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SUMMARY
This study aims to evaluate the chondrogenic 

potential of a tri-coculture system incorporating 
human articular chondrocytes, fibronectin-ad-
herent chondroprogenitors (FAA-CPs), and migra-
tory chondroprogenitors (MCPs) derived from the 
same donor tissue. The hypothesis was that this 
tri-coculture model would demonstrate superior 
chondrogenic differentiation compared to mono-
cultures, providing insights into advanced carti-
lage regeneration strategies. Human osteoarthrit-
ic cartilage samples were collected from donors 
undergoing total knee arthroplasty, and primary 
cells were isolated and expanded. Three culture 
conditions were established: individual monocul-
tures of chondrocytes, FAA-CPs, and MCPs, and a 
tri-coculture of all three cell types. Chondrogenic 
potential was assessed through cellular pheno-
typing, gene expression analysis (SOX9, ACAN, 
COL2A1, COL1A1, COL10A1, RUNX2), and histo-

logical evaluation (Alcian Blue, Toluidine Blue, 
Safranin O).

The tri-coculture model demonstrated in-
creased COL2A1 gene expression compared 
to the monoculture conditions, suggesting en-
hanced chondrogenic commitment. However, this 
increase in COL2A1 expression did not translate 
into significant improvements in matrix deposi-
tion or overall differentiation outcomes. Histo-
logical analyses showed similar patterns of ma-
trix formation and cartilage-like differentiation 
across all culture conditions. While the tri-cocul-
ture model showed increased COL2A1 expres-
sion, it did not outperform individual monocul-
tures in terms of matrix production and overall 
chondrogenic potential. These findings highlight 
the complexity of replicating the native cartilage 
microenvironment in vitro and suggest that the 
success of tri-coculture systems depends on opti-
mizing spatial organization and paracrine signal-
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ling. Future research should focus on improving 
co-culture systems, using early-passage cells, and 
refining culture conditions to fully harness the 
therapeutic potential of such models for cartilage 
regeneration.

Key words: Chondrocytes – Chondroprogeni-
tors – Tri-coculture system – Chondrogenesis 

INTRODUCTION 
Osteoarthritis (OA) is a progressive, chronic de-

generative disease of load-bearing joints, charac-
terized by the breakdown of hyaline cartilage af-
fecting synovial joints such as the knee, hip, and 
spine (Heidari, 2011). It is marked by the progres-
sive loss of articular cartilage, subchondral bone 
remodelling, synovial inflammation, and osteo-
phyte formation, with clinical symptoms includ-
ing chronic pain, joint stiffness, reduced mobility, 
and impaired quality of life. Despite advances in 
the field of surgical and pharmacological based 
therapeutics, a curative solution remains not 
achievable, and current treatments are primarily 
limited to symptom management rather than car-
tilage regeneration.

Articular cartilage, an avascular and aneural 
connective tissue composed of a highly organized 
extracellular matrix and sparsely distributed 
chondrocytes, poses a significant challenge for 
intrinsic repair (Sophia Fox et al., 2009). During 
in vitro expansion, mature chondrocytes often 
exhibit limited proliferative and migratory ca-
pacities, along with a tendency to dedifferentiate 
(Charlier et al., 2019; Diaz-Romero et al., 2005). 
This necessitates the exploration of alternative 
cellular strategies for cartilage regeneration. 
Among these, mesenchymal stem cells (MSCs) 
and chondroprogenitors (CPs) have emerged as 
promising candidates due to their multipotent 
differentiation capacity and self-renewal poten-
tial (Arshi et al., 2020; Dowthwaite et al., 2004). 
However, bone-marrow-derived mesenchymal 
stem cell (BM-MSC)-based repair is frequently 
compromised by hypertrophic differentiation and 
fibrocartilaginous matrix deposition, affecting the 
biomechanical integrity of the regenerated tissue 
(Chawla et al., 2022; Freitag et al., 2016; Liu et al., 
2017).

Chondroprogenitor cells located within the car-
tilage niche exhibit enhanced chondrogenic po-
tential and a reduced tendency for hypertrophy 
compared to both BM-MSCs and terminally differ-
entiated chondrocytes (Dowthwaite et al., 2004; 
Levato et al., 2017; McCarthy et al., 2012; Vinod et 
al., 2020c). Two distinct CP populations, fibronec-
tin adhesion assay-derived chondroprogenitors 
(FAA-CPs) and migratory chondroprogenitors 
(MCPs), exhibit unique phenotypic and functional 
characteristics that define their cartilage regener-
ative mechanisms (Vinod et al., 2020b). However, 
progenitors are a small subset within the niche, 
as they transition into mature chondrocytes; iso-
lating these cells requires selective assays and in 
vitro expansion. Given their distinct derivation 
methods namely FAA-CPs via fibronectin adhe-
sion and MCPs via migration, each subtype con-
tributes unique regenerative traits. Their com-
bined use with chondrocytes, the mature lineage 
and commonly present cell type in tri-culture was 
intended to recapitulate cartilage zonation more 
effectively. Furthermore, a single cell type is un-
likely to replicate the complex cell-to-cell inter-
actions and zonal architecture of native cartilage.  
A recent ultrastructural study of human articu-
lar cartilage resident cells revealed distinct phe-
notypic differences between chondrocytes and 
chondroprogenitors (FAA-CPs and MCPs) (Francis 
et al., 2024). Chondrocytes showed features of ter-
minal differentiation, including higher collagen 
content and autolytic changes. In contrast, FAA-
CPs and MCPs exhibited enhanced regenerative 
traits, such as increased collagen synthesis, abun-
dant rough endoplasmic reticulum, and higher 
GAG content in MCPs. These findings underscore 
the potential of enriching and co-culturing pro-
genitors with native cells to optimize hyaline-like 
cartilage repair by combining their advantages 
and minimizing terminal differentiation.

To better understand the behaviour and regen-
erative potential of distinct cell types within such 
a micro-environment, co-culture models are fre-
quently employed. Co-culture, which involves 
growing different cells together for studying cellu-
lar interactions and behaviours (Miki et al., 2012). 
Both co-culture and, more recently, tri-coculture 
approaches offer a robust strategy in cartilage tis-
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sue engineering by fostering interaction among 
various cartilage-resident cell types. These better 
mimic the native cartilage microenvironment and 
support tissue formation and regeneration. Al-
though co-culture systems have shown potential 
in enhancing chondrogenic differentiation and 
matrix synthesis, tri-coculture remains largely 
unexplored, especially in the context of combin-
ing chondrocytes with FAA-CPs and MCPs isolat-
ed from the same osteoarthritic joint (Huang et 
al., 2017; Hubka et al., 2014).

In this study, we present an in vitro tri-cocul-
ture model comprising osteoarthritic chondro-
cytes, FAA-CPs, and MCPs in a 1:1:1 ratio. We 
hypothesize that this combinatorial strategy will 
synergistically enhance chondrogenic potential. 
By evaluating cell cycle dynamics, surface mark-
er profiling, gene expression, and histological 
staining, this study aims to determine whether 
tri-coculture offers superior regenerative capaci-
ty compared to conventional monocultures.

MATERIALS AND METHODS

Overall Study Design 

The study was in accordance with appropriate 
protocols and standards. After getting informed 
consent, the human articular cartilage was ob-
tained from the tibiofemoral joints of osteoar-
thritic donors (Kellgren–Lawrence grade IV) 
undergoing total knee arthroplasty (Age: 63±13 
years).  The three monoculture groups namely 
chondrocytes, FAA-CP and MCP and the tri-cocul-
ture group at passage 6 were subjected to cell cy-
cle, surface marker, gene expression analysis and 
differentiation studies (Fig. 1). 

Cell Isolation and Expansion

 Articular Chondrocyte Isolation

Cartilage samples were harvested within 4–6 
hours post-surgery under aseptic conditions and 
transported in sterile phosphate-buffered saline 
(PBS). The tissue was finely minced into 1–3 mm³ 
fragments. These fragments were first digested 
with 12 IU/mL pronase (Mat No: 10165913103, 
Roche, Switzerland) for 3 hours at 37°C and 

Fig. 1.- Study algorithm for the study of enhancement of chondrogenic potential using Trico culture of human articular derived 
chondrocytes, FAA-CP and MCP and their monoculture: FAA-CP: fibronectin adhesion assay derived chondroprogenitors, MCP: Mi-
gratory chondroprogenitors and chondrocytes. CD: cluster of differentiation. All experiments were performed with three biological 
samples (n=3).
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then digested overnight with 0.2% (w/v) collage-
nase type II (Worthington Biochemical, Cat. No. 
LS004176) in DMEM/F12 (Sigma-Aldrich, Cat. No. 
D8437) at 37°C in a shaking water bath. The digest 
was filtered using a 40 µm cell strainer, and the 
resulting single-cell suspension was centrifuged 
at 300 × g for 10 minutes. Chondrocytes were 
cultured in DMEM/F12 supplemented with 10% 
fetal bovine serum (Gibco, Thermo Fisher Scien-
tific, Cat. No. 16000-044) and 1% antibiotic–an-
timycotic (Cat No: 15240062, GIBCO). Cells were 
maintained at 37°C in a 5% CO₂ incubator and 
passaged at 80–90% confluency.

 Isolation of Fibronectin Adhesion Assay-derived 
Chondroprogenitors (FAA-CPs)

To isolate FAA-CPs, the isolated chondrocytes 
were loaded on to plates treated with human fi-
bronectin (10 µg/mL; Sigma-Aldrich, Cat. No. 
F1141) at a density of 4,000 cells/well and incu-
bated for 20 minutes at 37°C. Non-adherent cells 
were carefully removed, and adherent cells were 
cultured in stromal medium containing DMEM/
F12, 10% FBS, and 1% antibiotic–antimycotic. 
Clones exceeding 32 cells were manually picked 
and replated at a density of 8–10 clones per cm². 
Expansion was carried out in the same growth 
medium, additionally containing growth factors: 
1 ng/mL TGF-β2 (Cat No: ab277760, Abcam) and 5 
ng/mL FGF2 (Cat No: APA551Hu01, Cloud-Clone 
Corp) and were expanded. 

 Isolation of Migratory Chondroprogenitors 
(MCPs)

Cartilage explants of approximately 8-10 mm in 
diameter were placed in DMEM/F12 medium sup-
plemented with 10% FBS, 10 mM L-glutamine, 
and 1% antibiotic–antimycotic. Explants were 
pre-incubated for 48 hours to allow equilibration. 
Following this, tissues were incubated with 0.1% 
collagenase type II (Worthington Biochemical, 
Cat. No. LS004176) for 2 hours at 37°C to gently 
loosen superficial cells. After enzyme treatment, 
slices were washed thoroughly to eliminate resid-
ual enzymes or any released chondrocytes and 
transferred to fresh stromal medium in a 6-well 
culture plate (Cat No: 3516, CORNING). Cells that 
migrated out of the tissue were monitored and 

collected at the 10th days Migrated cells were har-
vested, pelleted, and expanded in stromal medi-
um.

 Monoculture and tri-coculture system

Chondrocytes, FAA-CPs and MCPs were expand-
ed up to passage 5, following which were subject-
ed to direct tri-coculture at passage 6 at a ratio of 
1: 1:1 at a seeding density of 5000 cells/cm2 , sim-
ilar to the mono-culture system.  The 4 cell groups 
were then further subjected to cellular and molec-
ular characterization as mentioned below.

Cellular and Molecular Characterization

 Cell Cycle Analysis

For cell cycle analysis, cells at 60–70% conflu-
ence were harvested using 0.125% trypsin-EDTA 
(Gibco, Cat No: 25200056) and fixed in 70% ice-
cold ethanol for 60 minutes at 4°C. After fixation, 
cells were washed with PBS and stained with 1 μg/
mL 4′,6-diamidino-2-phenylindole (DAPI) (Sig-
ma-Aldrich, Cat No: D9542) in a permeabilizing 
buffer containing 0.1% Triton X-100 (Sigma-Al-
drich, Cat No: T8787) for 30 minutes. The DNA 
content of the cells was then analysed using a BD 
Flowcytometer Celesta™ flow cytometer (BD Bio-
sciences), with data processed using BD Flow-
cytometer Diva software (v8.0.1.1) and FlowJo 
v10.8.1 software. The Dean-Jett Univariate model 
was applied to calculate the percentage of cells in 
the G0/G1, S, and G2/M phases.

 Flow cytometry

Fluorescence-activated cell sorting of the isolat-
ed cell populations was conducted by evaluating 
the surface expression of chondrogenic markers. 
Cells were trypsinized, counted, and washed with 
PBS. Approximately 1 × 10⁶ cells per sample were 
incubated for 30 minutes at 4°C in the dark with 
fluorochrome-conjugated monoclonal antibodies 
targeting CD166-BB515 (BD Biosciences, Cat No: 
564467) and CD146-PE (BD Biosciences, Cat No: 
550315). After incubation, cells were washed with 
PBS and resuspended for acquisition. Data acqui-
sition was performed on the BD Flowcytometer 
Celesta™ cytometer, and analysis was carried out 
using FlowJo software (v10.8.1). Appropriate un-
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stain controls were included in each run to ensure 
accurate data interpretation.

 Quantitative Reverse Transcriptase-Polymerase 
Chain Reaction (qRT-PCR)

RNA extraction from passage 6 cells was per-
formed using the RNeasy Mini Kit (Qiagen, Cat 
No: 74104), following the manufacturer’s pro-
tocol. RNA purity and concentration were deter-
mined using a NanoDrop™ 2000 spectrophotome-
ter (Thermo Fisher Scientific). A total of 280 ng of 
RNA was reverse-transcribed into complementa-
ry DNA (cDNA) using the First Strand cDNA Syn-
thesis Kit (Cat No: 6110 A, TAKARA). Quantitative 
RT-PCR was performed using Takyon™ Low Rox 
SYBR Master Mix dTTP Blue (Eurogentec, Cat No: 
UF-LR-SY2X-03) with a final concentration of 7 ng 
of cDNA/reaction on a QuantStudio™ 6 Flex Re-
al-Time PCR System (Applied Biosystems, Cat No: 
4485691). Primers were designed to target key 
chondrogenic markers, including SOX-9, ACAN, 
COL2A1, and hypertrophic markers COL1A1, CO-
L10A1, and RUNX2, with GAPDH serving as the 
housekeeping gene. Each reaction was run in 
technical duplicates, and relative quantification 
was calculated using the 2^−ΔΔCt method.

 Chondrogenic and Osteogenic Differentiation 
and 3D Pellet Culture

To induce chondrogenic or osteogenic differ-
entiation, cells were cultured in the StemPro™ 
Chondrogenesis or osteogenic Differentiation Kit 
(Gibco). A total of 1 × 10⁶ cells were centrifuged 
at 400 g for 12 minutes in 15 mL conical tubes to 
form compact pellets. The pellets were incubated 
in chondrogenic or osteogenic differentiation me-
dium, which was replaced every three days for 23 
days to promote lineage specific differentiation. 
This process was carried out under standard cell 
culture conditions (37°C, 5% CO₂).

 Histological Staining

After chondrogenic or osteogenic differentia-
tion, pellets were fixed in 4% paraformaldehyde 
(Sigma-Aldrich, Cat No: P6148), paraffin-embed-
ded, and sectioned at 4 μm thickness. Various his-
tological staining techniques were used in order 
to evaluate the extracellular matrix, protein accu-

mulation and mineralization status. For chondro-
genic pellets the following stains were performed: 
Alcian Blue staining (Sigma-Aldrich, Cat No: 
A5268) was performed to visualize glycosamino-
glycan (GAG) deposition, followed by a counter-
stain with Neutral Red (Sigma-Aldrich, Cat No: 
N2889) to enhance tissue contrast. Next, Safr-
anin O–Fast Green staining was performed using 
Weigert’s Iron Hematoxylin (Sigma-Aldrich, Cat 
No: HT1079), Fast Green FCF (Sigma-Aldrich, Cat 
No: F7252), acetic acid (Sigma-Aldrich, Cat No: 
A6283), and Safranin O (Sigma-Aldrich, Cat No: 
S2255) to further assess GAG content. In addition, 
Toluidine Blue O staining (Sigma-Aldrich, Cat No: 
T3260) was performed to assess proteoglycan dis-
tribution within the chondrogenic pellets.

To visualize the total collagen fibers, tissue sec-
tions of the osteogenic differentiated pellets were 
rehydrated and immersed in 0.1% Picrosirius 
Red solution (CI 35,782) for 60 minutes. Following 
staining, the sections were briefly counterstained 
with hematoxylin for 7 minutes. After rinsing, the 
samples were sequentially dehydrated through 
graded ethanol, cleared with xylene, and mounted 
using DPX medium (Qualigens, Cat No: Q18404) 
for microscopic evaluation. For calcium deposi-
tion analysis, paraffin sections were initially de-
paraffinized and then stained with a 2% Alizarin 
Red solution (Sigma, CAS No: 130223) for 5 min-
utes, producing characteristic red-orange stain-
ing of calcified areas. Residual dye was removed 
by washing, followed by dehydration through ace-
tone and an acetone–xylene mixture before clear-
ing in xylene for mounting and imaging.

 Immunohistochemistry – Collagen Type II and X

Paraffin-embedded sections of chondrogenic 
and osteogenic pellets were subjected to immu-
nohistochemical staining to detect Collagen Type 
II and Collagen Type X, respectively. For Collagen 
Type II, sections underwent antigen retrieval us-
ing pronase (Sigma-Aldrich, Cat No: P5147) and 
hyaluronidase (Sigma-Aldrich, Cat No: H3506), 
followed by incubation with a mouse monoclonal 
anti-Collagen II antibody (II-II6B3, DSHB, Product: 
II-II6B3, 5 µg/mL). For Collagen Type X, antigen 
retrieval was achieved via enzymatic digestion 
using chondroitinase ABC (Sigma-Aldrich, Cat No: 
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C3667-5UN) and pepsin (Sigma-Aldrich, Cat No: 
R2285) after deparaffinization in xylene, rehydra-
tion through graded ethanol, and PBS/PBST wash-
es. Endogenous peroxidase was blocked using 3% 
hydrogen peroxide, and non-specific binding was 
minimized using a blocking solution (1% BSA, 6% 
FBS), followed by incubation with a mouse mono-
clonal anti-Collagen X antibody (Abcam, Cat No: 
ab49945) for 2 hours at room temperature. For 
both targets, an HRP-conjugated goat anti-mouse 
IgG secondary antibody (Thermo Fisher Scientific, 
Cat No: 31430) was applied, and signal detection 
was achieved using 3,3′-Diaminobenzidine (DAB; 
Sigma-Aldrich, Cat No: D5637) as the chromogen. 
Counterstaining was performed using hematoxy-
lin (Sigma-Aldrich, Cat No: H3401 for Collagen II; 
Harris’s hematoxylin for Collagen X), followed by 
dehydration, clearing with xylene, and mounting 
with DPX solution (Merck, Cat No: DD9DF69319).

 GAG/DNA Ratio Analysis

For biochemical analysis, chondrogenic-differ-
entiated pellets were digested overnight in papa-
in with cysteine solution (Sigma-Aldrich, Cat No: 
P4762) at 65°C for 16 hours to break down the 
extracellular matrix. DNA content was quantified 
using the Quant-iT™ PicoGreen dsDNA Reagent 
Kit (Thermo Fisher Scientific, Cat No: P7589) and 
Lambda DNA (Thermo Fisher Scientific, Cat No: 
D1501) as a standard. Fluorescence was mea-
sured using a SpectraMax® i3x microplate reader 

(Molecular Devices). GAG content was determined 
using the Dimethylmethylene Blue (DMMB) assay 
(Chondrex, Inc., Cat No: 6022), with chondroi-
tin-6-sulfate (Sigma-Aldrich, Cat No: C9819) as 
the standard. The GAG/DNA ratio was calculated 
to normalize the GAG content to the DNA concen-
tration, providing a measure of matrix production 
relative to cell number.

Statistical Analysis

Microsoft Excel was used for data analysis, and 
IGOR pro-Wave Metrics Inc. (Version 5.0.4.8) was 
utilized to visualize the data. The data were re-
ported as Mean ± SEM. Data were analysed using 
SPSS 21.0 software. To compare the parameters 
between the four cell groups One-way Analysis of 
Variance (ANOVA) was performed with post-hoc 
of Least Significant Difference (LSD). A p-value 
less than 0.05 was considered significant. 

RESULTS

Cell morphology and cell cycle analysis

Upon seeding, chondrocytes adhered rapidly to 
the culture surface, initially exhibiting a rounded 
cobblestone morphology before gradually transi-
tioning to a fibroblastic phenotype with continued 
expansion (Fig. 2A-B). When plated on fibronec-
tin-coated dishes, approximately 5% of the chon-
drocytes adhered, and each adherent cell formed 

Fig. 2.- Representative phase contrast images of the different cell groups during monolayer expansion culture. (A, B) Chondrocytes 
displaying a cobblestone appearance with fibroblastic extension. (C, D) FAA-CP showing a similar morphology to chondrocytes. (E, 
F) MCPs also exhibiting a spindle-shaped structure. Magnification:10X. Scale bars = 100 µm.
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a clonal colony, reaching an average population 
doubling of five (about 32 cells per clone) by day 
10. Colonies formed within a 10 cm² area were 
pooled and expanded to passage 5 to generate 
FAA-CPs. Meanwhile, cartilage explants cultured 
post-collagenase digestion displayed matrix 
loosening and the emergence of migratory cells 
by day 10. Both FAA-CPs and MCPs exhibited a 
spindle-shaped morphology, consistent with the 
appearance of BM-MSCs (Fig. 2C-F). The tri-co-
culture plates showed presence of both spin-
dle-shaped and fibroblastic cells, indicating the 
presence and growth of both the cartilage resi-
dent cells (Fig. 2G-H). Cell cycle distribution was 
assessed via DAPI-based flow cytometry in chon-
drocytes, FAA-CPs, MCPs, and a tri-coculture sys-
tem. All groups exhibited a predominant popula-
tion of cells in the G1 phase, indicative of a resting 
or early proliferative state with comparative S and 
G2 phases with no significant differences between 
the groups (Fig. 3). 

Flowcytometry Analysis

Flow cytometric analysis was performed to as-
sess the expression of surface markers CD146 
and CD166 across chondrocytes, FAA-CPs, MCPs, 
and the triculture group (Fig. 4). CD146, associ-
ated with progenitor-like characteristics and a 
perivascular origin, showed highest expression in 
FAA-CPs, followed by MCPs and chondrocytes and 
tri-coculture groups, though not statistically sig-
nificant. In contrast, CD166 expression was uni-
formly high across all groups.

Quantitative Reverse Transcription Polymerase 
Chain Reaction (qRT-PCR)

qRT-PCR was conducted to evaluate the relative 
gene expression of chondrogenic (SOX9, ACAN, 
COL2A1, COL1A1) and hypertrophic (COL10A1, 
RUNX2) markers in chondrocytes, FAA-CPs, MCPs, 
and the triculture system (Fig. 5). Expression lev-
els were normalized to FAA-CPs (2^-ΔΔCt). ACAN 
expression, proteoglycan-rich matrix marker was 

Fig. 3.- Analysis of different phases in the cell cycle between the four groups. All groups displayed comparable distribution of G1 
and S phase. All values are expressed as Mean ± standard error mean (*P<0.05, ** P<0.01), n=3.
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notably increased in chondroprogenitor groups 
with, suggesting enhanced proteoglycan-rich 
matrix synthesis. COL2A1 expression, an indica-
tor of hyaline cartilage formation peaked in the 
tri-coculture group. SOX9 expression remained 
relatively stable across all groups. Concerning the 
hypertrophy markers, all groups showed compa-

rable with varied expression though not signifi-
cantly different. Collectively, these findings sug-
gest that the tri-coculture environment supports 
enhanced matrix gene expression, particularly 
COL2A1, and a balanced expression of early and 
late chondrogenic markers though these differ-
ences were not statistically significant.

Fig. 4.- To characterize the surface marker expression profile, Chondrocytes, FAA-CPCs, MCPs and Trico cultured cells were sub-
jected to fluorescence-activated cell sorting to check for putative markers of chondrogenesis. All groups exhibited comparable 
levels of CD146 and CD166 with no significant difference. All values are expressed as Mean ± standard error mean.

Fig. 5.- Relative mRNA expression encoding chondrogenic markers (SOX-9, ACAN, COL2A1), fibrocartilage marker (COL1A1), and 
hypertrophic markers (COL10A1, RUNX2) were determined by qRT-PCR. All results were normalized to the housekeeping gene, 
GAPDH (ΔCt), and ΔΔCt was obtained in comparison to the chondrocyte group. 2^-ΔΔCt values are expressed as mean ± standard 
error mean (*P<0.05, ** P<0.01), n=3, each sample was performed in duplicate. 
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Chondrogenic Differentiation Staining and 
GAG/DNA ratio 

Histological staining with Alcian Blue, Toluidine 
Blue, and Safranin O, along with immunohisto-
chemical detection of Collagen Type II, was used 
in order to assess chondrogenic differentiation in 
chondrocytes, FAA-CPs, MCPs, and the tri-cocul-
ture model (Fig. 6). Alcian Blue staining indica-
tive of GAG accumulation and matrix production, 
Toluidine Blue indicative of metachromatic stain-
ing and Safranin O staining indicative of strong 
proteoglycan displayed comparable uptake across 
all the groups. The quantitative assessment also 
showed displayed corroborative levels with com-
parable levels between the mono-culture and 
co-culture groups. Immunohistochemical analy-
sis of Collagen Type II revealed comparable pos-
itivity between the groups. 

Osteogenic Differentiation Staining

Osteogenic matrix deposition was assessed us-
ing Alizarin Red and Picosirius Red staining, along 
with immunohistochemical detection of Collagen 
Type X (Fig. 7). All groups formed pellets, although 
they were not as well defined as those observed in 

chondrogenic differentiation. Alizarin Red stain-
ing revealed intense calcium-rich deposits, sug-
gesting high osteogenic activity. Picosirius Red 
staining, indicative of total collagen content, and 
immunohistochemical staining for Collagen Type 
X both showed strong cytoplasmic positivity in 
the MCPs compared to the other groups.

DISCUSSION
In orthopaedic and regenerative medicine, the 

regeneration of articular cartilage is always re-
ferred, as an arduous challenge attributing to its 
intrinsic avascularity, low cellularity and limited 
self-repair capacity. Though autologous chondro-
cyte implantation (ACI) and cell-based therapies 
using different sources of MSCs therapies demon-
strate to be a better option for regeneration, issues 
such as phenotypic instability, hypertrophic drift, 
and fibrocartilage formation undermine long 
term functional outcomes (Armiento et al., 2019; 
Brittberg, 2018; Cong et al., 2023). This study 
investigated a novel tri-coculture system com-
prising osteoarthritic chondrocytes, FAA-CPs), 
and MCPs in equal proportions (1:1:1), designed 
to mimic the native cartilage microenvironment 

Fig. 6.- A) Representative image displaying histological staining of the chondrogenic differentiated pellets. The formed pellets were 
grown in StemPro chondrogenic medium for a period of 23 days. All groups displayed comparable levels of Safranin O, Alcian Blue, 
Toluidine blue. Comparable uptake of Collagen type II was observed in all the groups. Scale bars: 50 µm (10X) or 20 µm (40X). B) 
Measurement of total GAG/DNA content in the chondrogenic pellet was conducted using papain digestion, followed by quantifi-
cation with the dimethyl methylene blue dye method. The MCP group showed significantly higher levels of GAG/DNA compared to 
the other groups. 
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and enhance in vitro chondrogenesis. Chondro-
cytes, while phenotypically committed, exhibit 
limited proliferative capacity and are prone to 
dedifferentiation during extended culture. In con-
trast, FAA-CPs and MCPs possess mesenchymal 
characteristics, superior proliferative potential, 
and enhanced chondrogenic marker expression 
(Vinod et al., 2022). When articular cartilage is di-
gested, the initial cell population released is a het-
erogeneous pool of chondrocytes. Among these 
are a small subpopulation of MSC-like, chondro-
genically biased chondroprogenitors that require 
specific enrichment protocols. FAA-CPs and 
MCPs, representing distinct phenotypes, show 
differential expression and functional traits, FAA-
CPs with higher CD146 expression and prolifer-
ative potential (Vinod et al., 2020a, 2021b), and 
MCPs with enhanced GAG production and matrix 
synthesis (Vinod et al., 2021a).

A recent ultrastructural analysis report of the 
resident cartilage cells revealed distinct pheno-
typic differences: chondrocytes showed signs of 

terminal differentiation, such as elevated collagen 
deposition and autolytic changes, whereas FAA-
CPs and MCPs displayed features associated with 
regeneration including abundant rough endo-
plasmic reticulum, active collagen synthesis, and 
higher GAG content in MCPs (Francis et al., 2024). 
While co-culture systems have demonstrated im-
proved matrix production and cellular crosstalk, 
tri-coculture particularly involving multiple pro-
genitor subsets isolated from the same joint tis-
sue remains largely unexplored. This study eval-
uates whether combining these three distinct cell 
populations can synergistically to better replicate 
native cartilage heterogeneity and improve chon-
drogenic outcomes. 

While co-culture systems combining chondro-
cytes and MSCs have demonstrated improved ma-
trix production and cellular crosstalk, they often 
involve cells derived from different tissues, neces-
sitating multiple invasive procedures and intro-
ducing inter-donor variability (Lopa et al., 2015; 
Mahmoud et al., 2019). Moreover, such co-cul-

Fig. 7.- Representative histological staining grid of osteogenic differentiated pellets. Comparable uptake of Alizarin red confirming 
calcium matrix accumulation seen in all groups. All groups showed comparable Collagen type X immunohistochemical staining. 
Scale bars: 50 µm (10X) or 20 µm (40X).
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tures may not fully recapitulate the native carti-
lage microenvironment. The tri-culture model 
employed in this study uniquely incorporates two 
progenitor subsets and chondrocytes, all derived 
from the same osteoarthritic joint tissue, thereby 
minimizing inter-donor variability and better ap-
proximating the cellular heterogeneity of native 
cartilage.

The tri-coculture system exhibited a support-
ive environment for chondrogenic differentia-
tion, with enhanced COL2A1 gene expression and 
comparable matrix synthesis across all groups, 
while MCPs demonstrated the highest osteogenic 
potential based on mineralization and Collagen 
Type X expression. Overall, although not superi-
or, the tri-coculture model maintained a balanced 
chondrogenic profile without significantly in-
creasing hypertrophic or osteogenic markers.

The limited effectiveness of the tri-coculture 
system may stem from suboptimal spatial ar-
rangement, lack of paracrine regulation, and the 
use of aged or diseased donor cells, which could 
impair differentiation potential. While the sample 
size was limited and the donors were elderly, all 
cell types were derived from the same joint, there-
by minimizing inter-donor variability and allow-
ing controlled intra-donor comparisons. These 
findings highlight the need for precise micro-
environmental control through approaches like 
organoid systems, scaffolds, or patterned serial 
passage co-cultures to fully harness the benefits 
of combining cartilage-resident cell types.

CONCLUSIONS
This study presents the first comparative eval-

uation of a tri-coculture system incorporating 
chondrocytes, FAA-CPs, and MCPs derived from 
the same donor tissue. Contrary to the initial hy-
pothesis, the tri-coculture model did not demon-
strate superior chondrogenic potential over in-
dividual monocultures, as supported by cellular 
phenotyping, gene expression, and histological 
analyses. Although the tri-coculture group ex-
hibited higher COL2A1 expression, this did not 
translate into enhanced matrix deposition or dif-
ferentiation outcomes. These findings highlight 
the complexity of replicating the native cartilage 

niche in vitro and emphasize the need for precise 
modulation of spatial cues and paracrine interac-
tions. While chondroprogenitors offer advantages 
such as enhanced matrix production and reduced 
hypertrophic risk, their combined use with chon-
drocytes may yield limited benefit unless sup-
ported by a well-optimized microenvironment. 
Future work should focus on advanced co-culture 
systems, healthier or early-passage cells, and re-
fined culture strategies to unlock the full thera-
peutic potential of tri-coculture approaches for 
cartilage regeneration.
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