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ABSTRACT
OF THE THESIS OF

Nazmia Nawfal Nassereddine for Master of Science
Major: Biomedical Engineering

Title: Co-culture of Early and Late Passage Chondrocytes on Biomimetic
Collagen-Alginate Sulfate Films Improves the Cartilage Phenotype of Cells Utilized in
Autologous Chondrocyte Transplantation

The limited regenerative ability of avascular articular cartilage poses challenges in
treating cartilage damaged by injury or disease. Autologous chondrocyte transplantation
(ACT) repairs cartilage tissues by reintroducing healthy chondrocytes from an auto logous
cartilage biopsy into the defect. However, a significant challenge is the tendency for
chondrocytesto de-differentiateduringmonolayer cell expansion on tissue culture plastic
(TCP), which is required to reach sufficient cell numbers for ACT procedures. The de-
differentiated chondrocytes adopt a fibroblastic phenotype and produce inferior cartilage
with weaker mechanical properties and altered tissue composition. This study aims to
assess the effects of a co-culture system of early- and late-passage chondrocytes on
biomimetic collagen-alginate sulfate (Col-AlgS) films to preserve the cartilage phenotype
of monolayer-expanded articular chondrocytes as an optimized cell source for ACT. Col-
AlgS films were prepared through layer—by—layer (LBL) deposition of type I collagen
(Coll) and alginate sulfate (AlgS), with TCP and Coll as control substrates. Primary
bovine chondrocytes were serial passaged before Passage 1 (P1) and Passage 4 (P4)
chondrocytes were seeded individually or in co—cultures on the 3 substrates as follows:
P4 cells alone, a 3:1 ratio of P4 cells to P1 cells, a 1:1 ratio of P4:P1, a 1:3 ratio of P4:P1,
and P1 cells alone. The viability and proliferation of cells was assessed using live/dead
assay and trypan blue exclusion. Chondrocyte morphology was assessed through ImageJ
processing. Gene expression was quantified using quantitative real time polymerase chain
reaction (q-RT-PCR) and protein synthesis was assessed using western blotting. This
work showed a 2-fold decrease in cell proliferation on Col-AlgS compared to TCP and
Col1l controls (p<0.05). Conversely, there was an increasing trend in cell proliferation of
the co-cultures compared to P4 on TCP (1.5-fold) and Col1 as well as Col-AlgsS (2-fold)
substrates (p<0.05). Col-AlgS increased the expression of relevant genes more than 3-
fold, including type I collagen (Coll) and type Il collagen (Col2) (p<0.01 and p<0.05
respectively) as well as lubricating superficial zone protein (SZP) (p<0.01), while
decreasing pro-inflammatory interleukin 6 (IL6) (p<0.05). Similarly, the co-cultures
increased gene expression of Col2 and SZP (p<0.05 for both), while decreasing IL6
(p<0.01). Moreover, microscopic images indicated that chondrocytes on Coll and AlgS
substrates were found to have a rounder morphology compared to those on TCP. Thus,
we conclude that a co-culture system of early- and late-passage chondrocytes on Col-
Algs limits the de-differentiation of articular chondrocytes during monolayer-expansion.
This system may thereforebe used foran optimized chondrocyte source in cartilage tissue
engineering applications as it addressesthe issue of cell numbers obtained through serial
passaging with preserved phenotype.
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CHAPTER |

INTRODUCTION

Articular cartilage is the non-vascular tissue layer that covers the surfaces of
joints to allow the smooth, frictionless motions of everyday life. This tissue is made up
of chondrocytes nestled in an extracellular matrix (ECM) rich in collagens,
proteoglycans, and other proteins, crucial for retaining moisture and providing the
distinct mechanical traits of cartilage (Marlovits, 2008). Despite cartilage's ability to
tolerate intense and continuous physical stress, cartilage has limited self-repair
capabilities even after minor injury or degradation. Unlike other tissues, the healing
process is hindered in cartilage due to its lack of blood vessels as well as the limited
mobility and reduced capacity of mature chondrocytes to proliferate and modify their
production patterns (Marlovits, 2008). Successful repair requires that resultant tissues
mimic the complex structural and biological properties of native cartilage, making
management of symptomatic full-thickness chondral lesions a significant challenge.in
orthopedics (Curl et al., 1997; Newman, 1998).

In the United States alone, over 500,000 arthroplasty surgeries are conducted
annually, including 125,000 hip replacements, 150,000 knee replacements, and 41,000
procedures to mend knee cartilage defects (Chen et al., 1999). Osteoarthritis (OA) is a
degenerative joint disease that manifests as a variety of structural and functional
alterations in joint tissues, including cartilage degradation, which has clinical
manifestations such as pain, swelling, and limited joint mobility (Allen et al., 2022).
Once considered an ailment of the elderly, newer studies show that osteoarthritis often
begins earlier on in life and ranks among the top 20 diseases in individuals aged 40 to

45 (Roos & Arden, 2016). Historically, treatments for skeletal and joint disorders



focused on pain relief using analgesics like acetaminophen and NSAIDs. However,
these drugs don’t address OA's underlying issues and can cause significant side effects
with prolonged use (Gu et al., 2017). In cases of severe articular degeneration due to
injury or disease, surgical strategies such as microfracture, osteochondral grafting, and
autologous chondrocyte transplantation (ACT) are necessary to facilitate cartilage
regeneration (R. Mhannaetal., 2014). ACT, among the first surgeries to show promise
for osteochondral repair, involves a two-stage procedure described by Brittberg et al.:
first, a cartilage tissue biopsy is taken from the patient and enzymatically processed to
isolate and then culture chondrocytes until they expand tenfold; second, a periosteal flap
is obtained from the proximal medial tibia, sized to cover the osteochondral defect, and
sutured to the cartilage with a space left to inject the cultured cells into (Brittberg et al.,

1994) (Figure 1).
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Figure 1 Schematic showing the two-stage procedure in ACT
(Created with BioRender.com).



ACT has several limitations unfortunately. For example, ACT often requires a
second surgery due to issues like compromised integration, periosteal hypertrophy, flap
separation, or abnormal scar formation (Marlovits, 2008). Thus, several modifications
have been made to ACT to enhance cell functionality and bypass the necessity for a
second surgery. Matrix-Associated Autologous Chondrocyte Transplantation (MACT)
is an advanced method where chondrocytes are seeded onto a scaffold, such as
hydrogels, which affects cell morphology and attachment to better support their
integration and the regeneration of cartilage (Haddo et al., 2004). The advantage of
MACT lies in its ability to embed chondrocytes in a polymer-infused hydrogel matrix,
creating a versatile gel that effectively fills cartilage defects. This gel is directly injected
into cartilage lesions, often eliminating the need for additional surgical interventions as
required by traditional ACT (Gu etal., 2017).

However, another limitation of both ACT and MACT is the de-differentiation of
chondrocytes during cell culture expansion, where they begin to express fibroblastic
genes such as type | collagen (Coll) (Giannoni & Cancedda, 2006). This leads to the
formation of fibrous cartilage, which offers inferior joint cushioning compared to the
hyaline cartilage needed at injury sites, so current research focuses on preserving the
morphological properties of autologous chondrocytes during serial expansion.

Tissue engineering and regenerative medicine aim to replicate and restore
biological tissues such as skin (Hartmann-Fritsch et al., 2016), bladder (Bolland et al.,
2007), bone (Ber et al., 2005), and cartilage (Jin et al., 2009) using advanced cell
culture techniques. Tissue engineering can be organized into a triad, where cells are
seeded into suitable scaffolds, then enhanced with specific signals to guide tissue

formation.



Scaffolds support cell growth, movement, and differentiation by mimicking
natural ECM properties such as mechanical strength, chemical composition,
biodegradability, porosity, and tissue compatibility. They are characterized based onthe
materials they are composed of, which may be natural, synthetic, or a hybrid
combination of the two, each designed to suit specific applications in tissue engineering.
Three-dimensional hydrogels are composed of cross-linked hydrophilic polymers so
they absorb large amounts of water or biological fluids, making them suitable for tissue
engineering applications such as cell encapsulation, biosensor creation, drug delivery,
injectable structures (Bordbar et al., 2020; Chai et al., 2017; Yari et al., 2022). This
structure allows the transmission of external stimuli and mechanical signals to tissues,
affecting cellular biochemical pathwaysand promoting tissue functionality to influence
cell behaviors like attachment, orientation, and differentiation (Thompson et al., 2016;
Yari et al., 2022). However, the high hydrophilicity characteristic of hydrogels also
results in low mechanical strength, so hydrogels are usually made from synthetic or
hybrid materials to overcome this limitation of natural materials (Wasyteczko et al.,
2020).

The signals used in tissue engineering may be chemical (growth factors,
cytokines, ECM elements), mechanical (compressive, tensile, and shear stresses), or
environmental (hypoxia, temperature), and they regulate cellular behavior and
homeostasis. Different kinds of cells are used in tissue engineering including
established cell lines as well as primary cells, stem cells, and genetically modified cells
like induced pluripotent stem cells (iPSCs). Moreover, combining different types of
cells in a single culture, or co-culture, may preserve specific morphological traits as

signals released by each cell type influence the neighboring cells (F. Zhangetal., 2015).
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A. Cartilage Tissue Engineering
Cartilage tissue engineering depends on a triad of cells, scaffolds, and signals,
each of which is specific to the tissue being constructed and its intended use, such as

tissue modeling for research or implantation in clinical settings.

1. Cells
a. Chondrocytes

Chondrocytes sourced from animals are used in CTE because they bear
similarities to human chondrocytes and serve as a valuable starting point, allowing
researchers to generate significant preliminary results before translating them to
experiments involving human chondrocytes. Nevertheless, the morphology of
chondrocytes in their natural, in vivo environment differs from their appearance in vitro.
In their native setting, chondrocytestypically assume a rounded shape, suitable for their
specific functions. However, when cultivated in vitro, chondrocytes may undergo
alterations and often adopt a flattened or fibroblastic appearance, resembling elongated,
spindle-shaped cells. This change in shape can be associated with a process called de-
differentiation, which becomes more pronounced during cell expansion, and monolayer
cell culture expansion usually leads to the gradual loss of the chondrocytes'
differentiated phenotype. For example, after only two passages in culture, there is a ten-
fold decrease in the ratio of type Il collagen (Col2) to Col1l, a trend that accelerates with
continued expansion (Urli¢ & Ivkovi¢, 2021). For example, figure 2 shows that serial
passaging of chondrocytes until passage 4 significantly decreases both Col2 and
superficial zone protein (SZP), a lubricating protein found at the surface of articular

cartilage.
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Figure 2 Effect of chondrocyte de-differentiation on gene expression: Gene expression
of both SZP (A) and Col2 (B) decreases during serial passaging (R. Mhanna, 2013).
2. Signals

A major aim of CTE, thus, is to help chondrocytes maintain their characteristic
phenotype during expansion, so different signals are often used to maintain chondrocyte
morphology and phenotypic properties, as well as drive re-differentiation post-
passaging. These signals may be biochemical such as growth factors, or biomechanical
such as compressive, shear, and hydrostatic loading. The effects of these signals may be
anabolic, promoting the production of cartilage-specific markers such as Col2, SZP, and
Aggrecan, which may aid in cartilage maintenance and repair, or catabolic, inducing the
expression of proteases and other factors which cause matrix degradation like Col1,

Metalloproteinases, and Interleukin 6 (IL6) (Nummenmaa et al., 2015).

a. Co-culture

Co-culturing primary and passaged chondrocytes is a strategy that optimizes
ECM production and functionality of engineered cartilage through serial passaging to
reach cell numbers adequate for ACT and MACT, thereby addressing cell quantity

challenges in CTE (Gan & Kandel, 2007). This occurs due to interactions between the
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different types of cells as they grow together in culture and paracrine signaling through
signals released by the cells themselves that induce the desired properties.

Gan and Kandel (2007) showed that when cultured together, primary bovine
cells can re-induce matrix production and phenotypic characteristics such as increased
proteoglycan and collagen content in passaged chondrocytes. Ahmed et al. (2009)
expanded on this, demonstrating the stability of re-differentiation in co-cultures over
time, with passaged cells maintaining enhanced cartilage-forming capabilities when co-
cultured with primary cells over serial passaging. These finding were then extended to
human chondrocytes, including osteoarthritic and non-diseased passaged chondrocytes,

underscoring the potential of autologouscells for cartilage repair (Ahmed et al., 2010).
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Figure 3. Schematic showing paracrine signaling between P1 and P4 in co-culture
(Created with BioRender.com).

It has even been shown that physical contact between cell types is not necessary
for re-differentiation, suggesting the role of soluble factors in mediating chondrocyte

behavior and ECM synthesis by paracrine signaling as shown in figure 3 (Taylor et al.,
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2010). Taylor et al. (2012) later optimized co-culture conditions, finding that co-
cultured cells resembled primary bovine chondrocytes in ECM composition and gene
expression by the third week, indicating the ideal time for passaging in co-culture
(Taylor et al., 2012). The most recent advancements in CTE have applied these co-
culture techniques in vivo, showing promising results in forming high-quality cartilage
tissue, thus validating the potential of co-cultured chondrocytes in therapeutic

applications (Olivos-Meza et al., 2017).

3. Scaffolds

Successful cartilage regeneration requires scaffolds that meet specific criteria.
They must possess mechanical properties like that of natural cartilage, be biocompatible
to prevent toxicity, immune responses, or scarring, and be biodegradable to break down
at the same rate as new tissue formation (Jafari et al., 2017; Yari et al., 2022; S. Zhang
etal., 2019). Adequate scaffold structure—characterized by suitable porosity, pore size,
and interconnections—facilitates cell movement, growth, and transformation, and
allows for essential exchanges of oxygen, nutrients, and waste. Scaffold design must be
customized to the specific cells in use, and proper structure includes adequate porosity,
pore size, and interconnections to facilitate cell movement, growth, and transformation,
as well as allow oxygen, nutrient, and waste exchange. For example, several different
scaffold requirements needed by articular chondrocytes and mesenchymal stem cells for

cell growth and differentiation are illustrated in figure 4 (Wasylteczko et al., 2020).
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Figure 4. Schematic showing different scaffold properties tailored to articular
chondrocytes vs. mesenchymal stem cells (Created with BioRender.com).

Natural polymers used in CTE scaffolds such as collagen, alginate, agarose,
fibrin, gelatin, chitosan, chondroitin sulfate, hyaluronic acid, and silk fibroin, are
biocompatible and mimic the native cartilage ECM. Collagen, gelatin, and hyaluronic
acid scaffolds are common in CTE because they are broken down by collagenase,
gelatinase, and hyaluronidase respectively, all of which are secreted by chondrocytes
(Chan & Mooney, 2008; Stoppel et al., 2015; Yari et al., 2022). Although these
materials effectively mimic the native cartilage matrix and to make good scaffolds, they
suffer from low mechanical strength and variable degradation rates. (Yari et al., 2022).
On the other hand, synthetic polymers such as poly(ethylene glycol), polylactic acid,
and polycaprolactone (PCL) provide better mechanical strength and controlled
properties but may trigger inflammation and unwanted tissue growth (Chan & Mooney,
2008; Stoppel et al., 2015; Yari et al., 2022). Hybrid scaffolds combine natural and

synthetic polymers to optimize the biochemical and biomechanical properties of
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scaffolds for effective cartilage repair (Yari et al., 2022). Moreover, chondrocytes
grown on flat surfaces tend to de-differentiate and lose their ability to produce proteins
vital for hyaline cartilage formation, so 3D scaffolds or hydrogels are designed to

prevent this transformation into fibroblast-like cells (Wasyteczko et al., 2020).

a. Alginate Sulfate (AlgS)

Derived from brown algae, alginate is a hydrophilic polysaccharide that absorbs
water efficiently, forms degradable scaffolds, supports vascularization, minimizes
inflammation, and promotes cell growth and adhesion, making it ideal for tissue
regeneration (Guarino etal., 2018). Alginate's structure, composed of B-D-mannuronic
and a-L-guluronic acids, mimics cartilage ECM and permits chemical modifications,
enhancing its low physical strength via covalent crosslinking (Guarino et al., 2010).

Sulfation has been shown to enhance the biological and therapeutic activity of
biopolymers in CTE; thus, Mhanna proposed that alginate sulfate (AlgS) might better
support chondrogenesis than its unmodified counterpart (R. Mhanna, 2013). The degree
of sulfation by substitution (DSS) is a key metric for defining the chemical makeup of
alginate sulfate. It indicates the average number of sulfate groups attached per
disaccharide unit of alginate, which consists of f-D-mannuronate and a-L-guluronate.
As such, the DSS can vary from 0, representing an unsubstituted alginate, to 4.0, where
all free hydroxyl groups are fully substituted with sulfates. Materials have been
synthesized with DSS between 0.8 and 2.6 for different applications in CTE such as
encapsulation and hydrogel formation (R. Mhanna, 2013).

In his research, Mhanna compared chondrocytes encapsulated in both sulfated

and unsulfated alginate at various concentrations. Results indicated that AlgS not only
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stimulated matrix production and cell proliferation but also maintained the cartilage-
specific phenotype of chondrocytes. Moreover, AlgS displayed a strong affinity for
essential growth factors, suggesting it could further enhance cartilage regeneration when
combined with these factors (R. Mhanna, 2013). According to Mhanna, AlgS also
appears to reduce inflammatory responses, making it a valuable material for advancing
ACT techniques if it is found to prevent post-implant inflammation. Its potential may
also extend to therapeutic applications through integration with other scaffolds and
additives like chitosan and zinc for their anti-microbial or anti-inflammatory properties
(Nassereddine et al., 2025). Moreover, in vivo experiments have demonstrated that
nanoparticles composed of AlgS and PCL loaded with connective tissue growth factor
(CTGF) facilitate quick and extensive wound closure surpassing free CTGF during both
early and late stages of healing, so AlgS should be a good candidate to minimize any

healing complications of ACT procedures (Karam et al., 2024).

B. Rationale

Alginate sulfate has been shown to bind growth factors and increase
chondrocyte proliferation as well as proteoglycan content (R. Mhanna et al., 2014).
Moreover, chondrocytes have been incubated with various signals such as growth
factors to increase cell proliferation and ECM components (R. Mhanna et al., 2013)
(Nummenmaa et al., 2015). To prevent de-differentiation or re-differentiate de-
differentiated chondrocytes, passaged chondrocytes have been co-cultured with
mesenchymal and primary chondrocytes, utilizing signals from neighboring cells.
Significant re-differentiation results have primarily been achieved with chondrocytes

passaged only two or three times (P2 and P3) from either freshly extracted or cryo-
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preserved primary chondrocytes in co-cultures (Gan & Kandel, 2007; Taylor, 2015).
However, primary chondrocytes, which require careful handling and optimized culture
conditions, produce less mechanically testable constructs than passaged chondrocytes,
and serial passaging is further necessary to reach adequate cell numbers for ACT

(Anderson & Athanasiou, 2009). Thus, | propose a co-culture system of early- and late-
passage chondrocytes (Passage 1 (P1) and Passage 4 (P4), respectively) on a collagen-
alginate sulfate (Col-AlgS) layer-by-layer (LBL) film scaffold to limit de-differentiation
of articular chondrocytes on monolayer-culture, providing an optimized chondrocyte

source for CTE applications.

C. Aim

To determine the combinatorial effects of a co-culture system of early and late

passage chondrocytes (P1, P4) on Col-AlgS substrate.
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CHAPTER i

MATERIALS AND METHODS

Materials were sourced from Sigma-Aldrich UK unless specified otherwise.

A. Preparation of Collagen-Alginate Sulfate Layer-by-Layer Films

Chondrocytes were cultured on tissue culture plastic (TCP), type | collagen
(Coll), and collagen-alginate sulfate (Col-AlgS) layer-by-layer (LBL) films in 12-well
plates following established protocols (R. F. Mhanna et al., 2011). The Col-AlgS LBL
films consist of a double bilayer of Coll and AlgS with a DSS =2.3. In each well, 200
pL of 1 mg/mL Coll was added and left to incubate for 30 minutes before the plates
were washed with acetate buffer. Next, 200 pL of 1 mg/mL AlgS was added to each
well and left to incubate for 30 minutes before the plates were washed with acetate
buffer again. These steps were repeated to obtain two alternating bilayers of Coll and
AlgS, and the final Col-AlgS films were washed thoroughly with acetate buffer before

cell culture.

B. Cell Isolation and Seeding

Chondrocytes were extracted from the knee cartilage of 6-month-old calves
sourced from a local slaughterhouse. The cartilage was finely chopped using a sterile
blade and then treated with 0.2% pronase in complete cell culture media Dulbecco's
Modified Eagle Medium (DMEM) enriched with 1% antibiotic-antimycotic (anti-anti)
solution for 2 hoursat 37°C ina 7% CO, environment. After digestion by pronase, the
tissues were rinsed three times for 2 minutes each with DMEM containing 1% anti-anti

and subsequently incubated for 6 hours in 0.03% collagenase in DMEM, also

19



supplemented with 1% anti-anti, at the same temperature and CO, levels. The cells were
then separated from the digested matrix by filtration through a 100 pum cell strainer and
a 40 um cell strainer. Cell numbers were counted (Countess™ Automated Cell Counter,
Invitrogen AG, Basel, Switzerland) and assessed for viability exceeding 90% across all
isolations. The harvested cells were then plated at a density of 10,000 cells/cm? in
DMEM supplemented with 1% antibiotic-antimycotic, 10% fetal bovine serum (FBS),
and 50 pg/mL L-ascorbic acid. Upon reaching 80-90% confluence, the cells were
detached using trypsin/ ethylenediaminetetraacetic acid (EDTA) and either reseeded at a
density of 5,000 cells/cm2for passaging, or cryopreserved in liquid nitrogen for future
cultures.

Cryopreserved chondrocytes were thawed and seeded on TCP then cultured for
7 days to increase cell number, so total culture time to reach passage 4 was 28 days.
After serial passaging, passage 1 (P1) and passage 4 (P4) chondrocytes were seeded on
TCP, Col1, and Col-AlgS LBL films at a seeding density of 5000 cells/cm2. In separate
wells on each substrate, P4 cells and P1 cells were seeded alone, as well as in three co-
culture ratios of P4 cells to P1 cells as shown in figure 5. Co-culture ratios were 3:1
(75% P4, 25% P1), 1:1 (50% P4, 50% P1), and 1:3 (25% P4, 75% P1). After
preliminary testing to determine the optimal co-culture period, the samples were
incubated for 21 days. Accounting for the day of film preparation and cell seeding, total

culture time for each run of an experiment (n = 1) was approximately 50 days.
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P4 3:1 1:1 1:3 P1

Figure 5. Schematic of cell seeding protocol: Chondrocytes seeded on substrates as P4
cells alone, three ratios of P4 cells to P1 cells, and P1 cells alone (Created with
BioRender.com).

C. Microscopic Imaging

Samples were imaged using an inverted light microscope and Zeiss imaging

software.

D. Trypan Blue Exclusion

Cell proliferation and viability were assessed by Trypan blue exclusion. On day
21, media was removed, and cells were washed with 1X phosphate-buffered saline
(PBS) then trypsinized. After incubating for 2—-5 minutes at 37 °C, trypsin was
neutralized with DMEM, and contents from each well were collected into conical tubes.
After centrifuging at 1000 rpm for 5 minutes and discarding the supernatant, cell pellets
were resuspended in 1 ml PBS. Then, 40 ul of each sample was transferred to new
conical tubes. An equal volume of trypan blue (40 ul) was added to each tube, and the
mixture was homogenized by pipetting. Finally, 10 pl of the trypan blue/counting
suspension mix was transferred into a hemocytometer chamber for counting. Viable
cells and dead cells were observed under an inverted light microscope as white and blue
respectively. Cells in the central and corner squares of the hemocytometer were

counted. The total cell count was calculated by averaging concentrations and adjusting
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for the sample volume and dilution factor. Each sample was counted at least twice to

ensure accuracy as technical replicates.

E. Calcein-Ethidium Stain

Viability was also determined using a staining solution composed of 5 puL.
calcein acetoxymethyl ester and 20 uL of ethidium homodimer-1in 10 mL 1X PBS, for
a more precise visualization of live and dead cells within the scaffolds. Media was
removed from each well before cells were washed with PBS 2-3 times for 5 minutes
each wash. Enough calcein-ethidium staining solution was added to cover each well's
surface, 1-2 mL when using 12-well plates. After a 20-minute incubation at room
temperature away from light, samples were observed and imaged using an inverted light

microscope and Zeiss imaging software respectively.

F. gRT-PCR

Genetic quantification was assessed by quantitative real time polymerase chain
reaction (QRT-PCR). After removing media and washing the samples with PBS, 500 pL
of TRizol reagent was added to each well to scrape off the cells. The mixture was
transferred to a sterile 1 mL Eppendorf tube, vortexed, and either stored at -20°C or
used immediately. For RNA extraction, 100 pL of chloroform was added to each tube,
vortexed thoroughly, and incubated on ice for5 minutes. After centrifugation, the RNA-
containing agueous phase was carefully transferred to new Eppendorf tubes. 200 pL of
Isopropanol was added to each tube before they were vortexed again, incubated on ice
for 5 minutes, then centrifuged. The supernatant was discarded, and the RNA pellet was

washed with ethanol several times. After removing residual ethanol, the pellets were
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air-dried briefly then incubated in an oven. Finally, 20 uL of RNAse-free water was
added to each tube for storage at -80°C. RNA quantification was performed with a
Nanodrop spectrophotometer to check for contamination and determine each sample's
concentration.

Reverse transcription was conducted using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems by Thermo Fischer Scientific), followed by
gRT-PCR using Taq Universal SYBR Green Supermix (Biorad). Ribosomal protein L
(RPL) served as the housekeeping gene, with primers used for investigated genes

detailed in Table 1 (Macrogen, Inc.).

Table 1 Primers used for genes investigated by gRT-PCR (Macrogen, Inc.).

Gene name Primer sequence

Coll F-CGAGGGCAACAGCAGATTCACTTA

R-GCA GGC GAG ATG GCTTGTTTG

Col2 F-GGC CAG CGT CCC CAA GAA

R-AGCAGGCGC AGG AAG GTC AT

SZP F-TTGCGCAATGGGACATTAGTT

R-AGCTGGAGATGGTGGACTGAA

IL6 F-GTGCTCCTGGTGATGACTT

R-GAAGTAGTCTGCCTGGGGTG
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G. Western Blot

Protein synthesis was assessed using Western Blot analysis. Samples were
trypsinized and cells were collected, then stored at -80 °C. For western blotting, cells
were lysed on ice for 15 minutes using RIPA buffer with protease and phosphatase
inhibitors, then centrifuged at 13,000 rpm for 10 minutes. The resulting supernatant,
which contained the proteins, was gathered, and protein concentrations were measured
using a Bradford assay. Samples were then mixed with Laemmli buffer and heated at
95°C for 5 minutes to denature proteins before gel electrophoresis. After assembling the
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and
electrophoresis apparatus, protein samples and a molecular weight marker were loaded
into the wells. The gel was run at 120V until the dye front reached the bottom,
indicating readiness for transfer. Polyvinylidene fluoride (PVDF) membranes were
soaked in methanol for 1 minute and then in Tris/Glycine transfer buffer. Transfer
sandwiches (sponge, filter paper, gel, membrane, filter paper, sponge) were assembled
and the transfer was conducted at 100V for 1 hour. Post-transfer, membranes were
blocked in 5% bovine serum albumin (BSA) or 5% nonfat dry milk in Tris-buffered
saline with Tween (TBST) for 1 hour at room temperature, then incubated with primary
antibodies against Coll (l1-116B) and Col2 (8-3A5) from DSHB, IA. Antibodies were
diluted in a blocking buffer of BSA or nonfat dry milk and left overnight at 4°C. The
next day, membranes were washed three times with TBST for 5 minutes each,
incubated for 1 hour at room temperature with a 1:5000 dilution of goat anti-mouse
HRP-conjugated secondary antibody (Santa Cruz Biotechnology) in 5% BSA in
phosphate-buffered saline with Tween (PBST), and then washed again three times with

TBST. Finally, membranes were treated with Clarity Western Enhanced
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Chemiluminescence (ECL) substrate (Bio-Rad) and the signals on blotting paper were
captured using a ChemiDoc imaging system (Bio-Rad).

Stripping buffer was prepared using 3.75 g of glycine, 2.5 mL of 10% sodium
dodecyl sulfate (SDS), and 2.5 mL of Tween 20in 250 mL of sterilized water, with the
pH adjusted to 2.2 using hydrogen chloride (HCI), and stored at 4°C. For antibody
stripping, membranes were agitated in stripping buffer on a shaker for 20 minutes at

room temperature and then washed twice with PBST for 5 minutes each.

H. Statistical Analysis

Statistical analyses were performed with three biological replicates (n = 3) and
analyzed using two-way analysis of variance (ANOVA) and Tukey's post-hoc tests in
IBM SPSS. Data were presented as mean + standard error (SE), with significance levels

set at *p < 0.05 and **p <0.01.
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CHAPTER 1

RESULTS

A. Preliminary Testing

Preliminary proliferation assessments by trypan blue exclusion were conducted
on the 2 passages of chondrocytes that would be co-cultured together to determine a
single culture period suitable for co-culturing. Statistical analyses were conducted at (n
= 3) and error bars represent the standard error of the mean (x SE). Figure 6 shows that
P1 cell proliferation continues until day 20, whereas P4 proliferation declines after day
7 and nearly plateaus from day 10 onwards. This indicates that a 21-day incubation
period in co-cultures allows ample time for signals from P1 cells to be exchanged with
and re-differentiate P4 cells. This rationale is supported by previous research which
found that co-cultured cells resembled primary bovine chondrocytes in ECM

composition and gene expression by the third week in co-culture (Taylor et al., 2012).

Condition
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Figure 6. Trypan blue preliminary proliferation assay of P1 and P4 cells on TCP:
Results show cell proliferation of P1 and P4 on TCP at days 7, 10, and 20. Statistical
analyses were conducted at n = 3, and error bars represent the standard error of the
mean (£ SE).
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B. Sample Images

Figure 7 shows cell cultures imaged after the 21-day incubation period using an
inverted light microscope and Zeiss imaging software at a magnification of 20x to
observe the proliferation and morphology of P1, P4, and the 1:1 co-culture of P4:P1
cells on TCP (A-C), Coll (D-F), and Col-AlgS LBL (G-I) substrates. Each substrate
showed a trend of increasing proliferation from P4 (A, D, G) to the 1:1 co-culture (B, E,
H), and finally to P1 (C, F, ). The cells on TCP and Col1 exhibit a similar elongated
morphology, the typical fibroblastic shape which is common for chondrocytes
proliferating on conventional 2D CTE substrates. This morphological similarity allows
direct comparisons of proliferation rates and densities between TCP and Col1, with
Coll showing higher proliferation across the substrates. On the other hand, cells on Col-
AlgS LBL (G-I) exhibit more complex morphologies compared to those on TCP and
Coll. This difference in cell spreading between the substrates indicates that a
quantitative comparison of proliferation from these images is not adequate without
considering the qualitative changes in cell structure and behavior.

Compared to fibroblastic P1 chondrocytes on TCP (7C) and Coll (7F), cells on
Col-AlgsS (71) exhibited a smaller and more rounded morphology lacking visible
extensions. This suggests that AlgS in the LBL film may better preserve chondrocyte

phenotype than TCP and Coll.
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Coll

Col-AlgS LBL

Figure 7. Microscope images of samples at day 21: Images were taken at a
magnification of 20x to observe the proliferation and morphology of P1, P4, and the 1:1
co-culture on TCP (A-C), Coll (D-F), and Col-AlgS LBL (G-I) substrates, using an
inverted light microscope and Zeiss imaging software.
C. Proliferation and Viability Assessment

Cell proliferation and viability assessment was conducted by Trypan blue
exclusion on day 21 for P4, P1, and the co-cultures of P4:P1 cells on TCP, Col1, and

Col-AlgS LBL substrates. Statistical significance is indicated (p <0.05) and the data are

represented with error bars indicating the standard error of the mean (£ SE),

28



highlighting consistency in the proliferation outcomes across different experimental
setups. Results indicated that all samples maintained cell viability over 85%, with figure
8 displaying significantly increased proliferation from P4 alone to 3:1 and 1:1 co-
cultureson TCP and Coll, and in the 1:1 and 1:3 co-cultures on Col-AlgS LBL (p<0.05
for all). Significant cell number increases on both TCP and Coll substrates occurred
even with only a quarter being P1 chondrocytes, indicating that the co-cultures exert an

effect on cell proliferation even at low ratios.

On the other hand, cell proliferation was consistently lower across samples on
the Col-Algs substrate, with 2-fold and 3-fold (p<0.05 and p<0.01 respectively)

decreases in cell number on Col-AlgS compared to both TCP and Coll controls.
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Figure 8. Trypan blue proliferation assay of samples at day 21: Statistical analyses were
conducted at (n =3), significance is indicated (*p < 0.05), and error bars represent the
standard error of the mean (x SE). Results show cell viability >85% in all conditions
and differences in cell proliferation between P1, P4, and co-cultures on TCP, Col1, and
Col-AlgS LBL.
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D. Viability/Cytotoxicity Assessment

Figure 9 shows calcein-ethidium-stained images taken on day 21 of P1, P4, and
the 1:1 co-culture on TCP, Col1, and Col-AlgS LBL substrates. Overall, the absence of
red fluorescence in the images indicates high cell viability across all samples. Similar to
the proliferation trend seen in figure 5, increasing cell numbers are observed from P4
(A, D, G) to the 1:1 co-culture (B, E, H) to P1 (C, F, I) across all 3 substrates. Among
the substrates, Coll showed the highest proliferation for all conditions (P4, P1, and co-

cultures).
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Figure 9. Calcein-ethidium stain of samples at day 21: Images were taken at a
magnification of 20x to observe staining of P1, P4, and the 1:1 co-culture on TCP (A-
C), Coll (D-F), and Col-AlgS LBL (G-1) substrates, using an inverted light microscope
and Zeiss imaging software.

E. Genetic Quantification
Figure 10 (A-G) shows gene expression by mRNA quantification of several key
genes studied in CTE. Statistical analyses were conducted at (n = 3), significance is

indicated (*p <0.05, **p <0.01), and the data are represented as fold changes in
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comparison to P4 with error bars indicating the standard error of the mean (x SE). Two
instances of significant comparisons are highlighted in these results. First, lines at the
top of each graph indicate differences between identical conditions across the
substrates, assessing the effect of Col-AlgS LBL compared to control substrates.
Secondly, asterisks above individual conditions indicate comparisons between each
condition and P4 on the same substrate, thus assessing the effect of the co-cultures. All
instances of significance demonstrate at least a three-fold difference in mMRNA

expression between the indicated conditions.

Observing differences between identical conditions across substrates, Col-AlgS
up-regulated Coll (10A) and Col2 (10B) (p<0.01 and p<0.05 respectively) more than 3-
fold compared to both control substrates. On the other hand, observing differences
between conditions within each individual substrate, co-cultures up-regulated Col2

compared to P4 on the Coll substrate (p<0.05).

Total collagen content (10C) was approximated as the sum of Coll and Col2
gene expressions. Col-AlgS increased total collagen content compared to both controls,
while co-cultures increased total collagen content compared to P4 on Coll and Col-
AlgS substrates. A ratio of Col2 to Coll (10D) also showed increases on Col-AlgS and

in the co-cultures.

Lubricating SZP (10E) was up-regulated on Col-AlgS compared to both control
substrates (p<0.01) and in co-cultures on Coll and Col-AlgS LBL substrates (p<0.05).
Pro-inflammatory IL6 (10F) was down-regulated on Col-AlgS compared to Coll

control substrate (p<0.05) and along co-cultures on all 3 substrates (p<0.01).
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Figure 10. Genetic quantification by qRT-PCR of relevant genes in samples at day 21:
Graphs A-F show gene expression fold change by mRNA quantification of Coll (A),
Col2 (B), total collagen content approximated as the sum of Coll and Col2 (C), a ratio
of Col2 to Coll (D), SZP (E), and IL6 (F) in P1, P4, and co-cultures on TCP, Coll, and
Col-AlgS LBL. Statistical analyses were conducted at (n = 3), significance is indicated
(*p <0.05, **p <0.01), and error bars represent the standard error of the mean (+ SE).
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F. Protein Synthesis

Western blot was performed last to verify that the gene expression results
translated into protein synthesis within the samples. Figure 11 (A-E) shows protein
quantification by Western Blot analysis of relevant genes, along with images of their
respective bands pictured on blotting paper for reference. Protein bands, normalized to
the housekeeping gene GAPDH, were quantified using ImageJ Fiji software and
presented as adjusted ratios in the resultant bar graphs. No statistical analyses were
conducted due to a sample size of one (n =1).

Col-AlgS LBL increased both Coll (11A) and Col2 (11B) in all 4 conditions
compared to both control substrates, while the co-culturesdecreased Coll on TCP. Col-
AlgS also increased the total collagen approximation (11C) in all 4 conditions compared
to both control substrates, while co-cultures increased the Col2 to Coll ratio (11D) on
TCP. Finally, Col-AlgS decreased inflammatory marker IL6 (11E) across all conditions

relative to controls, while the co-cultures decreased IL6 on all substrates.
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Figure 11. Protein synthesis by western blot analysis of relevant genes in samples at day
21: The graphs in figure 9 show protein quantification of Coll (A), Col2 (B), total
collagen content (approximated as the sum of Coll and Col2) (C), a ratio of Col2 to
Coll (D), and IL6 (E) in P1, P4, and co-cultures on TCP, Col1, and Col-AlgS LBL.
Pictured are the corresponding images of the protein bands from blotting paper, which
were assessed using ImageJ Fiji software and quantified in bar graphs. No statistical
analyses were conducted (n =1).
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G. Cell Morphology

The images in figures 7 and 9 depict a smaller, rounder morphology in chondrocytes
cultured on Coll and Col-AlgsS substrates compared to chondrocytes on TCP. To
describe these differences in chondrocyte morphology across the substrates, the calcein-
stained images in figure 9 were processed through ImageJ resulting in the following
images presented in figure 12 for cell morphology analysis. No statistical analyses were

conducted (n =1).
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Figure 12. ImageJ processed images after calcein-staining of samples at day 21:
Calcein-ethidium stained images were processed and analyzed on ImageJ to observe
morphological properties (area, perimeter, circularity, aspect ratio, roundness, and
solidity) of P1, P4, and the 1:1 co-culture on TCP (A-C), Coll (D-F), and Col-AlgS
LBL (G-I) substrates. No statistical analyses were conducted (n = 1).

Several relevant morphological properties (area, perimeter, circularity, aspect ratio

(AR), roundness, and solidity) of chondrocytes were assessed and the results are

summarized in table 2.
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Area and Perimeter: The mean cell area and perimeter varied noticeably across
substrates. For example, TCP P1 cells exhibited a large mean area (36.33 um?) and a
corresponding large mean perimeter (37.75 um), indicating that this substrate promotes
larger cell sizes. In contrast, Coll P1 and Col-AlgS P1 showed much smaller mean
areas (31.03 um2 and 26.75 um2, respectively) and perimeters (27.06 um and 28.0 um,
respectively), highlighting the restrictive effect of these substrates on cell size.

Circularity and Aspect Ratio (AR): Mean circularity values suggest differences in
cell shape, with TCP P1 displaying a low mean circularity (0.39), which suggests
irregular or elongated cell shapes. On the other hand, Coll P1 exhibited the highest
circularity (0.58), followed by Col-AlgS P1 (0.49), indicating rounder cell morphology
typical of healthy, non-stressed cells. Aspect ratio values reinforce these findings, with
TCP P1 showing a higher mean AR (2.4), also indicative of more elongated cells,
whereas Coll P1 and Col-AlgS P1 had lower ARs (1.77 and 2.08, respectively),
corresponding to less extended cells.

Roundness and Solidity: Mean roundness analysis supports the circularity data,
where Coll P1 showed the highest roundness (0.62), followed by Col-AlgS P1 (0.56),
indicating a rounder shape as this value gets closer to 1. On the other hand, TCP P1
presented the lowest roundness (0.50), pointing to more elongated or irregular cell
shapes. Solidity values, which reflect the compactness of the cell shape relative to its
convex hull, were highest in Coll P1 (0.78) and Col-AlgS P1 (0.71), suggesting these
cells maintain a more compact morphology. The lowest solidity was observed in TCP

P1 (0.67), indicating more spread-out cell shapes.
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Note, table 2 shows trends in these parameters similar to P1 for both the P4 and 1:1

co-culture conditions across the substrates, further supporting the differences observed

between TCP, Coll, and Col-AlgS substrates that have been discussed.

Table 2 Summary of morphological properties of samples at day 21: This table presents
the mean, median, and standard deviation (SD) of morphological parameters quantified
for P1, P4, and the 1:1 co-culture on TCP, Col1, and Col-AlgsS substrates through

ImageJ processing of microscope images. Area and perimeter (Perim.) are reported in
calibrated units (um2 and pum, respectively), while circularity (Circ.), aspect ratio (AR),
roundness (Round.), and solidity are dimensionless ratios for geometric properties. No
statistical analyses were conducted (n = 1).

Area Perim. Circ. AR Round.  Solidity

Mean 54.9513 48.78832 0.3928247 2.03445 0.571183 0.6702857
TCP P4 Median 4575  38.102 0.382 1.772  0.5645 0.6895

SD 35.6828 34.79898 0.192488 0.95023 0.197253 0.1420198

Mean 54.1826 45.13399 0.4066218 2.02638 0.556187 0.6845648
TCP Co-

Median 435  37.456 0.388  1.836 0.545 0.703
culture

SD 44,1013 30.20954 0.1905005 0.75462 0.183462 0.136289

Mean 36.3344 37.74595 0.3934781 2.40076 0.499202 0.6660439
TCPP1 Median 30.5 32.042 0.369 2.079 0.481 0.682

SD 18.9615 19.54994 0.1768387 1.31716 0.185477 0.135221

Mean 29.4346 33.34801 0.360907 2.3339 0.506942 0.6382267
Coll P4 Median 26.5 31.4205 0.3345 2.0945 0.477 0.649

SD 10.0161 9.070446 0.1295817 1.09351 0.190435 0.1185123
Coll Co- | Mean 30.4044 29.94581 0.4876409 2.02597 0.570336 0.7071242
culture Median 28.25  27.092 0.4645 1.745 0.5735 0.716
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SD 11.2562 10.83687 0.1893513 0.94705 0.187822 0.1249965

Mean 31.0253 27.0596 0.5755034 1.77402 0.617072 0.7777483
Coll P1 Median 28 24.314 0.586 1.611 0.621 0.794

SD 14.0001 10.48401 0.1600174 0.62216 0.164837 0.0856839

Mean 33.4962 38.83964 0.3461667 2.4145 0.508091 0.6205303
Col-AlgS

Median 24.75  31.506 0.2845 1.9285 0.519 0.6105
P4

SD 33.4196 25.07955 0.1889196 1.28006 0.200916 0.1355015

Mean 43.1402 43.80496 0.3639512 2.1973 0.530732 0.6145122
Col-AlgS

Median 34.875  33.506 0.321 1.969 0.508 0.6045
Co-culture

SD 34.4778 31.46694 0.1887752 1.02375 0.190143 0.1570303

Mean 26.75 28.08561  0.48625 2.07946 0.564338 0.71425
Col-AlgS

Median 24.375 25.0815 0.4955 1.719 0.582 0.7565
P1

SD 10.2799 11.12271 0.174685 0.9459 0.20197 0.1288143
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CHAPTER IV

DISCUSSION

AlgS has been found to provide an environment conducive for chondrocyte
proliferation, morphology, and matrix synthesis by mimicking the native cartilage ECM
through its DSS (Griffith & Naughton, 2002; R. Mhanna et al., 2014; Oztiirk et al.,
2020). Co-culturesof primary and passaged chondrocytes have also had a similar effect
to limit de-differentiation of chondrocytesin culture (Nummenmaa etal., 2015; Olivos-
Meza et al., 2017). The results outlined in this manuscript highlight significant findings
on the combined effects of a co-culture system of early- (P1) and late- (P4) passage

chondrocytes seeded on Col-AlgS LBL substrate.

A. Effect of Alginate Sulfate

This work aims to assess the effects of alginate sulfate as well as co-culture ratios of
early and late passage chondrocytes on chondrocyte proliferation, morphology, and
matric production. We found that Col-Algs significantly decreased the proliferation of
P1, P4, and co-cultures compared to both TCP and Coll substrates. According to Habli
et al., AlgS suppresses the proliferation of breast and lung cancer cells as it binds
growth factors in culture media, thereby reducing their availability to growth factor
receptors on cell surfaces, and the same mechanism of action may be at play here (Habli
etal., 2021). Alginate sulfate also induced distinct morphological changes, as
chondrocytes cultured on Col-AlgS had more pronounced extensions but noticeably
rounder and smaller cell bodies than those on TCP and Coll. Given the elevated
expression of proteinssuch as Coll, Col2,SZP, and IL6 found on Col-AlgS substrates,

these differences suggest that alginate sulfate supports key aspects of the chondrocyte
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phenotype such as cell spreading and attachment while prioritizing matrix production
over cell proliferation, which explains the reduced cell numbers seen on Col-AlgS
compared to control substrates. Our Col-AlgS LBL films also increased lubricating SZP
gene expression while simultaneously decreasing pro-inflammatory IL6 gene
expression and protein synthesis, supporting recent research which suggests that Algs is

IL-mediated due to its MMP-13 regulation (Diab et al., 2024).

B. Effect of Co-culture

Our PCR and western blot results showed that several co-culture ratios of early and
late passage chondrocytes on 3 experimental substrates significantly increased Col2
expression and decreased Coll expression to elevate their Col2/Col1l ratios compared to
P4 chondrocytes alone. The co-cultures also increased SZP gene expression while
simultaneously decreasing pro-inflammatory IL6 gene expression and protein synthesis.
This is rationalized with previous research which concluded that co-cultures of primary
and passaged chondrocytes regulate the expression of chondrogenic proteins besides
Col2 and glycosaminoglycans (Tan et al., 2011; Taylor et al., 2010).

Moreover, we found an increasing trend in proliferation along the co-cultures on all
3 substrates. This suggests that co-culturing may combat the anti-proliferative effect of
AlgS while simultaneously inducing a chondrogenic effect by increasing Col2 as well
as SZP and decreasing Coll as well as IL6. Therefore, our findings suggest that a co-
culture system using AlgS offers an optimal chondrogenic environment that enhances

chondrocyte function while exhibiting lubricating and anti-inflammatory properties.
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CHAPTER V

CONCLUSION

Alginate sulfate has demonstrated efficacy in binding growth factors, increasing
proteoglycan content, and mimicking native cartilage ECM, while co-culturing primary
and passaged chondrocytes has been used to limit de-differentiation via paracrine
signaling. However, significant results have predominantly been achieved from
chondrocytes that have undergone limited passaging cultured with primary
chondrocytes, which require careful handling and optimized conditions while producing
less mechanically-stable constructs than passaged chondrocytes. Thus, this study
proposes the co-culture of early- and late-passage chondrocytes on alginate sulfate
substrates such as Col-AlgsS rather than more common biomaterials used in CTE. This
system potentially mimics the cartilage ECM more closely than previous attempts,
enhancing chondrogenic properties and ECM production while preventing
inflammatory responses and promoting lubrication at the site. Therefore, it may be used
to address the limitations of cell numbers obtained through serial passaging with
preserved chondrocyte phenotype. As such, we propose that AlgS should be used as a
substrate to limit de-differentiation when expanding chondrocytes in co-cultures to

reach adequate cell numbers with preserved cartilage phenotype.
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CHAPTER VI

LIMITATIONS AND FUTURE DIRECTIONS

The primary limitation of this study was the small sample sizes used as well as
reliance on western blotting for protein synthesis. Conventional western blotting
techniques quantify intracellular protein synthesis, however a critical characteristic of
chondrocytes is matrix production and deposition, which this standard technique does
not measure and thus may not present an accurate quantification of protein synthesis by
chondrocytes. While immunohistochemistry is another option to visualize protein
production, its limited effectiveness on 2D substrates precluded its use in this study.
Additionally, it might be valuable to trace the different chondrocyte passages in the co-
cultures to precisely observe morphological differences between the individual P1 and
P4 cells when cultured together. This approach could provide critical insights into the
preservation of the chondrocyte phenotype under different culture conditions when
assessed through software analysis such as ImageJ.

To address these limitations, future research should aim to increase the sample sizes
in both western blotting and imageJ analyses to further validate these findings, as well
as explore modifications to western blotting or immunohistochemistry techniques that
would allow quantification of proteins released into and maintained in the ECM by
chondrocytes. Another future direction involves culturing different passage
chondrocytes with a permeable separator that allows for paracrine signaling through
media exchange without direct cell contact. This setup could provide insights into the
specific signaling mechanisms that promote chondrocyte function and differentiation.
Additionally, using conditioned media from early passage chondrocytes on late passage

chondrocytes may allow increased cell numbers compared to what is possible with co-
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culturing. The conditioned media from a single culture of early passage chondrocytes
could be applied to several cultures of late passage chondrocytes, potentially
maximizing the beneficial effects of growth factors and other signaling molecules
present in the early passage media.

The Col-AlgS substrate here has demonstrated potential to enhance the cartilage
phenotype of chondrocytes in 2D monolayer expansion, and refining the culture
conditions may yield significant improvements. Therefore, adapting this co-culture
system to 3D AlgS might provide deeper insights into chondrocyte behavior and
morphology in a more physiologically relevant environment. This study aims to
preserve the chondrocyte phenotype during serial expansion for ACT, and transitioning
to AlgS hydrogels is the next necessary step for the successful translation of these

findings into clinical applications.
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