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ABSTRACT

It is a matter of debate whether chondrocytse hypertrophy is an active driver of age-related Osteoarthritis (OA) or a passive
consequence of OA. Understanding the progression of hypertrophy can be crucial in developing effective disease-modifying
therapeutics. To clarify this, we investigated biochemical signatures associated with human healthy cartilage and hypertrophic
reactivation in human OA cartilage using a multimodal spectroscopic approach. Healthy adult cartilage and OA samples spanning
different disease stages were analyzed using ATR-FTIR, XPS, Raman spectroscopy, DMMB and hydroxyproline assays, along
with histology. Across all modalities, OA cartilage exhibited distinct molecular features consistent with a hypertrophic-like
shift: pronounced GAG depletion, collagen network disruption, loss of collagen-specific spectral peaks, and elevated oxidative
modifications in the ECM. Quantitative assays confirmed reduced GAG and total collagen content, aligning with biochemical
patterns observed during endochondral maturation. Raman profiles further captured molecular rearrangements linked to matrix
mineralization pathways typically associated with hypertrophic differentiation. Histological evaluation validated the progressive
ECM disorganization and GAG loss, reinforcing the spectroscopic findings. Overall, these integrated results suggest that in OA,
chondrocyte hypertrophy is not merely a passive consequence, but OA reflects a modified reactivation of endochondral ossification.

1 | Introduction spine, as well as smaller joints like those in the hands [2, 3].
The pathophysiology of the illness is multifaceted, involving
biomechanical, metabolic, genetic, and inflammatory factors [4].
Further to this aging process, there might be other factors, like
obesity, joint injury, joint loading and sustained mechanical
stress, which further progress OA [5]. With the aging process,

various structural and distinctive ECM modulations occur, which

Osteoarthritis (OA) is the most prevalent kind of arthritis,
impacting approximately 500 million individuals worldwide and
posing considerable socioeconomic and health issues [1]. OA
can be defined as a persistent and gradual age-related process
of cartilage deterioration and joint remodeling. Second, there

is a large variation in patient-specific clinical symptoms, as a
vast processes lead to associated pain in whole joints, reduced
mobility, joint dysfunction and other symptoms [1]. OA com-
monly affects weight-bearing joints such as the knees, hips, and
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predominantly change in water, proteoglycans, glycosaminogly-
cans (GAGs), collagen, and several non-collagenous proteins
[6]. Hydrophilic polysaccharides, including chondroitin sulphate
and keratan sulphate, are conjugated to core proteins, creating
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substantial proteoglycan aggregates that engage with hyaluronic
acid [7]. Along with ECM degradation, there is vascularization
(upregulated VEGF) and calcification (collagen type X, MMP9,
MMP13) [8]. This process generates a new debate whether there
is a connection between OA and the endochondral ossification
process, i.e. OA is an inevitable “biological program”, which is
beneficial in the early stage of life (bone formation during young
age), but harmful in the late stage of life [9]. The phenotypic
transition of articular chondrocytes toward a hypertrophic state
closely mirrors the molecular and cellular events of endochon-
dral ossification, including the upregulation of type X collagen
(COL10AL1), runt-related transcription factor 2 (RUNX2), vascular
endothelial growth factor (VEGF), and matrix metalloproteinases
such as MMP-13. These changes collectively lead to extracellular
matrix (ECM) degradation through enzymatic cleavage of colla-
gen type II and aggrecan, pathological calcification of cartilage,
and neo-angiogenesis at the osteochondral interface, processes
that are aberrant in mature articular cartilage and contribute to
irreversible structural deterioration and progression of OA

When cartilage is damaged, a number of courses can prevent it
from regeneration, which starts as a chain of events that leads to
degenerative disease states like OA [10]. This poses a major chal-
lenge in identifying solutions. From a molecular, biological, and
mechanical perspective, cartilage reacts differently to injury and
renewal in acute and chronic settings [11]. Acute cartilage injuries
do, in fact, cause inflammation and immune cell activation, but if
treatment is not received, these reactions can become detrimental
and progress into a chronic pathological condition like OA
[12]. In order to replace the damaged tissue and provide long-
term symptomatic relief from OA manifestation, the researchers
shifted their focus toward tissue engineering-based techniques
to create phenotypically stable articular cartilage constructs. In
order to achieve this, hydrogels have been explored widely owing
to their biocompatibility and tunable mechanical characteristics,
as they are ideal for regenerative applications such as bone
and cartilage repair [13, 14]. For instance, silk fibroin-gelatin
(SF-G), which intrinsically regulates Wnt/S-catenin signalling
cascade, was explored to generate phenotypically stable articular
cartilage via 3D bioprinting [15]. At higher cell density, the
expression of articular cartilage markers, i.e. autotaxin (ATX),
aggrecan (ACAN), and lubricin (PRG4), escalated remarkably.
Even though the expression of articular cartilage markers was
higher in 3D aggregates than the 3D bioprinted ones, however
this was also accompanied by the expression of hypertrophic
markers namely Indian hedgehog (IHH) and collagen X. Notably,
the 3D bioprinted construct loaded with TVA-BMSCs suppressed
hypertrophy and showed articular cartilage-specific gene expres-
sion, as seen by the minimal expression of collagen X, which is
in accordance with our previously reported study [16]. Develop-
ing articular cartilage for load-bearing capabilities is hampered
primarily by tissue engineers’ inability to distinguish between
artificial cartilage substitutes and the propensity of progenitor
cells to either differentiate into articular or transient cartilage.
Further, a poor knowledge of the cartilage tissue development at
the embryonic level is one of the major reasons for its failure.
Endochondral ossification, the major cause of OA progression,
is brought about by certain signalling cascades, amely the Bone
Morphogenetic Proteins (BMPs), Transforming Growth Factor
beta (TGFf), and Interleukin-1 (IL-1) that are essential for the
development and remodeling of bones, frequently interacting and

influencing one another. In order to evade the OA progression,
Majumder et al. [17]. covalently coupled small molecules such
as a bone morphogenetic protein (BMP) inhibitor, Low-dose nal-
trexone (LDN193189), TGFf33, and IL1 receptor antagonist (IL1Ra)
to SF-G bioink that were capable of tailoring the hypertrophic
pathways and reversed the progression of OA, even under OA
inducing conditions. Therefore, we presume that understand-
ing the mechanisms involved in hypertrophic differentiation of
chondrocytes at the cellular/molecular level can help develop
appropriate OA models that can be helpful in the screening of
anti-OA drugs. Many studies have been conducted to identify
the molecular signs and related regulators of hypertrophy, but
the fundamental mechanism and aetiology of the condition are
still unknown. By maintaining the structure and hydration of
the ECM, GAGs enable cartilage to endure everyday mechanical
stress and fulfil its function in facilitating smooth joint articu-
lation [18]. Surprisingly, in OA, the equilibrium between ECM
formation and breakdown is disrupted, which in turn impacts
GAG concentration [19]. With disease progression, there is a
significant decline in GAG content, particularly chondroitin sul-
phate and keratan sulphate, resulting from enhanced breakdown
and decreased production by chondrocytes [20]. The resultant
depletion of GAGs markedly diminishes the cartilage’s capacity
for water retention, resulting in dehydration and impairing its
ability to endure compressive stresses [21]. As a result, cartilage
becomes increasingly vulnerable to injury, even under normal
joint stress. This dehydration also impairs the interface between
GAGs and the collagen network, compromising the structural
integrity of the ECM. Insufficient GAG content compromises
tissue resilience, leading to increased mechanical degradation of
cartilage [22, 23], a hallmark of early-stage OA. In human patients
with OA, the relationship between collagen degradation and
proteoglycan loss in articular cartilage is yet unknown. Despite
the characterization of tissue remodeling events at the articular
cartilage, more nanoscale investigations would be highly instruc-
tive. To investigate macromolecular assemblies in the ECM and
determine their destiny during OA, tissue characterisation at this
level is, in fact, a pertinent method. Moreover, identifying the
spectral changes in cartilage for the diagnosis of OA remains
ambiguous.

Therefore, the aim of the present study is to identify the structural
and molecular alterations in human cartilage ECM that take
place during OA progression (Figure 1). We employed X-ray
photoelectron spectroscopy (XPS), a surface science method that
has seldom being applied to cartilage characterisation before.
Further, we explored the potential of other advanced spectro-
scopic methods, such as ATR-FTIR, Raman spectroscopy, that
provides useful insights for comprehending alterations in GAG
and collagen concentration in OA samples compared with the
control [21]. Biochemical estimation using DMMB assay and
hydroxyproline assay was used to obtain knowledge at the
protein level, especially in relation to the ECM. To the best
of our knowledge this is the first study where a number of
advanced spectroscopic methods have been used to determine the
changes at the cellular/molecular level during OA progression.
We strongly believe that these findings can provide a foundation
for targeted therapeutic strategies aimed at preserving GAG and
collagen, thus maintaining cartilage integrity and preventing OA
progression.
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FIGURE 1 | Schematic illustration of healthy and osteoarthritic cartilage, highlighting structural differences in degraded cartilage regions during
osteoarthritis progression. Hence, can the depletion of GAGs, along with the upregulation of MMPI13 and collagen type X and the change in the ECM,
suggest that OA involves a modified reactivation of endochondral ossification?.

2 | Materials and Methods

2.1 | Sample Collection and Clinical Classification
Cartilage samples were collected from four patients undergoing
total knee replacement surgery at Indraprastha Apollo Hospital,
New Delhi, India (ethical approval number-IAH-BMR-018/10-
19). Healthy cartilage was obtained from two patients with no
clinical or radiological evidence of OA, who underwent surgery
for unrelated conditions, such as trauma and some mechanical
complications. For the OA group, two patients diagnosed with OA
were selected and classified using the Kellgren-Lawrence (K-L)
grading system, which ranks OA severity based on radiographic
criteria [24]. One patient was with Grade 2 OA, characterized by
small osteophytes and mild joint space narrowing indicative of
early degenerative changes, and one with Grade 3 OA, reflecting
moderate joint space narrowing, pronounced osteophyte for-
mation, and subchondral sclerosis [25]. Informed consent was
secured from each participant (Table 1).

Upon excision, each cartilage sample was instantly frozen in
liquid nitrogen to immediately preserve the biochemical and

structural integrity of the ECM [26]. This rapid freezing technique
effectively halts enzymatic activity, preventing the degradation
of collagen, GAGs, and other critical ECM components, thus
safeguarding the samples for subsequent analysis. Samples
were stored at —80°C until further preparation [27]. Prior to
spectroscopic and biochemical analyses, the cartilage samples
underwent lyophilization, or freeze-drying, to remove water
under low temperature and vacuum conditions, stabilizing the
ECM structure and preventing degradation [28]. This process
allowed for the optimal preservation of thermally sensitive ECM
components, particularly collagen and GAGs. After lyophiliza-
tion, the samples were subjected to cryogenic milling at —80°C,
producing a fine, homogenous powder suitable for analysis. This
powder form was critical for ensuring sample uniformity during
spectroscopic measurements and enhancing data reliability. The
samples were stored in desiccators at room temperature (RT)
immediately prior to analysis in order to prevent moisture
absorption during characterization [29]. The integrity and the
concentration of GAG content in both healthy and OA cartilage
were evaluated using a combination of spectroscopic techniques
and biochemical assays to provide a detailed molecular profile
[30].
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TABLE 1 | Demographic and Clinical Details of Cartilage Samples Collected.

Healthy Cartilage 1 Healthy Cartilage 2 Patient 1 Patient 2
Age 51 49 66 57
Grade Normal Normal Grade 3 Grade 2
Date of Isolating 22-08-2024 22-08-2024 22-08-2024 22-08-2024

2.2 | Attenuated Total Reflectance-Fourier
Transform Infrared Spectroscopy (ATR-FTIR)

To examine the molecular composition of ECM components
non-destructively, ATR-FTIR spectroscopy was employed using
a Nicolet iS10 ATR Spectrometer (Thermo Fisher Scientific).
Approximately 2 mg of lyophilized cartilage sample was applied
directly to the diamond crystal surface of the ATR unit, elimi-
nating the need for extensive sample preparation while ensuring
strong sample contact for high-quality spectral data. The spectral
acquisition was performed over a wavenumber range of 4000-
400 cm™! at a resolution of 4 cm™, with 74 scans averaged per
sample to optimize the signal-to-noise ratio and the samples were
subsequently deconvoluted using Origin Pro 2023b (Origin Lab
Corporation, Northampton, MA, USA). Prior to deconvolution,
baseline correction and area normalization were performed [31].
This setup allowed for precise monitoring of molecular vibrations
associated with ECM components, particularly collagen and
GAGs [32].

2.3 | X-ray Photoelectron Spectroscopy (XPS)

XPS was used to analyse the elemental composition of cartilage
surfaces, focusing on carbon, nitrogen, and oxygen as primary
ECM elements in collagen and GAGs [33]. The lyophilized
cartilage sample was pressed into thin films and mounted on
a conductive substrate, then subjected to argon ion sputtering
to clean the surface of contaminants [34]. Spectral acquisition
utilized a PHI 5000 VersaProbe II XPS system, with high-
resolution scans targeting the carbon (C 1s), nitrogen (N 1s),
and oxygen (O 1s) peaks. These were measured at a pass
energy of 23.5 eV and a resolution of 0.1 eV to determine the
chemical states and concentrations of each element and were
subsequently deconvoluted using OriginPro 2023b (Origin Lab
Corporation, Northampton, MA, USA). Before deconvolution,
baseline correction and area normalization were performed [35].

2.4 | Raman Spectroscopy

Complementing the ATR and XPS data, Raman spectroscopy
provided additional insights into the vibrational modes of ECM
molecular bonds [36]. The lyophilized cartilage samples were
carefully placed on an aluminium slide, and spectra were
recorded using an Olympus Horiba Xplora BX41 spectrometer
with ~1 cm™ resolution. A 785 nm laser with 10 mW power at
the sample was used to minimize the interference of fluorescence
from the biological samples. A 50X infinity corrected objective
with NA 0.50 and 1200 grooves/mm grating was used for all
the measurements [37]. Raman spectral acquisition spanned
a wavenumber range of 1800-500 cm™ region with exposure

and acquisition time of 5 and 15 s, respectively, to increase
the signal-to-noise ratio [38]. Further data processing, such as
background subtraction and data smoothening, was done using
adjacent averaging and the Savitzky-Golay method, respectively,
in the origin 2020b software.

2.5 | Biochemical Estimation

2.5.1 | Dimethyl Methylene Blue (DMMB) Assay for
GAG Quantification

The GAG content in cartilage samples was determined using the
dimethyl methylene blue (DMMB) assay [39], a well-established
method for detecting sulphated GAGs due to the binding affin-
ity of DMMB dye to sulphate groups. Cartilage samples were
collected from two patients, one with Grade 2 OA and another
with Grade 3 OA, along with two healthy control samples. The
cartilage was finely minced and subjected to enzymatic digestion
with a papain solution (125 pg/mL), which had been prepared in
0.1 M sodium acetate buffer (pH 6.5) containing 5 mM L-cysteine
and 5 mM EDTA [40]. The digestion process took place at 60°C for
24 h, effectively breaking down the cartilage matrix and releasing
the GAGs from the ECM into the solution. After digestion, the
samples were centrifuged at 10 000 x g for 10 min at RT to remove
any remaining tissue debris, and the clear supernatant containing
the released GAGs was carefully collected for further analysis.

The DMMB assay was prepared by dissolving 16 mg of DMMB
in a 1 L solution containing 3.04 g glycine, 1.6 g NaCl, and
95 mL of 0.1 M acetic acid, adjusted to a pH of 3.5 using sodium
formate. Chondroitin sulphate standards, ranging from 0 to 20
ug/mL, were prepared to generate a standard calibration curve
for accurate GAG quantification. For each sample, 20 L of the
papain-digested cartilage extract or standard was pipetted into
a 96-well microplate, followed by the addition of 200 pL of
DMMB reagent [41]. The mixture was gently shaken for 5s to
ensure homogeneous mixing. The absorbance of each well was
measured immediately at 525 nm using a microplate reader to
capture the metachromatic shift that occurs when the dye binds
to sulphated GAGs. The GAG concentrations in the cartilage
samples were calculated from the standard curve and compared
across the OA and healthy control groups. Statistically significant
reductions in GAG levels were observed in both Grade 2 and
Grade 3 OA samples compared to the controls [42]. This decrease
in GAG content reflected the degradation of the ECM and the loss
of proteoglycans, particularly chondroitin sulphate and keratan
sulphate, which are critical for the biomechanical properties
of cartilage, including elasticity and load-bearing capacity. The
lower GAG concentrations in OA cartilage were indicative of
disease progression, as the depletion of proteoglycan indicates
cartilage degeneration in the OA samples [43].
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2.5.2 | Total Collagen Content

The total collagen content of the cartilage samples was deter-
mined by the hydroxyproline assay [44]. Proteinase K-treated
samples underwent 18 h of hydrolysis in 12 M HCI at 120°C.
The material was then dried for 48 h at 55°C under a chemical
safety cabinet. The dried mass was reconstituted in H,0. 100 pL
of chloramine T/oxidation buffer mixture was added to each
sample and standard, then incubated at RT for 20 min. 100 pL
of the diluted dimethylaminobenzaldehyde reagent was added
to each sample and standard, then incubated for 20 min at
60°C. The absorbance was measured at 560 nm. The readings
were corrected by subtracting the blank value. The amount of
hydroxyproline in the samples was determined based on the
standard curve. The data were adjusted to reflect the dry weight of
the cartilage samples before digestion. According to the reports,
collagen contains 13% hydroxyproline or a ratio of 1:7.69 between
hydroxyproline and collagen, based on which the estimation of
the collagen content was carried out [44].

2.6 | Histological Processing of Cartilage Samples
and Safranin-o-Staining

Cartilage samples were collected and classified into three groups:
normal cartilage, Grade 2 OA, and Grade 3 OA, based on macro-
scopic and radiographic evaluation. Immediately after excision,
the samples were fixed in 10% neutral-buffered formalin (NBF)
for 48 h at RT to preserve tissue integrity and prevent enzymatic
degradation. For samples containing subchondral bone, decal-
cification was carried out using 10% ethylenediaminetetraacetic
acid (EDTA, pH 7.4) at 4°C for 2-4 weeks, with the solution
being replaced every 48 h [45]. The decalcification process was
monitored by assessing tissue pliability and radiographic imaging
to ensure complete removal of mineralized components before
further processing. Following fixation and decalcification, the
tissues were subjected to graded ethanol dehydration (70%, 80%,
95%, and 100%), cleared in xylene, and embedded in paraffin.
5 um-thick sections were obtained using a rotary microtome and
mounted onto poly-L-lysine-coated glass slides to enhance tissue
adherence. The sections were dried at 37°C overnight before
proceeding with histological staining.

Histological assessment of GAG distribution was performed using
safranin-o staining. Tissue sections were first deparaffinized in
xylene (two changes, 5 min each) and rehydrated through a
descending ethanol series (100%, 95%, 80%, and 70%), followed
by a final rinse in distilled water. The sections were incubated
in Weigert’s Hematoxylin for 5 min to stain nuclei, followed
by washing in running auto-claved water for 10 min to ensure
differentiation of nuclear staining. To visualize collagen-rich
structures, the sections were then stained with 0.02% Fast Green
solution for 5 min, and excess dye was removed by briefly
immersing the slides in 1% acetic acid for 2-3 s. Subsequently,
the sections were counterstained with 0.1% safranin-o solution for
10 min, which selectively binds to negatively charged GAGs in the
cartilage matrix [46]. After staining, the slides were sequentially
dehydrated in graded ethanol (70%, 80%, 95%, and 100%), cleared
in xylene, and mounted using DPX mounting medium for long-
term preservation and analysis. Histological sections stained with
Safranin O-Fast Green were examined using a Leica bright-field

microscope at 10x and 40x magnifications to assess variations in
GAG distribution, ECM integrity, and chondrocyte morphology
across normal and OA cartilage samples. To ensure reproducibil-
ity, images were acquired under identical exposure conditions
using a high-resolution digital camera system attached to the
microscope.

2.7 | Immunohistochemical Detection of Collagen
IT and Collagen X

For immunohistochemical staining, paraffin-embedded sections
from the previous step were deparaffinized in two changes
of xylene (10 min each), followed by rehydration through a
descending ethanol series (100%, 95%, and 70%) and a final rinse
in distilled water. To enhance antigen accessibility within the
dense cartilage ECM, enzymatic antigen retrieval was performed
by incubating the sections in 0.05% hyaluronidase (Sigma-
Aldrich, H3506) dissolved in PBS at 37°C for 30 min. Endogenous
peroxidase activity was quenched by treating the sections with 3%
hydrogen peroxide in PBS for 10 min at RT. To block nonspecific
binding, slides were incubated with 5% bovine serum albumin
(BSA) in PBS for 1 h at RT. Primary antibodies targeting human
collagen II (Abcam, ab34712; dilution 1:200) and collagen X
(Abcam, ab58632; dilution 1:200) were diluted in 1% BSA/PBS
and applied to separate tissue sections. Incubation was performed
overnight at 4°C in a humidified chamber to ensure strong
and specific antigen—antibody binding. The following day, slides
were rinsed thoroughly in PBS and incubated for 1 h at RT
in the dark with a horseradish peroxidase (HRP)-conjugated
goat anti-human IgG secondary antibody (Invitrogen, A18811;
dilution 1:500). Immunoreactivity was visualized using a 3,3'-
diaminobenzidine (DAB) substrate kit (Vector Laboratories, SK-
4100), which produces a brown chromogenic signal at the site of
antigen localization. The reaction was microscopically monitored
and terminated uniformly across all samples to maintain consis-
tent staining intensity. Slides were then rinsed in distilled water,
dehydrated through an ascending ethanol gradient, cleared in
xylene, and permanently mounted using DPX mounting medium.
To enable specific visualization of extracellular collagen, nuclear
counterstaining was intentionally omitted to avoid signal interfer-
ence. General tissue structure and ECM organization were first
assessed using brightfield mode on the Leica TCS SP8 confocal
microscope. For collagen detection, sections were imaged using
the confocal fluorescence mode. Fluorescent signals correspond-
ing to collagen II and type X immunolabeling were acquired at
an excitation wavelength of 552 nm. All images were captured
at 5x and 20x magnification with fixed laser intensity, detector
gain, and exposure time across all experimental groups to ensure
consistency and comparability. This imaging strategy allowed
high-resolution, section-specific analysis of collagen distribution
in normal healthy cartilage, Grade 2 and Grade 3 OA samples.

2.8 | Quality Control and Reproducibility

All analyses were conducted using standardized and validated
protocols to ensure reliability and reproducibility. Measurements
for each technique were independently repeated, and consistent
trends were observed across spectroscopic, biochemical, and
histological datasets. Detailed parameters for sample preparation,
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data acquisition, and spectral interpretation are provided to facil-
itate reproducibility. A multimodal comparison of GAG depletion
across all the techniques, along with inter-method correlation
was also conducted (Figure S1)

2.9 | Statistical Analysis

All experiments were conducted in triplicate to ensure the relia-
bility and reproducibility of the data. The results were expressed
as mean + standard deviation. Statistical analysis was performed
using GraphPad Prism 9.0 software. One-way analysis of variance
(ANOVA) was conducted to compare the differences between
healthy and osteoarthritic cartilage samples across various char-
acterization methods. Post-hoc analysis was performed using
Tukey’s test to identify specific group differences. A p-value of
0.05 was considered statistically significant for all tests, indicating
meaningful differences in ECM composition and degradation
between the two groups.

All analyses were conducted using standardized and validated
protocols to ensure reliability and reproducibility. Measurements
for each technique were independently repeated, and consistent
trends were observed across spectroscopic, biochemical, and
histological datasets. Detailed parameters for sample preparation,
data acquisition, and spectral interpretation are provided to
facilitate reproducibility.

3 | Results
3.1 | XPS Analysis

XPS was utilized to investigate the surface-sensitive elemental
and chemical composition of ECM components in both healthy
and OA cartilage samples [47]. This study focused particularly
on detecting variations in nitrogen, carbon, and oxygen content
within the ECM, which consisted predominantly of collagen
and GAGs [48]. Collagen contained a high concentration of
nitrogen due to peptide bonds between amino acids, while GAGs
incorporated nitrogen and oxygen through their carbohydrate-
based structures. XPS analysis revealed a significant depletion in
nitrogen content, which indicated a decline in GAG concentra-
tion, a key marker of OA progression. This depletion reflected the
loss of GAGs and collagen, suggesting compromised structural
and biochemical properties within the ECM that are critical for
maintaining cartilage function.

3.1.1 | Comparative Analysis of Healthy and Grade 3 OA
Cartilage in Patient 1

The XPS spectra of healthy cartilage illustrated distinct peaks
for nitrogen (N 1s), carbon (C 1s), and oxygen (O 1s), which
were closely tied to the high concentrations of GAGs and
collagen that comprised the ECM of cartilage. The nitrogen peak,
observed at approximately 399 eV, was noteworthy, as it indicated
nitrogen-containing functional groups, such as amine (—NH,)
and amide (—CONH,) groups (Figure 2A). These functional
groups are integral components of both collagens, a protein rich

in amide linkages, and GAGs, which contained nitrogenous sugar
derivatives like N-acetylglucosamine.

In contrast, the XPS spectra for the Grade 3 OA cartilage sample
from patient 1 (Figure 2B), revealed considerable alterations, par-
ticularly with respect to the nitrogen, carbon, and oxygen peaks,
all of which were significantly reduced or absent. Surprisingly, no
peak was observed at 399 eV.

3.1.2 | Comparative Analysis of Healthy and Grade 2 OA
Cartilage in Patient 2

The XPS spectra for the healthy cartilage in patient 2 exhibited
strong peaks, including a prominent nitrogen (N 1s) peak at
a binding energy of approximately 399 eV (Figure 2C,D). This
peak was indicative of substantial nitrogen-containing ECM
components, specifically GAGs, and collagen, which are essential
for maintaining cartilage structure and function. In contrast,
the Grade 2 OA cartilage sample displayed a nitrogen peak at
the same binding energy; however, its intensity was notably
diminished compared to that of the healthy cartilage. In addition
to the reduction in the nitrogen peak, the analysis revealed
corresponding decreases in the carbon (C 1s) and oxygen (O 1s)
peaks for the Grade 2 OA cartilage.

3.1.3 | Deconvolution of Carbon and Nitrogen Peaks

After obtaining the XPS spectra results indicating the presence
of various functional groups, we further deconvoluted the carbon
(C 1s) peaks to identify specific chemical functionalities within
the healthy cartilage sample (Figure 3A,B). The deconvolution
revealed three distinct peaks; each associated with a unique
binding energy that corresponds to particular molecular groups
in the ECM. The first peak, observed at 282.0 eV, was assigned to
C—C/C—H bonds, which represent aliphatic hydrocarbons. These
groups are structural components typically found in healthy
cartilage and contribute to the tissue’s resilience and mechanical
stability [49]. The second peak, located at 283.3 eV, corresponded
to C—O bonds, characteristic of alcohol or ether groups. This
functional group is often associated with GAGs, molecules crucial
for the structural and biomechanical properties of cartilage. The
third peak, at 285.0 eV, indicated the presence of C—N bonds,
which likely correspond to amine groups linked to proteins such
as collagen and proteoglycans. The presence of these functional
groups highlights the essential role of collagen, GAGs, and pro-
teoglycans in maintaining the integrity and function of healthy
cartilage tissue (Figure 3A,B) [49].

Further, the deconvolution analysis of carbon peaks for a Grade
3 OA cartilage sample, revealed significant differences when
compared to healthy cartilage (Figure 4A,B). The C—C/C—H
bonding group, which was identified in both healthy and OA
cartilage, displayed a slightly lower binding energy in the OA
sample at 281.0 eV. This shift suggests an altered carbon bonding
environment, likely resulting from cartilage degradation. The
presence of the C—O group at 282.5 eV in the OA sample indicated
a minor shift from its position in healthy cartilage, suggesting
structural changes within the molecular composition of the car-
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FIGURE 2 | XPS spectra of healthy and osteoarthritic cartilage. (A, C) Healthy cartilage samples show distinct peaks for carbon (~285 eV), oxygen

(~532 eV), and nitrogen (~400 eV), indicating the presence of key ECM components such as collagen and GAGs. (B) Grade 3 OA cartilage exhibits peaks

for carbon and oxygen but lacks the nitrogen peak (~400 eV), signifying significant degradation of nitrogen-containing ECM components. (D) Grade 2
OA cartilage shows reduced nitrogen intensity compared to healthy cartilage, indicating partial degradation of nitrogen-rich compounds during disease

progression.
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FIGURE 3 | Deconvoluted XPS Cls spectra for healthy cartilage. (A) shows binding energies of functional groups. (B) illustrates peaks corresponding

to different carbon chemical states.

tilage matrix due to advanced OA changes [49, 50]. A particularly
prominent finding was the absence of the C—N bonding group,
which appeared at 285.0 eV in healthy cartilage but was missing
in the Grade 3 OA sample. This absence is indicative of the
depletion of nitrogen-containing biomolecules, such as collagen
and GAGs, essential for cartilage integrity and function. The
lack of these compounds aligns with the characteristic features
of advanced OA, where cartilage degradation leads to a loss of

structural components necessary for functional capacity. This
depletion of the ECM components provides evidence of the
extensive matrix breakdown that is commonly observed in Grade
3 OA cartilage. We also conducted a deconvolution for the carbon
peaks for the Grade 2 OA sample, as illustrated in Figure 4C,D.
The C—C/C—H group was observed at 281.0 eV, consistent with
the findings from the Grade 3 sample. The C—O group was
identified at 282.5 eV, aligning with the spectra of both the Grade
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FIGURE 4 | XPS Carbon Spectra Deconvolution for Grade 2 and Grade 3 Osteoarthritis Cartilage Samples (A) Deconvoluted XPS spectrum for
Grade 3 OA cartilage, showing binding energy peaks at 281 and 282.5 eV, corresponding to C— (C,H) and C=0 bonds, respectively.

(B) Ilustration of the distinct carbon chemical states in Grade 3 OA cartilage, highlighting the absence of the C—N bond. (C) Deconvoluted XPS spectrum
for Grade 2 OA cartilage, with binding energy peaks at 281, 282.5, and 285 eV, corresponding to C— (C, H), C=0, and C—N bonds, respectively. (D)
Illustration of the distinct carbon chemical states in Grade 2 OA cartilage, confirming a low-intensity C—N bond compared to other bonds.

3 and healthy cartilage samples. Particularly, the C—N group was
detected at 285.0 eV in the Grade 2 OA sample; however, its
intensity was significantly lower than that observed in healthy
cartilage. This result suggested that, while the degradation of
collagen and GAGs had commenced, these components were not
entirely absent in Grade 2 OA, in contrast to the findings in
Grade 3 OA. The reduced intensity of the C—N peak in Grade
2 indicated a diminished yet detectable presence of GAGs and
collagen, implying an intermediate state of cartilage degeneration
in Grade 2 OA compared to the more advanced degeneration
observed in Grade 3 OA [49].

To further investigate the compositional differences between
healthy and OA cartilage, the nitrogen (N 1s) peaks were decon-
voluted for all samples (Figure 5A,B). In the healthy cartilage
sample, a prominent nitride peak was detected at 395.5 eV, cor-
responding to nitrogen-containing compounds such as collagen
and proteoglycans. This strong nitrogen signal is a characteristic
feature of healthy cartilage, where collagen and GAGs are present
in substantial quantities, contributing to the structural and
functional integrity of the cartilage matrix. In comparison, the
Grade 3 OA sample showed a complete absence of the nitrogen
peak (Figure 5B), indicating a marked depletion of nitrogenous
compounds, including collagen and GAGs, in advanced OA. This
absence of nitrogen in the OA sample is consistent with the
previously observed lack of the C—N peak in the carbon spectrum,

further reinforcing the conclusion that Grade 3 OA is associated
with severe degradation of the ECM. These findings underscore
the significant loss of essential biomolecules in advanced OA
cartilage, contributing to its compromised structural and func-
tional capacity. In the analysis of the Grade 2 OA sample, a
nitride peak was detected at 395.7 eV, indicating that nitrogen-
containing compounds, like GAGs and collagen, were still present
in the cartilage. Although this nitrogen peak was relatively weak
in Figure 5C,D, its presence suggested that GAGs, which are
essential for the structural integrity and function of cartilage,
were still detectable, but in lower amounts. In comparison, Grade
3 OA showed much more severe degradation, with nitrogen
peaks largely absent due to the breakdown of nitrogen-rich
biomolecules. The low-intensity nitrogen peak in Grade 2 OA
indicated that the ECM was still partially preserved, particularly
the GAGs.

3.2 | ATR-FTIR Spectroscopy

ATR-FTIR spectroscopy was employed to examine the molecular-
level changes in functional groups related to collagen and GAGs
within the ECM of cartilage [51]. This technique provides com-
plementary information to XPS by detecting vibrational modes
of chemical bonds, particularly focusing on amide groups (from
collagen) and carbohydrate linkages (from GAGS).
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FIGURE 5 | Deconvolution of XPS nitrogen spectra across different cartilage samples with varying grades of osteoarthritis. (A) XPS nitrogen

spectrum for healthy cartilage, displaying a distinct nitrogen peak at approximately 395.5 eV, indicative of nitrogen-containing components. (B) XPS

nitrogen spectrum for cartilage from a Grade 3 OA patient, where no detectable nitrogen peak is observed, confirming the absence of nitrogen species
such as N3~ in the sample. (C) XPS nitrogen spectrum for cartilage from a Grade 2 OA patient, showing the presence of a nitrogen peak (~395.7 eV)
associated with nitrogen-containing compounds, albeit with lower intensity compared to healthy cartilage. (D) Deconvolution of the nitrogen peak

(~395.7 eV) in the Grade 2 OA sample, confirming the presence of the N3~ component but at a reduced intensity compared to healthy cartilage.

3.2.1 | Comparative Analysis of Healthy and Grade 3 OA
Cartilage

In healthy cartilage, strong characteristic absorption peaks were
observed in the mid-infrared region, (Figure 6A) which corre-
sponds to major ECM constituents. The amide II band at ~1537
cm™! arises from N—H bending and C—N stretching of peptide
bonds and is primarily attributed to collagen and proteoglycan
structures. Its high intensity indicates a well-organized and
densely cross-linked proteinaceous ECM, essential for maintain-
ing the tensile strength and load-bearing properties of cartilage
[52, 53]. A distinct C—O stretching band at ~1385 cm™' was
also detected, which corresponds to vibrational modes in the
carbohydrate backbone of GAGs such as chondroitin sulphate
and keratan sulphate. These polysaccharides are covalently
attached to core proteins to form proteoglycans, contributing to
the osmotic and compressive resilience of the ECM. Additionally,
the peak at ~1337 cm™, assigned to collagen II, was clearly
visible. This peak reflects the triple-helical conformation and
side-chain vibrations specific to mature fibrillar collagen, the
dominant collagen subtype in articular cartilage. The intact
presence of collagen II supports ECM integrity and confirms the
biochemical stability of healthy cartilage. In contrast, Grade 3

OA cartilage exhibited pronounced spectral changes. As shown
in Figure 6A, there was a substantial reduction in the intensity
of the amide II (1537 cm™) and C—O stretching (1385 cm™)
bands, indicating degradation of both collagen and proteoglycans.
The collagen II peak (1337 cm™) was significantly diminished,
reflecting fragmentation and denaturation of the collagen fib-
rils. This spectral shift reflects the deterioration of the ECM
scaffold, resulting in decreased tensile strength and increased
susceptibility to mechanical damage [54]. Most notably, Figure 6C
revealed the appearance of a unique and intense band at ~1041
cm™, attributed to collagen X, a well-established marker of
hypertrophic chondrocytes. Unlike collagen II, which maintains
the structural and functional integrity of articular cartilage,
collagen X is typically expressed during endochondral ossifi-
cation and in hypertrophic zones during pathological cartilage
remodeling [55]. The emergence of this peak in Grade 3 OA
reflects a phenotypic shift of chondrocytes toward hypertro-
phy, characterized by increased cell size, matrix mineralization,
and upregulation of catabolic enzymes such as MMP-13 and
ADAMTS-5. The presence of collagen X thus indicates the onset
of terminal chondrocyte differentiation, where hypertrophic
chondrocytes play a critical role in driving the progression of
OA.
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a prominent new peak at 1041 cm™, corresponding to collagen X, indicating chondrocyte hypertrophy and pathological remodeling.

3.2.2 | Comparative Analysis of Healthy and Grade 2 OA
Cartilage

In Grade 2 OA cartilage (Figure 6B), the amide II peak (~1537
cm™') was still evident but exhibited moderate reduction in
intensity compared to the healthy cartilage. This suggests early
onset of matrix degradation, with partial denaturation of collagen
and reduced proteoglycan content. While the ECM scaffold is still
present, its biochemical integrity is beginning to decline, leading
to compromised mechanical stability. The C—O stretching band
at ~1385 cm™, corresponding to GAGs, also displayed decreased
intensity, indicating partial depletion of GAGs. Since GAGs are
critical for maintaining tissue hydration, even this moderate loss
can affect the cartilage’s viscoelastic behavior and its ability to
withstand compressive loading. The collagen II peak at 1337 cm™
also exhibited a noticeable decrease in intensity, reflecting the
initial degradation of the native fibrillar collagen network.

3.3 | Raman Spectroscopy

We explored Raman spectroscopy to investigate compositional
changes in the ECM matrix of the cartilage samples from different
patients. Raman spectroscopy, a vibrational spectroscopic tech-
nique akin to FTIR and near-infrared (NIR) spectroscopy, offers
distinct advantages for biomedical analysis. It is inherently label-

free, non-invasive, and requires minimal to no sample prepara-
tion while providing high spatial-resolution imaging capabilities
[56]. Unlike ATR-FTIR, Raman spectroscopy is unaffected by
water interference, rendering it particularly suitable for monitor-
ing molecular and biochemical alterations in high-water-content
biological matrices such as cartilage. These advantages position
Raman spectroscopy as a powerful early-stage OA diagnosis and
characterization technique [57].

3.3.1 | Comparative Analysis of Healthy and Grade 3 OA
Cartilage

The Raman spectra acquired from both healthy and OA car-
tilage samples reveal distinct GAGs, hydroxyproline, proline,
and C—H bending modes. In Grade 3 OA cartilage samples
(Figure 7A), significant alterations were observed across most of
these characteristic peaks, suggesting substantial structural and
biochemical disruptions within the ECM and collagen network
as OA advances. A marked reduction in amide I and amide III
band intensity was particularly evident in OA-affected samples,
indicative of collagen matrix degeneration, a key feature of ECM
breakdown. Additionally, this attenuation reflects changes in the
orientation and organization of collagen fibres, contributing to
compromised mechanical integrity in OA cartilage. Prior studies
have consistently identified this reduction in amide I intensity
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FIGURE 7 |
cartilage (black) and Grade 2 OA cartilage samples (red).

TABLE 2 |
cosaminoglycan Components.

Raman Spectroscopic Analysis of Collagen and Gly-

Raman Peak

(cm™) Assignment

1657 Amide-I of collagen

1457 CH2 & CH3 bending mode associated
with lipids/ collagen

1245-1300 Amide-III of Collagen

1063 Sulphated glycosaminoglycan

1079 C—N, C—C

953 PO,

857 Proline

879 Hydroxy Proline

815 C—C stretching of protein backbone

as a critical biomarker for OA progression, underscoring its
potential utility in tracking molecular-level changes linked to
cartilage degradation [56]. A notable characteristic observed in
cartilage samples affected by OA is the absence of a significant
reduction of the peak at 1063 cm™. This peak is associated with
the O-SO;~ stretching vibration of chondroitin sulphate found
in GAGs within healthy cartilage. Its reduction or loss indicates
proteoglycan depletion, a crucial marker of OA progression
[58]. Furthermore, the spectral region ranging from 800 to 900
cm™, corresponding to the vibrational features of proline and
hydroxyproline residues, exhibits marked changes in OA samples
(Table 2). These alterations signal potential disruptions in colla-
gen cross-linking or a decline in the stability of its helical struc-
tures, both essential for preserving the resilience and integrity of
cartilage. The disappearance of the peak at 1079 cm™, associated
with the C—O and C—N stretching vibrations from components
in synovial fluid and articular cartilage, has been observed,
which further corroborates with our other spectroscopy results
[59]. Additionally, the emergence of a peak at 953 cm™, corre-
sponding to the PO,%~ stretching vibration, signals the onset of
cartilage calcification as the disease progresses. This phosphate-
associated peak indicates the mineralization of the cartilage
matrix, a characteristic feature of advanced degeneration in
OA [60].

(A) shows Raman spectra of healthy cartilage (black) and Grade 3 OA cartilage sample (red). (B) shows Raman spectra of healthy

3.3.2 | Comparative Analysis of Healthy and Grade 2 OA
Cartilage

In the Grade 2 OA patient, spectral alterations were noted, how-
ever, these changes were less pronounced than those observed
in Grade 3 OA patients. Unlike the advanced stage of the
disease, the intensities of the amide I and amide III peaks did
not exhibit significant reductions, indicating that these patients
were likely in the earlier stages of OA progression. A slight
decrease in the intensity of the peak at 1063 cm™, associated with
the O-SO;~ stretching of chondroitin sulphate found in GAGs,
suggests a lower severity of disease at this stage. Additionally, the
emergence of the PO,2~ peak in Grade 2 patients indicates early
calcification processes within the cartilage. The absence of peaks
corresponding to hydroxyproline and proline at 857 and 879 cm™,
respectively, reflects alterations in collagen cross-linking and the
stability of a-helical structures. Furthermore, the observed reduc-
tion in the intensity of the C—N stretching vibration corroborates
our previous findings, highlighting ongoing biochemical changes
within the cartilage matrix (Figure 7B) [61].

3.4 | Quantitative Analysis of GAGs and Total
Collagen Content in OA Cartilage

The ECM of cartilage is primarily composed of proteoglycans,
where GAGs, including chondroitin sulphate and keratan sul-
phate, play a crucial role in maintaining the biomechanical
properties of cartilage. These GAGs enabled cartilage to retain
water, resist compressive forces, and maintain structural integrity
[62]. In this study, we employed the DMMB assay, a colorimetric
method widely recognized for its sensitivity and specificity in
detecting sulphated GAGs, to quantify GAG concentrations in
cartilage samples across various stages of OA. By examining
healthy, Grade 2, and Grade 3 OA cartilage samples, the DMMB
assay provided insights into the degree of ECM degradation at
each stage, illustrating the progressive biochemical deterioration
of cartilage with increasing OA severity. The results indicated a
high GAG concentration of approximately 70% in healthy car-
tilage, reflecting a well-preserved ECM with balanced synthesis
and degradation processes. In contrast, Grade 2 OA samples
demonstrated a significant reduction in GAG content, measured
at approximately 28% (Figure 8D). Noteworthy, the degradation
became more pronounced in Grade 3 OA samples, where GAG
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vs. Grade 2 OA cartilage highlighting ECM degradation. (E) Total collagen content of healthy, Grade 2 and Grade 3 OA cartilage. Data are expressed as

average value + SD (*p < 0.05, **p < 0.01).

content dropped to a critical level of around 11% (Figure 8B). The
total collagen content was estimated to determine the extent of
ECM present within the cartilage samples on day 1, 3, 5 and 7
(Figure 8E). An increase in collagen content was observed from
day 1 to day 7 in the healthy cartilage samples. A decrease in col-

lagen content was observed in Grade 2 and Grade 3 OA cartilage
samples compared to the healthy cartilage samples. Surprisingly,
a significant decline in collagen content was perceived in Grade 3
OA samples compared to Grade 2 samples and healthy cartilage
samples on day 7.
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FIGURE 9 | Histological assessment of the main tissue samples (A-C) and corresponding tile images (D-L) stained with Safranin O. Panels A, B, and
Crepresent the primary healthy, Grade 2, and Grade 3 cartilage samples, respectively. Tile images from additional sections show (D, G, J) healthy cartilage,
(E, H, K) Grade 2 osteoarthritic cartilage, and (F, I, L) Grade 3 osteoarthritic cartilage. Healthy cartilage exhibits strong and uniform Safranin O staining,
indicating abundant glycosaminoglycans and a well-preserved ECM. Grade 2 OA cartilage shows a notable reduction in Safranin O staining, particularly

in the superficial and middle zones, with evidence of fibrillation and chondrocyte clustering. Grade 3 OA cartilage presents severe matrix degradation,

with minimal Safranin O staining, extensive fibrillation, clefts, and hypertrophic chondrocytes, indicative of advanced osteoarthritic progression.

3.5 | Histological Analysis

Safranin-o staining was carried out to evaluate GAG distribution
and ECM integrity in healthy, Grade 2, and Grade 3 OA cartilage
(Figure 9). The staining intensity correlated with the severity of
cartilage degeneration, reflecting progressive ECM disorganiza-
tion and structural deterioration associated with OA. In healthy
cartilage, a uniform and intense red-orange staining was observed
throughout the ECM, indicative of a well-preserved proteoglycan-
rich matrix. The chondrocytes were evenly distributed within
distinct lacunae, and the articular surface appeared smooth and
continuous, signifying an intact tissue structure. The homoge-
neous staining pattern suggested optimal cartilage hydration and
biomechanical function [63]. In Grade 2 OA cartilage, a signif-
icant reduction in safranin-o staining intensity was observed,
where the color shifted from red-orange to lighter red or pale
regions. Large unstained areas were present, indicative of early
proteoglycan depletion [64]. Structural alterations, including
irregular chondrocyte clustering, initial fibrillation, and mild
surface discontinuities, were evident. Compared to the healthy

cartilage, the staining appeared more fragmented, with lighter red
areas interspersed with unstained regions, reflecting the onset of
ECM breakdown [65].

In Grade 3 OA cartilage, severe ECM degradation was evident,
with a near-complete loss of safranin-o staining. The majority
of the matrix appeared pale yellow to completely unstained,
signifying extensive GAG depletion and loss of proteoglycan
content. The tissue exhibited deep clefts, fibrillation, and severe
fragmentation, with clear signs of fibrocartilage-like transfor-
mation. Notably, regions of intense purple and bluish staining
were detected, particularly surrounding clusters of hypertrophic
chondrocytes, which appeared enlarged and rounded, suggest-
ing matrix mineralization and chondrocyte hypertrophy. The
presence of fibrotic regions, along with extensive ECM disorgani-
zation, supports the hypothesis that OA progression involves not
only proteoglycan loss but also compositional changes, includ-
ing mineralization and fibrotic remodeling [63]. These findings
confirm a progressive depletion of GAGs and increasing ECM
disorganization as OA severity advances. The transition from
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FIGURE 10 | Immunohistochemical detection of collagen IT and X in human articular cartilage from healthy, Grade 2, and Grade 3 osteoarthritic
samples. Panels A-F show collagen II staining, while panels G-L represent Collagen X staining. In healthy cartilage (A, B), collagen II is abundantly
expressed throughout the ECM, with a progressive reduction observed in Grade 2 (C, D) and Grade 3 (E, F) OA tissues. In contrast, collagen X expression

(G-L), a marker of chondrocyte hypertrophy, increases with OA severity. Red chromogen signal indicates positive staining. Images were acquired using
a confocal microscope in brightfield mode. Scale bar = 100 um. (M, N) Quantification of red fluorescence intensity (mean + SD) reveals a significant
decrease in collagen II and a corresponding increase in collagen X with OA severity. Statistical significance is denoted by *p < 0.05, **p < 0.01.

a proteoglycan-rich cartilage to a fibrocartilage-like phenotype,
combined with chondrocyte hypertrophy and structural deteri-
oration, underscores the role of matrix remodeling and cellular
alterations in OA pathogenesis.

3.6 | Immunohistochemical Analysis of Cartilage
ECM Remodeling and Hypertrophy in OA

Immunohistochemical staining of human articular cartilage sam-
ples revealed distinct and progressive alterations in the expression
patterns of collagen IT and collagen X across healthy, Grade 2, and
Grade 3 OA conditions. All images were acquired using a confocal
laser scanning microscope with excitation at 552 nm and overlaid
with brightfield imaging to visualize tissue architecture. One of
the main aims was to utilize the brightfield imaging method to
facilitate a clear and exclusive detection of matrix-bound collagen
signals (Figure 10).

In healthy cartilage, collagen II was abundantly and evenly
distributed throughout the ECM, especially around the spaces
housing chondrocytes, known as chondrocytic lacunae. This
organized fibrillar network denotes the biochemical and struc-

tural integrity of hyaline cartilage, which is characterized by a
dense matrix of collagen II interlinked with sulphated GAGs
such as chondroitin sulphate and keratan sulphate. These inter-
actions maintain cartilage osmotic pressure and resistance to
compressive loading. In Grade 2 OA cartilage, a notable decrease
in collagen II expression was observed. The ECM displayed
regional discontinuities with fragmented and reduced collagen II
signal, particularly in the territorial matrix. The decrease in signal
intensity reflects catabolic ECM remodeling, driven by enzymatic
degradation via matrix metalloproteinases (MMP-1, MMP-13) and
aggrecanases (ADAMTS-4/5), resulting in collagen network dis-
assembly and partial loss of GAG content. The pericellular matrix
surrounding chondrocytes also appeared diminished, indicating
early disruption of the chondrocyte microenvironment essential
for mechanotransduction and matrix maintenance. In Grade 3
OA cartilage, collagen II expression was markedly diminished,
with only sparse and punctate immunofluorescent signals local-
ized to a few remaining chondrocytes. Both the territorial and
interterritorial matrix zones exhibited near-complete loss of colla-
gen II, reflecting widespread degradation of the fibrillar collagen
network. This extensive matrix disruption signifies an advanced
degenerative state characterized by sustained proteolytic activity,
severe GAG depletion, and compromised biomechanical integrity
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of the ECM. The resulting collapse of the collagen II architecture
leads to a pathological transition from hyaline cartilage to a
fibrotic and mineralized tissue phenotype, which lacks the essen-
tial viscoelastic properties required for normal joint load-bearing
function.

Contrastingly, in healthy cartilage, the expression of collagen
X was minimal to undetectable, reflecting the physiologically
quiescent state of articular chondrocytes, which are terminally
differentiated and non-hypertrophic under homeostatic condi-
tions. Immunofluorescence analysis showed a near absence of
collagen X staining, particularly in the mid and deep zones,
indicating the lack of hypertrophic remodeling or mineralization,
both of which are characteristic of disease-associated changes.

In Grade 2 OA cartilage, there was a moderate upregulation
of collagen X, primarily localized in the pericellular regions of
chondrocytes situated in the middle to deep cartilage zones.
Morphologically, these cells began to exhibit early hypertrophic
features, including mildly enlarged lacunae and increased cyto-
plasmic volume. Whereas, in Grade 3 OA, collagen X expression
was significantly elevated and diffusely distributed throughout
the cartilage matrix. Confocal overlay images revealed intense
collagen X fluorescence surrounding large groups of hypertrophic
chondrocytes, many of which displayed enlarged and irregular
lacunae and dense pericellular collagen X accumulation.

A multimodal validation of GAG depletion across OA grades
using six techniques was also conducted (Figure S1): XPS, FTIR,
Raman spectroscopy, DMMB assay, Safranin-O histology, and
IHC for Collagen II/X. Panel A shows the relative decline in
GAG content from Healthy to Grade 3 cartilage, derived from
spectroscopic analyses processed in OriginPro 2023b, biochemical
measurements obtained using the DMMB assay, and quantitative
image intensity analysis performed in ImageJ for histology and
IHC images. All histology and IHC images were captured using
a Leica bright-field microscope and confocal imaging system
under identical acquisition settings. Panel B displays the corre-
lation heatmap generated in GraphPad Prism 9, demonstrating
strong inter-method agreement (r = 0.94-1.00). Together, these
analyses confirm that GAG loss is consistently detected across
all modalities and serves as a robust and reliable marker of OA
progression.

4 | Discussion

A large section of the general population suffers from age-related
OA. They show symptoms of a displaced endochondral ossifica-
tion. Reactivation of this program is evidenced a framework of
pleiotropic antagonism. The cartilage ECM can be probed using
label-free characterisation methods such as second harmonic
generation, and infrared and near-infrared spectroscopy [66].
All of these methods can only, however, examine changes in a
semi-quantitative manner. Hence, to overcome this limitation, we
have employed XPS, which is especially useful for investigating
biologically significant interfaces, such as protein layers and
biomaterials, and offers accurate chemical composition at the
nanoscale [67]. Therefore, in order to investigate the remodeling
of the articular cartilage at various stages of OA, two samples of
OA patients, categorized as Grade 2 and Grade 3, were obtained

and compared with a sample of healthy cartilage using advanced
spectroscopic approaches. XPS provides surface-sensitive detec-
tion of elemental composition, elucidating variations in sulphur
and nitrogen contents associated with GAGs and collagen [68].

In comparison to the study by Jaabar et al. [68] which also
employed XPS to analyse cartilage ECM changes during OA
progression, our approach offered enhanced precision and depth
in detecting chemical alterations. While both studies used XPS
to evaluate ECM composition, Jaabar et al.’s method primarily
focused on tracking changes in aggrecan and collagen content
during different stages of OA [68]. They reported an initial
increase in aggrecan and collagen concentrations in the early-
to-middle stages of OA, followed by a significant decrease as
the disease advanced. Our study, on the other hand, emphasized
the chemical state of ECM elements, such as the nitrogen and
carbon atoms within collagen and GAGs. The presence of the
nitrogenous elements in a healthy cartilage sample suggested a
strong ECM composition, with GAGs playing a critical role in
hydration, elasticity, and compressive resilience. This nitrogen
signal, alongside the carbon peak at 285 eV and the oxygen peak
at 532 eV, further confirmed a substantial presence of GAGs and
collagen, indicating a structurally intact and functionally robust
ECM [49].

Contrastingly, the complete absence of the nitrogen peak at
399 eV in the Grade 3 OA sample was especially striking,
suggesting a near-total depletion of nitrogen-rich components,
including GAGs and collagen. This absence was a critical
indicator of a diminished GAG concentration, as GAGs were
primarily responsible for the nitrogen signal in the ECM [69].
Additionally, the reductions in the carbon and oxygen signals
further indicated a breakdown of glycosidic bonds in GAGs
and peptide bonds in collagen, which contributed to the ECM’s
structural framework [70]. Without the nitrogenous and oxygen-
rich GAGs, the ECM lost its capacity to maintain the critical
balance of hydration and elasticity that supported joint function.
Consequently, the diminished GAG concentration in Grade 3
OA cartilage impaired the tissue’s biomechanical properties,
contributing to joint stiffness, reduced shock absorption, and
increased vulnerability to mechanical damage, ultimately exac-
erbating the clinical progression of OA. On the other hand, the
reduction in the nitrogen signal in Grade 2 OA in patient 2
sample suggested a partial degradation of nitrogen-rich ECM
components, indicating that the concentrations of GAGs and
collagen had begun to decline due to the progression of the OA
process. Although these decreases in carbon, nitrogen and oxygen
peaks were less pronounced than those observed in Grade 3 OA
cartilage, the moderate decline in the carbon peak suggested a
minute level of degradation in the organic compounds present in
the ECM, including the carbon backbones of GAGs. This finding
implied that while GAGs were still present in the cartilage,
their overall concentration was reduced, contributing to the
compromised structural integrity of the tissue. Similarly, the oxy-
gen peak, associated with oxygen-containing functional groups
such as hydroxyl, carboxyl, and amide groups, also exhibited a
reduction in intensity. The observed reductions in the intensity
of the nitrogen-containing groups in the Grade 2 OA cartilage
indicated that, although GAGs and collagen were still detectable,
their overall quantities were diminished compared to healthy
cartilage. This partial degradation suggested an early stage of
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the disease, characterized by the initiation of the loss of critical
ECM components necessary for proper cartilage function. The
moderate decreases in both the carbon and oxygen peaks further
supported the conclusion that there had been a partial loss of
GAGs and collagen in Grade 2 OA cartilage, aligning with the
clinical observations of patient 2, who exhibited moderate ECM
degradation but had not yet reached the severe degeneration
characteristic of advanced OA stages, such as those seen in Grade
3 samples.

Jaabar et al. [68] mentioned the presence of hydrocarbon contam-
ination in their XPS data, likely from biological lipids, but did not
address this issue as thoroughly as our method, which involved
cryogenic milling and surface sputtering to remove adsorbed
hydrocarbons. This step was critical in ensuring that the observed
changes in nitrogen and carbon concentrations were reflective of
actual ECM degradation rather than external contaminants. The
XPS analysis thus underscored the stark biochemical differences
between healthy and OA cartilage, highlighting the loss of
nitrogen and other ECM components as fundamental indicators
of cartilage degradation in patient 1's Grade 3 OA.

Understanding cartilage degradation in diseases like OA and
assessing the efficacy of cartilage repair techniques are two areas
in which this technology is especially helpful [71]. The reduced
intensity of the nitrogen peak in the Grade 2 OA sample in the
FTIR spectra indicated that some degradation of the cartilage had
occurred, but important components of the ECM remained intact.
These findings were supported by the carbon spectrum analysis,
which also showed a decrease in carbon-nitrogen (C—N) bonding,
though not as significant as in Grade 3 OA samples [50]. Collagen
1T is the principal structural protein in articular cartilage, forming
a dense, cross-linked meshwork that resists tensile and shear
forces. The reduced spectral intensity at 1337 cm™' indicates
disruption of the triple-helical structure and fragmentation of
collagen fibres, which weakens the biomechanical stability of
the ECM. As a result, the tissue becomes more prone to damage
during joint movement, an early sign of OA progression. Overall,
the reduced intensities of the GAG (1385 cm™), amide II (1537
cm™), and collagen II (1337 cm™) peaks reflect early ECM
disintegration in Grade 2 cartilage. The partial depletion of GAGs
and collagen suggests compromised mechanical integrity and
hydration capacity. These findings point out to the fact that in
the early stages of OA, there still may have some opportunities
for interventions that could help maintain cartilage structure and
function. Focusing on preserving GAG concentration in Grade
2 OA could have been crucial in slowing the progression of the
disease, setting it apart from the more advanced degenerative
changes observed in Grade 3 OA [72]. Taken together, the ATR-
FTIR findings corroborate the results from XPS analysis, which
also demonstrated a decline in ECM-related elemental signals,
validating progressive biochemical degradation at this stage [73].

Similar results were obtained by Raman Spectroscopy that
enhances ATR-FTIR results by detecting shifts in molecule vibra-
tions, explaining nuanced changes in GAG and collagen structure
during the OA progression [17, 58]. This was according to the
study by Power et al. [74], where they reported the efficacy of
Raman spectroscopy as a proof-of-concept to ascertain the tissue
types in nasal septal biopsy. The tissues were categorised with a
sensitivity of 89% and a specificity of 77%. They demonstrated the

assessment of clinically relevant and mature nasal chondrocyte-
derived synthetic cartilage using Raman spectroscopy for the
creation of potency testing.

Histological analysis provides a structural assessment of cartilage
degeneration, supporting the spectroscopic findings and linking
the biochemical changes to tissue integrity loss. It further cor-
roborated the spectroscopic findings, demonstrating progressive
ECM disorganization, proteoglycan depletion, and chondrocyte
hypertrophy. By deconvoluting XPS spectra, we identified specific
bonding changes, such as the depletion of nitrogen-rich amide
groups in collagen, providing a more in-depth understanding of
ECM breakdown mechanisms and the decrease or absence of
GAG concentration. Histological analysis further reinforced these
findings by showing a reduction in safranin-o staining intensity,
particularly in Grade 3 OA samples, highlighting advanced
cartilage degradation. The ability of cartilage to resist compressive
stresses and preserve joint lubrication depends on sulphated
GAGs, which are important molecules of the cartilage ECM [41,
75]. The pronounced reduction in GAG content between Grades 2
and 3 OA indicated a pivotal threshold where biochemical degra-
dation progressed into irreversible structural damage, ultimately
compromising joint functionality [72]. These changes were also
accompanied by significant morphological alterations, including
cartilage thinning, subchondral bone sclerosis, and osteophyte
formation, characteristic of late-stage OA [25]. The findings
from this study underscored the value of the DMMB assay in
quantitatively assessing GAG content as an indicator of ECM
integrity. From a therapeutic perspective, our study suggested
the importance of early intervention strategies that focused on
preserving or enhancing GAG synthesis, which could potentially
delay or mitigate the advancement of OA. To further validate
these observations at the cellular level, immunohistochemical
staining was also performed to assess the expression of collagen
II and Type X across healthy and OA cartilage. This allowed us
to spatially map ECM changes and hypertrophic differentiation,
strengthening the link between biochemical degradation and
phenotypic transformation in OA chondrocytes. The terminal
hypertrophic differentiation is pathologically inappropriate for
articular cartilage and plays a critical role in driving OA pro-
gression [76]. The growth plates, the calcified layer of articular
cartilage, several skeletal structures, and the healing process
of fractures all contain hypertrophic chondrocytes. In terms of
appearance, hypertrophic chondrocytes are defined as larger
chondrocytes. They express Col 10A1 in particular, which codes
for type X collagen, a crucial indicator of hypertrophic chon-
drocytes [9]. Hypertrophic chondrocytes, unlike their healthy
counterparts, actively express collagen X, along with matrix-
degrading enzymes such as MMP 13 and ADAMTS-5, which
contribute to the breakdown of collagen II in the ECM region.
The presence of collagen X-positive hypertrophic chondrocytes in
advanced OA reflects a transition from a maintenance phenotype
to a destructive, remodeling state, which significantly contributes
to irreversible cartilage degeneration, fibrocartilage formation,
and joint dysfunction. The significant expression of collagen X
as ascertained from immunohistochemistry results in Grade 2
and 3 OA samples, appears to precede overt matrix degrada-
tion, suggesting that hypertrophic differentiation may actively
contribute to ECM destabilization. This pattern of expression
suggests the initiation of a hypertrophic differentiation program,
likely mediated by the RUNX2-COL 10A1 signalling axis, a
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key regulator of chondrocyte maturation. Similar to our study
Hatton et al. [77] employed XPS to characterize alginate-based
hydrogels functionalized through layer-by-layer assembly, identi-
fying surface biomolecule incorporation. However, their analysis
relied solely on surface-level composition without addressing
adsorbed contaminants or performing depth profiling, as evi-
denced by their focus on elemental detection without mitigation
of hydrocarbon interference.

While their study utilized animal cartilage, specifically bovine
articular chondrocytes (BAC) from skeletally mature beef cat-
tle, our approach focused on human cartilage, ensuring direct
relevance to OA disease progression in humans. In contrast,
our approach utilized cryogenic milling and argon-ion sput-
tering to eliminate surface contamination, coupled with high-
resolution spectral deconvolution, enabling precise identification
of ECM-specific chemical state alterations, such as nitrogen-rich
amide group depletion in collagen. These enhancements ensured
greater accuracy and depth in analysing cartilage degeneration
pathways. In addition, the increased expression of collagen X
detected via IHC in the Grade 3 OA sample provided crucial
evidence of chondrocyte hypertrophy, which is a key driver of
matrix degradation that aligns with our hypothesis and ATR-
FTIR finding. The findings demonstrate a strong relationship
between chondrocyte hypertrophy and ECM degradation in OA
cartilage. The increased expression of hypertrophic markers,
along with the loss of GAG and collagen organization, supports
the role of hypertrophy in driving ECM remodeling. Consistent
with previous in vitro and animal studies by Chawla et al. [79]
and Majumder et al. [17] which showed that hypertrophic dif-
ferentiation activates matrix-degrading enzymes such as MMP-13
and ADAMTS-5, our results provide human-tissue evidence
that hypertrophy contributes to ECM disorganization and may
represent an upstream event in osteoarthritis progression.

Our combined spectroscopic methods provided a more detailed
and precise molecular analysis of cartilage degeneration. This
study, on another side, validated our hypothesis from previous
studies specifically, the findings from Chakraborty et al. [78],
Chawla et al. [79], and Majumder et al. [17]. that chondrocyte
hypertrophy leads to the progression of OA by altering GAG
and collagen concentrations. Our focus was on chemical state
analysis, and the use of multiple techniques enabled us to capture
a broader range of biochemical changes for two different con-
ditions, particularly in relation to GAG and collagen depletion.
By integrating histological analysis, we confirmed the progressive
loss of GAGs, collagen disorganization, and chondrocyte hyper-
trophy, emphasizing the critical role of structural changes in OA
pathogenesis.

To further support these findings, we qualitatively compared
trends observed across all analytical techniques. The reduction
in GAG levels measured by the DMMB assay showed a similar
pattern to the decrease in nitrogen- and amide-related signals
detected by XPS and ATR-FTIR, respectively. Likewise, atten-
uation of the GAG-specific Raman peak (~1063 cm™) aligned
with the reduced Safranin-O staining seen histologically. This
consistent trend across spectroscopic, biochemical, and histolog-
ical methods indicates strong concordance between techniques,
reinforcing the reliability of GAG depletion as an indicator of
ECM degradation during OA progression. While several previous

studies have analysed OA-related biochemical changes using
animal models such as rats, our study is distinguished by its
rigorous investigation of human cartilage samples.

The number of patient samples in this study was limited. The
work was conceived as a pilot, proof-of-concept investigation
aimed at developing and validating a reproducible, multimodal
analytical framework that integrates spectroscopic, biochemical,
and histological assessments of human cartilage. This approach
enabled the identification of consistent molecular signatures
of GAG depletion, collagen disorganization, and hypertrophic
transformation, even within a small cohort. Building on this foun-
dation, the next phase of our research will include a larger and
clinically diverse patient population to strengthen the statistical
significance of these findings and to identify additional biochem-
ical, biomechanical, histological and signalling parameters that
will further elucidate the role of cartilage hypertrophy in OA
progression and enhance translational relevance.

The present work introduces a distinctive methodological and
conceptual advancement in the study of OA cartilage. By inte-
grating surface-sensitive (XPS) and vibrational (ATR-FTIR and
Raman) spectroscopic analyses with biochemical quantification
(DMMB and hydroxyproline assays) and histological validation,
this study provides a comprehensive molecular-to-tissue scale
characterization of ECM deterioration in human OA cartilage.
Unlike most earlier investigations that relied on animal or in
vitro models, the direct assessment of patient-derived cartilage
offers clinically relevant molecular signatures of GAG depletion,
collagen disorganization, and hypertrophic transformation. One
of the major challenges in managing OA is its late detection.
Early-stage OA is far more responsive to conservative or biological
therapies, whereas late-stage disease often leaves joint replace-
ment as the only option. Clinically, early OA often presents with
minimal pain, limited structural damage, and subtle biomechani-
cal alterations, making it difficult to diagnose. In this context, our
findings help clarify whether OA reflects a modified reactivation
of endochondral ossification. The combined depletion of GAGs,
increased MMP-13 expression, appearance of collagen type X, and
progressive ECM disorganization closely mirror the hypertrophic
and matrix-remodeling events characteristic of endochondral
bone formation. Their co-occurrence in OA cartilage supports
the view that OA is not merely a degenerative “wear-and-tear”
condition, but a maladaptive reactivation of ossification-like
pathways triggered by inflammation and mechanical stress. Rec-
ognizing these early molecular deviations emphasizes the need
for sensitive early-diagnostic tools. Our group has contributed
to this direction through Al-based approaches across different
disease stages: an early-stage histological classifier by Nagarajan
et al. [65] and an MRI-based deep-learning model developed
by Roy et al. to determine OA severity directly from patient
MRI scans [80]. Building on this computational foundation,
the present multimodal biochemical-structural analysis provides
direct molecular evidence—such as early GAG loss, ECM disrup-
tion, and hypertrophic marker upregulation—that supports and
strengthens the predictive patterns identified by our AI models.

5 | Conclusion

Explaining OA as an “evolutionary and biological program” is
a new and upcoming theory of “cartilage wear and tear”. This
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study analysed the human cartilage degradation in OA through
a grade-based biochemical and molecular approach. In Grade 3
OA, observed in patient 1, aged 66, advanced and pronounced
osteophyte formation significantly disrupted cartilage integrity
by reducing thickness and damaging the cartilage lining. This
structural damage resulted in a severe depletion of GAGs, with
concentrations decreasing to approximately 11% (p < 0.05). A
significant reduction in ECM components, including collagen
concentrations was observed. Molecular analysis using XPS
confirmed the absence of nitrogen-rich amide groups and
glycosidic bonds, while ATR-FTIR revealed diminished amide II
peaks, further highlighting advanced ECM disorganization and
the loss of cartilage functionality associated with late-stage OA.
Histological analysis using Safranin O staining further validated
these findings, showing severe depletion of GAGs, extensive
matrix disorganization, and hypertrophic chondrocytes, which
are indicative of cartilage mineralization and structural failure.
Additionally, immunohistochemical analysis revealed a marked
loss of collagen IT and a strong upregulation of collagen X in Grade
3 OA, confirming the occurrence of terminal hypertrophic chon-
drocyte differentiation and its role in matrix breakdown. In Grade
2 OA, observed in patient 2, aged 57, smaller osteophytes indicated
the early phase of cartilage degeneration. Structural alterations
began to compromise cartilage thickness, providing early signs
of disease progression. GAG concentrations were reduced to
approximately 28% (p < 0.05). Moderate collagen disorganization
was evident. These findings were supported by ATR-FTIR, which
showed reduced glycosidic peaks, and Raman spectroscopy,
which revealed early structural alterations in ECM components.
Histological analysis further supported these biochemical
findings, revealing a moderate reduction in Safranin O staining
intensity, indicating early GAG depletion. Additionally, signs of
pericellular matrix expansion, initial fibrillation, and early-stage
vascular invasion were observed, marking a critical transition
where ECM degradation processes are initiated, signalling the
progression toward Grade 3 OA. Immunohistochemical staining
in Grade 2 OA samples also demonstrated moderate collagen II
depletion and the onset of collagen X expression around middle to
deep zone chondrocytes, suggesting early hypertrophic transition
associated with matrix destabilization. Characterization
techniques, including XPS, ATR-FTIR, Raman spectroscopy,
DMMB assay, hydroxyproline assay, immunohistochemistry and
histological analysis, collectively validated the biochemical and
molecular findings, providing a comprehensive understanding
of cartilage degeneration. Our study demonstrates a clear
correlation between osteophyte formation, ECM degradation,
and cartilage dysfunction across different Grades of OA. GAG and
hydroxyproline concentration as assessed from the total collagen
concentration served as a biomarker for disease progression,
providing a foundation for developing Grade-specific diagnostic
and therapeutic strategies targeting ECM stabilization in
OA.
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