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Abstract

Osteoarthritis is a degenerative disease with pathological changes at the molecular 
level. Moreover, the damage to articular cartilage is irreversible. Early detection and 
the ability to follow the progression of osteoarthritis are essential to anticipate man-
agement. To characterize degraded human articular cartilage and to identify cellular 
changes that are precursors of phenotypic matrix changes in osteoarthritis, normal 
and degraded articular cartilage explants were harvested from the same patient’s 
knee after informed consent. The blocks were washed several times (four times) with 
phosphate-buffered saline (often abbreviated to PBS) and then fixed on CaF2 slides 
using Cell-Tak® (an adhesive glue), and the whole set was placed in different Petri 
dishes containing PBS for Raman measurements. The analysis of the spectroscopic 
data allowed to differentiate degraded cartilage from normal cartilage by applying 
intensity ratios of some Raman bands and/or spectral regions. In addition, peaks 
at 864, 929, 945, 1107, 1386, and 2887 cm−1 were identified as characteristic Raman 
markers of degraded cartilage. The use of confocal Raman microscopy (CRM) has 
proven to be relevant in providing biochemical information necessary to characterize 
OA cartilage. CRM appears to be a powerful tool for the diagnosis and therapeutic 
evaluation of osteoarthritis in both early and late stages.

Keywords: articular cartilage, osteoarthritis, confocal Raman microscopy

1. Introduction

Osteoarthritis (OA) is the most common degenerative joint disease and one of the 
main causes of morbidity and economic burden for health resources. It is a slowly 
progressive disease that alters all tissues of the affected joint, with a long asymp-
tomatic period [1]. According to OARSI (International Association for the Study of 
Osteoarthritis), OA is a serious disease defined as a disorder involving mobile joints, 
characterized by adhesive stress and degradation of the extracellular matrix, resulting 
in macro- and micro-damage that activates abnormal adaptive restorative responses, 
including pro-inflammatory pathways of the immune system [2]. Emerging evidence 
in recent years defines OA as a heterogeneous, multifaceted disease with multiple 
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molecular and clinical phenotypes [3, 4]. Loss of articular cartilage structure and 
function is one of the main features of OA [5–7].

The current diagnosis of OA is based primarily on radiographic criteria 
(e.g., joint space width, osteophyte formation, subchondral sclerosis) and clinical 
symptoms (e.g., pain, stiffness, and loss of function). Radiography is the most 
accessible tool for assessing OA: It can show lesions and other changes related to 
OA to confirm its severity according to different classification systems, such as 
Kellgren’s Lawrence classification system [8]. MRI, which does not use radiation, 
is more expensive than X-rays but can provide better images of cartilage and other 
structures to detect early abnormalities in OA [9]. Another imaging technique is 
optical coherence tomography (OCT) imaging, which has the ability to generate 
cross-sectional images of articular cartilage and can provide quantitative infor-
mation about the condition of articular cartilage, particularly for OA caused by 
changes in collagen structure [10]. Although these different medical tests are more 
sensitive than plain radiography, they cannot be routinely applied to many patients 
due to its cost, and if so, they are often time-consuming and even destructive. 
The other disadvantage is that these techniques are only valid and feasible in the 
advanced stages of osteoarthritis.

Currently, the lack of validated biomarkers and early diagnostic tools is one of 
the major obstacles to improved diagnosis and therapeutic evaluation of OA [11]. 
Recently, Raman spectroscopic techniques have been shown to not only provide 
noninvasive and nondestructive structural information in damaged cartilage, 
but also to allow spatial resolution at the biomolecular level that can be useful in 
detailed structural analyses of cartilage diseases. Indeed, these techniques can 
identify functional groups and chemical bonds present in biological tissues and/
or cells. As a result, it is possible not only to assess the structure of proteins, lipids, 
carbohydrates, and nucleic acids present in a biological molecule [12–15], but also 
the changes in their chemical structure due to the disease process [3, 11], thus 
allowing monitoring of the progression of the disease process and prediction of 
the chemical pathway of the progression. Vibrational spectroscopy thus appears 
to be a proven analytical tool for understanding chemical changes associated with 
pathological conditions in tissues. The objective of our study was to characterize 
degraded human articular cartilage using confocal Raman microscopy (CRM) and 
to identify early cellular changes that are precursors to the phenotypic change of 
the matrix in OA.

Figure 1. 
Cartilage samples taken from a patient’s knee.
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2. Materials and methods

2.1 Source and preparation of samples

Our samples consisted of human articular cartilage explants taken from the knee 
of one patient (Figure 1). The biopsies were taken from the same knee but at different 
locations. For example, degraded cartilage (test sample) at the lesion site and normal 
cartilage (control sample) away from the lesion site. Human tissue was obtained for 
research purposes with donor consent. The study was also approved for the recovery 
of OA samples by the Ministry of Research and Innovation and the Comité d’Éthique 
de la Protection des Données Personnelles (CPP) of Languedoc-Roussillon (approval 
DC-2010-1185). The cartilage samples were collected from the same patient. The col-
lected sample blocks were washed several times (four times) with phosphate-buffered 
saline (often abbreviated to PBS) and then fixed on CaF2 slides using Cell-Tak® 
(adhesive glue). The whole set was placed in different Petri dishes containing PBS for 
Raman measurements. During the whole measurement period, the samples were kept 
in a refrigerator at 4°C.

2.2 Raman measurements of the samples

All measurements were performed using a Witec α 300R confocal Raman 
microscope (Witec, Ulm, Germany) (Figure 2a). The system was equipped with 
a dual-frequency Nd: YAG laser (Newport, Evry, France) with a wavelength of 
532 nm and a NIKON × 20 aerial lens with a numerical NA of 0.46 (Nikon, Tokyo, 
Japan). The output laser power was 50 mW. The spatial resolution was 300 nm, and 
the depth resolution was approximately 1 μm. The microscope was equipped with 
a piezo-driven scanning stage with a positioning accuracy of 2–3 nm horizontally 
and 10 nm vertically, respectively. The acquisition time for a single spectrum was 
set to 0.5 s; 150 × 150 points per image were recorded, resulting in a total of 22,500 
spectra for one image. Data acquisition was performed using Image Plus 2.08 
software from Witec. Using an edge filter, the backscattered Raman radiation was 

Figure 2. 
Measurement of articular cartilage using confocal Raman microscopy. (a) Confocal Raman microscope at 
Laboratoire Bioingénierie et nanoscience UM_104 Montpellier. (b) Schematic representation of the system. 
The laser light source irradiates the articular cartilage, and the scattering light is generated by the scattering 
of the samples. The Raman scattering light is obtained by the filter, and the Raman spectrum is presented after 
its detection and processing by a CCD detector. The data of the spectra are analyzed using multivariate or 
chemometric methods.
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separated from the scattered Rayleigh light. The Raman photons were transferred to 
the EMCCD camera (DU 970 N-BV353, Andor, Hartford, USA). The EMCCD chip 
size is 1600 × 200 pixels, the camera controller is a 16-bit A/D converter operating at 
2.5 MHz, and the camera is cooled by a Pelletier system. The UHTS 300 spectroscopy 
system with 70% transmission and a 600 lines per mm grating (operating at _ 60° C) 
provides a spectral resolution of 3–5 cm−1. This microscope was used for the analysis 
of articular cartilage structures.

2.3 Analysis of the Raman spectral data

All collected spectra were preprocessed in order to obtain spectra that not only 
have the same scale, but are comparable to each other. The spectral analysis was 
performed in the fingerprint range (600–1800 cm−1) due to its higher molecular 
specificity. Prior to the multivariate statistical analysis, the Raman spectra were 
preprocessed using well-established techniques. The preprocessing process of the 
spectra consisted, first, of baseline subtraction following the eighth-order polynomial 
law. Subsequently, we proceeded to the elimination of the autofluorescence of the 
tissues and the smoothing of the spectra using the “Savitzky Galay” filter, following a 
polynomial order = 4 with a number of points (or interval = 13). In order to compare 
the spectra and allow consistent comparisons where intensity variations may be 
relative to the intensity of each spectrum, the data were normalized to the area of the 
region between 600 and 1800 cm−1 [15]. These steps of preprocessing the spectra 
were necessary before subjecting them to statistical methods. All preprocessing, 
normalization, and determination of the different intensities of the peaks or bands 
were performed with the non-commercial Spectragryph® software version 1.2.12 
developed and kindly offered by Dr. Friedrich Menges.

In addition, multivariate analyses such as principal component analysis (PCA) 
were applied to the raw dataset collected from the different samples. PCA is a 
well-established multivariate data analysis method that is well suited to distinguish 
small recurrent spectral variations from large datasets containing uncorrelated 
variations. It is a completely unsupervised analysis method for establishing 
whether or not sample spectra are grouped into classes based on sample type among 
other factors. This method greatly reduces the size of the dataset into a defined 
number of principal components (PCs), as all spectra are expressed in terms of 
a few basic functions (usually <10) and “a score vector” of about p entries. Thus, 
if clustering is observed, there are quantifiable and significant variations in the 
spectra that can be used to build discriminative algorithms to distinguish between 
different samples. PCA describes large global changes in composition without any 
prior knowledge.

3. Statistical analysis

Given that the distribution of our data does not follow a normal distribution, 
all our statistical analyses were performed using a non-parametric test, namely the 
Kruskal-Wallis one-way analysis of Variance on Ranks statistical test with p < 0.001 
for significance of our results. For comparisons between different areas, the Student-
Newman-Keuls statistical test with p-value <0.05 was applied. All our data were 
processed with SigmaPlot for Windows software version 11.0 Build 11.0.0.77.
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4. Results

4.1 Characterization of articular cartilage degradation

From the collected cartilage blocks, a total of 50 Raman spectra were collected 
at different locations on each normal and degraded cartilage sample. The degraded 
state of the cartilage was assessed by determining the content of PGs and type II 
collagen, the main components of the extracellular matrix of cartilage, as reported in 
previous studies [16]. In Figure 3, we can easily see that the content of PGs signifi-
cantly decreased (p < 0.001) in degraded cartilage, with a random coil content, 
characterized by applying the ratios of the integrated areas of the carbohydrate 
region ranging from 985 to 1185 cm−1 to the amide I region (1601–1776 cm−1) [16], 
the intensity ratio of the two amide III peaks (1241/1269 cm−1), with the peak 
1241 cm−1 corresponding to the random coil content = NH2 bending: Random coil 
Amide III and 1269 cm−1 corresponding to the alpha-helix content = NH2 bending: 
alpha-helix Amide III) [17, 18], respectively.

4.2  Multivariate analysis and discrimination of Raman bands involved in 
articular cartilage degradation

The application of PCA on the raw spectra of the different samples allowed us to 
discriminate degraded cartilage from normal cartilage. Figure 4 shows us the aver-
age and differential Raman spectra with the characteristic differential Raman bands. 
Also, analyzing the PCA score plot using CP1 and CP2, as well as that using CP2 and 
CP3, we find that only CP2 separates the degraded/normal samples (Figure 5). The 
CP2 principal component shows the intense positive charges for the Raman shifts in 
the degraded cartilage, characterized by the localized peaks, respectively at: 788 cm−1 
(_ O_P_O _); at 821 cm−1 (_ O_P_O _); 867 cm−1 (RNA); 886 cm−1 (collagen I); 926 cm−1 
(ν (C-C)); 945 cm−1 (ν (C-C) backbone); 972 cm−1 (ν (C-C) backbone in RNA); 
1107 cm−1 (ν (C-O)); 1274 cm−1 (Amide III); 1386 cm−1 (GAG); 1432 cm−1 (CH2 
scissoring); 1480 cm−1 (CH deformation); 2887 cm−1 (CH2 stretch); and 2947 cm−1 
(ʋas CH2, lipids, fatty acids). These peaks are the expression of vibrations of nucleic 

Figure 3. 
Characterization of degraded cartilage: (A) determination of PGs content by the ratio of the area of the 
carbohydrate region [985–1185]/amid region I [1601–1760]. The histogram shows a higher intensity ratio for 
normal cartilage (CA). This reflects a significant (p < 0.001) decrease in PGs in degraded cartilage. (B) The ratio 
of disordered collagen (random coil) to ordered collagen (α-helix), represented by the intensity ratio I1251/I1271, 
is significantly greater (p < 0.001) and in favor of the random coil in degraded cartilage.
Observations: D: Degraded cartilage; N: Normal cartilage.



Cartilage - Recent Findings and Treatment

6

acid bases, collagen, and GAGs. In contrast, the negative charge peaks are the charac-
teristic Raman shifts in normal cartilage, reflected in particular by peaks at 1004 cm−1 
(Phe), 1624 cm−1 (Trp), 1683 cm−1 (ν (C=O)), and 2933 cm−1 (CH2 asymmetric 
stretch). The assignments of these different peaks are recorded in Table 1.

5. Discussion

Pathological changes in cartilage begin at the molecular level (at the nanoscale) 
from where they propagate to higher levels of the hierarchical cartilage architecture 

Figure 5. 
Principal component analysis. (A) PCA score plot using PC1 and PC2. (B) PCA score plot using PC2 and PC3. 
Only PC2 separates degraded/normal samples. (C) PC2 loading is responsible for separating degraded and 
normal cartilage samples. (D) Remaining PC1 and PC3 loadings.

Figure 4. 
Average and differential Raman spectra (n = 50 spectra).
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and cause increasingly irreversible structural and functional damage. Although 
the etiology of osteoarthritis is largely unknown, its onset is characterized by an 
imbalance between catabolic and anabolic processes, promoting the degradation of 
the cartilage matrix. The underlying cause of these macroscopic and microscopic 
structural features has been linked to the change in biochemical compositions such 
as alteration and decrease in proteoglycan content but also by the disorganization of 
type II collagen fibers [18, 22]. The biochemical changes are triggered by the expres-
sion of enzymes that are responsible for matrix degradation. The main components 
of articular cartilage are GAGs (15–30% of dry weight) and collagen (50–60% of dry 
weight) [23, 24], and their changes can be used as indicators for the early diagnosis of 
OA. Therefore, any technique to diagnose the onset of OA must detect early changes 
in cartilage PG gel before significant changes in its collagen matrix occur.

Raman spectroscopy has been shown to provide information on protein structure. 
Indeed, subtle molecular changes often cause detectable vibrational changes that can 
be detected by Raman analysis. In recent studies, Raman has been used either to more 
accurately quantify the distribution of cartilage subcomponents over its entire surface 
[25] or in some situations to establish the difference between different regions of the 
tissue over its entire depth the tissue surface [26].

Thus, Raman spectroscopy can be useful in differentiating normal from degraded 
cartilage. It is now known that the intensity ratio of the two peaks (I1251/I1271 cm−1) 
provides information about the protein structure [11, 17]. Still called the ratio of 

Degraded cartilage

Raman shift 
[cm−1]

Assignments

788 – O–P–O – in DNA

821 – O–P–O – in ARN

867 Collagen, ν (C-C) (Pro), Ribose vibration, one of the distinct modes of RNA (with 915 and 
974 cm−1)

886 Proteins, including collagen I

926 ν (C-C), stretching - probably in amino acids

945 ν (C-C) backbone

972 ν (C-C) backbone in RNA

1107 ν (C-O), GAG

1165 C, G; Tyrosine (type I collagen)

1274 T, A, Amide III; = CH bending

1289 Phosphodiester group in the nucleic acid

1386 GAG, CH3 band

1432 CH2 shear

1480 G, A; deformation CH (DNA)

2887 Fermi resonance; CH2 stretching

2947 υas CH2, lipids, fatty acids

Table 1. 
Table of major Raman peak or band assignments involved in the characterization of degraded versus 
non-degraded (normal) articular cartilage [12, 17, 19–21].



Cartilage - Recent Findings and Treatment

8

disordered collagen (random coil) to ordered collagen (α-helix), represented by the 
intensity ratio 1241/1269 cm−1, provides an appreciation of articular cartilage dam-
age [27]. This intensity ratio increases with the progression of osteoarticular diseases 
following the degree of cartilage damage (ICRS). In the present case, Figure 3 shows 
a higher intensity ratio (1251/1271 cm−1) and thus in favor of disordered collagen, 
characterizing a disordered structure of the protein. This result indicates an increase 
in defective collagen content. This observation was also made by Kumar et al. [18], 
who, when analyzing different grades of osteoarthritis, showed that this intensity 
ratio increased the progression of the cartilage disorder. This alteration of the random 
coil is associated with a decrease in PGs marking a clear difference between normal 
and degraded cartilage.

Other more subtle changes were highlighted by the application of PCA, which is a 
common multivariate statistical method very often used in bioanalytical Raman spec-
troscopy to reduce dimensionality and identify combinations of the most important 
spectral markers that maximize data variance and optimize group separation [18]. 
Indeed, although univariate analysis of Raman intensities in normalized spectra was 
necessary to differentiate degraded cartilage from normal cartilage by determining 
proteoglycan and type II collagen contents, multivariate analysis, particularly PCA, 
has been shown to be very effective in discriminating the two samples and identifying 
characteristic Raman bands or peaks. This ability of PCA has been widely demon-
strated in numerous tissue and cell Raman spectroscopy studies [18, 25].

Figure 5C shows the loadings of the Raman bands responsible for the separation 
of the degraded and normal cartilage samples. Focusing on the peaks of the degraded 
cartilage, we find a high nucleotide activity (expressed by the presence of bands at 
788, 821, and 1480 cm−1), which could be attributed to the increased internucleo-
somal DNA cleavage manifested in the advanced stages of OA as revealed also by 
Verrier et al. [28]. During the progression of ECM degradation, chondrocytes are 
strongly solicited to renew the matrix proteins subjected to degradation phenomena. 
This high level of activity can lead to the death of chondrocyte cells by exhaustion, as 
demonstrated in the work of Zamli et al. [29] after evaluating the role of chondrocyte 
apoptosis in spontaneous animal models of osteoarthritis. They further demonstrated 
that chondrocyte death correlated with CA fibrillation (r = 0.3), cellularity< (r = 0.4), 
proteoglycan depletion, and overall OA microscopic scores (r = 0.4). This supports 
our results with the depletion of PGs and alteration of type II collagen structure 
observed in degraded cartilage and characterized by the presence of the high Raman 
signal intensity peaks at 867, 886, 926, 945 cm−1, and 1274 cm−1 (collagen attribu-
tion) and peaks at 1107, 1342, and 1386 cm−1 (GAGs attribution). Focusing on the 
1274 cm−1 peak, amide III attribution, Shaikh et al. [30] recently showed significant 
variations related to the intensity of this band and δCH2 stretching in a group of 
cartilage with impact injuries. They therefore inferred that these changes in the 
intensity of the amide III peak were potentially due to conformational and configura-
tional changes in collagen macromolecules as well as proteoglycan depletion. A first 
study by Lim et al. [31] had already shown, after an impact on porcine cartilage, a 
red shift of the 1264–1274 cm−1 peak. They correlated this shift of amide III with the 
compression of the C-N vibration in the collagen fibers. In the case of our study, the 
presence of the 1274 cm−1 peak could therefore reflect an alteration of the random coil 
associated with the decrease of the PGs content observed above. In addition, the pres-
ence of the peak at 1386 cm−1, corresponding to N-acetyl-glucosamine (attribution 
of hyaluronic acid (HA)), helps to corroborate our observation. It is known that HA 
constitutes the main skeleton of GAGs. This glycoprotein binds to other aggrecanes to 
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form superaggregates responsible for tissue hydration, allowing cartilage to respond 
to mechanical stress. Thus, it helps to organize and stabilize the relationship between 
PGs and the collagen meshwork. Any changes in this glycoprotein could neces-
sarily lead to disruptions in the structure of the cartilage matrix. As an important 
component of synovial fluid, HA can increase joint flexibility, thereby reducing 
cartilage wear. In a study by Buckwalter et al. [32], it could be shown that one of the 
first changes associated with osteoarthritis and joint immobilization was related to 
changes in hyaluronic acid glycoprotein. Also, Safiri et al. [33] recently demonstrated 
that it was associated with the radiological progression of osteoarthritis.

One factor that has also been associated with OA is the appearance of lipid 
deposits especially in the advanced stages of OA [34]. More recently, Mansfield and 
Winlove [12] studied the distribution of lipids, identifying two related regions: a 
band at 1441 cm−1 and shifts from 2845 to 2930 cm−1. Generally, the CH vibrational 
region between 2800 and 3000 cm−1 is of particular interest for spectroscopic studies 
because it provides information about the chemical compositions of the samples due 
to differences in the C-H bond environment [12, 31]. Thus, it can provide informa-
tion about the relative total concentration of biomolecules but also about changes 
in chemical bonds. In a recent study, Gaifulina et al. [35] were able to correlate the 
alterations observed in cartilage with the loss of tissue constituents and the observed 
increase in water content. They therefore correlated the observed increase in cartilage 
hydration with the increase in the intensity of the O-H stretch band. In this study, the 
Raman shifts of the bands at 2887 and 2947 cm−1 (lipid and/or fatty acid vibration) 
could reflect the strong presence of lipids also in degraded cartilage and explain the 
possible changes within the cytoplasmic skeleton by lipid production in the face of 
OA progression. This is justified by the response of chondrocytes to cartilage deg-
radation in order to cope with the physiochemical changes in the cartilage matrix. 
It should be remembered that lipids are important nutrients in the metabolism of 
chondrocytes and are available to these cells by de novo synthesis, but also by dif-
fusion from the surrounding tissues. Amanda et al. [34], by analyzing the status of 
cartilage, were able to link the development of osteoarthritis with the availability 
of lipids. Other more recent studies have reported well-established links with lipid 
accumulation and the development of OA [36, 37], particularly in its early stages 
before histological changes occur.

In this study, CRM appears to be very useful in differentiating degraded from 
healthy articular cartilage tissue. Indeed, during the early stages of osteoarthritis, 
biochemical changes precede the later structural changes and therefore play a funda-
mental role in contrast to mechanical factors, which are no longer significant in the 
advanced stages of disease progression. This makes CRM a privileged tool for early 
detection of ECM degradation. It is now recognized that CRM can be used for quan-
titative analysis on thicker, unfixed, hydrated, or even submerged samples, as long as 
water does not interfere with the Raman signals [13]. Moreover, since depth analysis 
does not require cutting of the sample, it can be applied to healthy tissue, such as 
articular cartilage.

In any case, this technique seems to be useful in circumstances where tissue 
biopsies are recorded or even with Raman-compatible arthroscopic probes [38]. As 
such, numerous Raman spectroscopy devices in the form of fiber optic probes have 
been developed and tested for some on human knee joint tissue [39, 40], a common 
anatomical site for arthroscopic surgery, and allowed detection of cartilage with 
contributions from subchondral bone [41], others on the colon for real-time in vivo 
assessment of adenomatous polyps [39], or either to nondestructively monitor the 
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growth of in vitro tissue engineering constructs in real time for regenerative medicine 
applications toward controlled clinical translation [38, 40]. As pointed out by Karen 
et al. [41], fiber optic probes are a convenient format to couple optical spectroscopies 
to an arthroscopic probe because they are compatible with the small dimensions of 
the arthroscope and provide the same chemical information available in a microscopy 
instrument. In this sense, we agree with Gao et al. [42] that CRM has the potential to 
be incorporated into a fiber-optic probe device to build a fiber-optic-based confocal 
Raman microscopy detection unit for an arthroscope for clinical use. As a result, it has 
the capabilities during arthroscopic procedures to remove the operator from damage 
to healthy tissue that is usually, in addition to degraded cartilage or sclerotic bone, 
sometimes included at the microfracture site [41]. Therefore, the coupling of confocal 
Raman microscopy to arthroscopy could facilitate not only to specifically identify 
degraded or damaged tissues, but also to better guide surgical interventions by avoid-
ing surrounding healthy tissues. Obviously, such a technology practiced on a daily 
basis in the clinical setting would strongly contribute to prevent irreversible cartilage 
damage in the more advanced stages and would favor the institution of adequate 
management either by stem cell injection to induce regeneration of damaged sites or 
by other therapeutics without impacting surrounding healthy tissue.

6. Conclusion

Osteoarthritis is a degenerative disease that primarily affects articular cartilage 
and related joint tissues and imposes an increasing social burden due to overall 
activity limitation, especially in the elderly. With degradation, the major compo-
nents of the cartilage ECM, particularly collagen and proteoglycans, are progres-
sively degraded by the released inflammatory factors. Currently, the diagnosis of 
OA relies on radiographic methods based on the Kellgren-Lawrence scores, in which 
joint space narrowing is considered the main diagnostic indicator of advanced 
disease. One of the major challenges in the management of OA is the ability to make 
an early diagnosis. To date, there are no biomarkers available for early diagnosis of 
the disease and no effective therapy other than symptomatic treatment and joint 
replacement surgery.

The results of our study demonstrate the ability of CRM to differentiate damaged 
from healthy articular cartilage tissue and thus introduce RCM as a future diagnos-
tic tool for the efficient management of OA. The application of CRM has proven 
to be relevant in providing biochemical information needed to characterize OA 
cartilage. Combined with multivariate analysis, CRM is able to identify biomarkers 
to characterize biochemical and structural changes in articular cartilage ECM. The 
peaks at 864, 929, 945, 1107, 1271, 1386, and 2887 cm−1 identified in this work can 
be considered as major indicators to monitor the physio-pathogenesis of articular 
cartilage. Since in vivo Raman spectra have been reported to be collected from human 
skin, lung, and bone, this technique can therefore advance the diagnostics of AO at 
an early stage.
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