viability, morphology, phenotypic marker expression
(CD55 and CD90), and lubricin production across different regions of the engineered microtissue.
This approach allowed us to investigate whether the microfluidic platform supports the
development of region-specific cellular characteristics that resemble the organization of the native

synovium.

The data showed that the SoC setup could keep RA-FLSs alive and allow them to arrange
themselves throughout the engineered microtissue. After three days in culture, cells remained
highly viable in the top, middle, and bottom regions, which points to the hydrogel scaffold,
together with continuous microfluidic perfusion, as a supportive setting for routine cell
maintenance. No meaningful differences in viability emerged between the three regions. Still,
small shifts in morphology and where cells clustered were noticeable. In the upper region, cells
tended to look more elongated and spindle-like; deeper in the construct, in the middle and lower
layers, cell packing appeared higher, and shapes leaned more rounded. Taken together, these
patterns indicate that the 3D microenvironment can steer how cells organize in space while leaving
survival intact, and they align with the microfluidic platform’s capacity to mirror structural aspects
of native synovial tissue. Recent advances in SoC technology have demonstrated that microfluidic
culture systems provide a more physiologically relevant environment than conventional static
culture by combining 3D tissue organization with continuous medium perfusion. Such platforms
better preserve fibroblast morphology, extracellular matrix deposition, and tissue-specific cellular
functions while allowing the study of synovial biology under conditions that more closely resemble

the native joint microenvironment. These characteristics make microfluidic models valuable tools
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for investigating fibroblast behaviour and evaluating disease-related changes in RA (Thompson et

al., 2023).

In our SoC model, the spatial distribution of fibroblast phenotypes was assessed by analysing the
expression of CD55 and CD90, i.e., two specific surface markers of FLS, across the three regions
of the hydrogel microtissue. CD55-positive fibroblasts appeared in every layer, and the middle
region tended to show the strongest fluorescence. However, no statistically significant regional
differences were identified, indicating that lining-associated fibroblasts remained evenly
distributed within the 3D construct. CD90, on the other hand, did not follow that flat pattern.
Fluorescence was clearly higher in the top layer than in the bottom layer, with the middle layer
landing between the two. This regional variation suggests that the microfluidic 3D environment
influences fibroblast organization and phenotype, promoting the establishment of spatial
heterogeneity while preserving the coexistence of both major RA-FLSs populations. Previous
studies have demonstrated that RA-FLSs are composed of phenotypically and functionally distinct
subsets characterized by differential expression of CD55 and CD90. CD55-positive fibroblasts are
predominantly associated with the synovial lining, where they contribute to the maintenance of the
synovial surface and joint homeostasis, whereas CD90-positive fibroblasts are mainly localized in
the sublining region and are involved in extracellular matrix remodeling, inflammatory responses,
and interactions with infiltrating immune cells. The coexistence and spatial organization of these
fibroblast populations are therefore considered essential features of healthy and diseased synovial

tissue (Mizoguchi et al., 2018).

Lubricin is a key glycoprotein secreted by FLS that plays a fundamental role in maintaining joint
homeostasis by reducing friction between opposing cartilage surfaces and protecting the articular
cartilage from mechanical wear (Jay and Waller, 2014). Beyond its lubricating function, lubricin
contributes to regulating synovial cell interactions and preserving the integrity of the joint
microenvironment. Reduced lubricin production has been associated with inflammatory conditions
such as RA, where impaired lubrication contributes to progressive joint dysfunction (Jay and
Waller, 2014). In this study, the non-inflamed SoC model maintained lubricin expression, which
suggests that the microfluidic environment sustained not only RA-FLSs survival, but their
functional output as well. Looking across the hydrogel microtissue, spatial readouts showed

lubricin was not evenly distributed; instead, it shifted from one region to another, pointing to an
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effect of the immediate 3D surroundings on fibroblast behavior. Because lubricin is mainly
produced by lining fibroblasts, seeing it within the engineered tissue supports the idea that the
platform maintains a fibroblast state that remains functionally relevant. Together with the
preserved expression of CD55 and CD90, these findings demonstrate that the SoC model is capable
of maintaining both the phenotypic identity and the functional characteristics of RA-FLSs, closely
resembling important features of the native synovial tissue. The preservation of lubricin expression
in our healthy SoC model is consistent with the established role of lubricin in maintaining synovial
homeostasis and joint lubrication. This suggests that the engineered microenvironment supports
the functional behaviour of RA-FLSs beyond simple cell survival, further demonstrating the

physiological relevance of the platform (Jay and Waller, 2014).

After inflammatory stimulation, the SoC mirrored the functional shifts typically seen in RA. Cell
viability remained largely stable, whereas lubricin levels reduced markedly compared to the CTR
condition, pointing to inflammation-driven loss of RA-FLSs function without widespread cell
death. Meanwhile, CD55 and CD90 expression changed only slightly and did not show a
statistically significant difference, which suggests that short-term inflammatory exposure mainly
affected fibroblast activity rather than pushing a clear phenotypic change. Taken together, the
results show that this engineered microenvironment can recapture early synovial inflammatory
pathology, a stage in which functional decline shows up before major effects on survival or on

phenotypic identity become apparent.

Despite the encouraging findings, this study has several limitations that should be considered. The
experimental model was established using a limited number of RA patient-derived FLS samples,
which may not fully represent the biological heterogeneity of RA. Furthermore, the SoC model
included only RA-FLSs and did not incorporate other key cellular components of the synovial
microenvironment, such as macrophages, endothelial cells, or infiltrating immune cells, which are
known to contribute to disease progression. In addition, the relatively short culture period and the
evaluation of a single therapeutic agent limit the assessment of long-term cellular responses and
complex cell—cell interactions. Nevertheless, the present study demonstrates that the SoC platform
successfully maintains RA-FLSs viability, preserves phenotypic heterogeneity, supports lubricin

production, and exhibits a measurable functional response to inflammatory stimulation. Future
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studies should integrate multiple synovial cell populations and extend the duration of culture to

further improve the physiological relevance of the model.

Overall, the findings of this study demonstrate that the developed SoC represents a physiologically
relevant 3D in vitro platform capable of preserving the RA-FLSs viability, phenotypic
organization, functional protein expression, and functional characteristics of RA-FLSs while
reproducing key pathological features of RA. This model therefore provides a promising tool for
investigating RA synovial biology and disease-associated cellular responses under controlled

microphysiological conditions.
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