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Abstract 

Osteoarthritis (OA) is characterized by degeneration of the articular cartilage and thickening 
of the subchondral bone. The aim of this study is to investigate the changing of the biochemical 
components of the cartilage and bone in OA of the knee by using histochemical staining and 
synchrotron infrared microspectroscopy (SR-IR). Three samples were collected from the 
medial and lateral condyle of the femur. The control group is 21 years old and 47 and 82 years 
old are the ages of the experimental groups. Histochemical staining was done with hematoxylin 
and eosin stain, alcian blue. Regarding the results in the articular cartilage, the peak intensities 
of amide I significantly decreased (0.2073±0.0019 and 0.2070±0.00270) in the 47 years old and 
82 years old OA knees, respectively, when compared to the normal 21 years old (0.2154± 
0.0009). The subchondral bone of both (0.2133±0.0008 and 0.2122±0.0007, respectively) were 
significantly higher than the normal (0.2084±0.0009). Amide II significantly decreased in the  
82 years old (0.0936±0.0054) compared to the 47 years old (0.1057±0.0013), but was still at  
a higher level than the normal (0.0854±0.0016). The peak intensity of amide II in the calcified 
cartilages was not different in all the knees. The peak intensity of proteoglycans was 
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significantly highest in the articular cartilage of the 47 years old (0.0377±0.0045). Cartilage was 
the main structure that was affected by decreases in the level of amides in the OA. OA also was 
involved in a change in the orientation of the collagen fibrils and structure. This study 
demonstrated that SR-IR can rapidly characterize the distribution and structure of changes in 
the cartilage. 
 
Keywords: Infrared microspectroscopy, osteoarthritis, articular cartilage

Introduction 

Osteoarthritis (OA) is an aging disease in 
which mechanical factors have an important 
role. This disease is characterized by the 
degenerative articular cartilage (AC) and 
thickening of the subchondral bone (SB) under 
the cartilage (Radin et al., 1970; Kamibayashi 
et al., 1995). Under normal conditions, the 
pressure load is transmitted through the joints 
by the AC and SB. Therefore, the SB density 
and cartilage thickness are required for an 
adequate function (Eckstein et al., 1992; 
Eckstein et al., 1998). The changes in the 
density and the architecture of the SB have  
a tremendous effect on both the initiation  
and progression of cartilage degeneration. 
Sindhupakorn et al. (2017) investigated 
structural changes in the periarticular bone 
which occurred in the development of OA 
using induced X-ray fluorescence analysis,  
X-ray absorption near edge structure, and the 
extended X-ray absorption fine structure 
technique at the Ca K-edge. The degenerated 
changes in calcium structures were identified 
when the age was increased. Cortical and 
trabecular bones rapidly altered the skeletal 
architecture and shape which may be related to 
the differential capacity of the cartilage and 
bone to adapt to mechanical loads and damage 
(Goldring and Goldring, 2010). Many studies, 
such as gene, radiological, histological, and 
histochemical studies have tried to identify 
changes in human OA (Muller-Gerbl et al., 
1989; Eckstein et al., 1995; Matsui et al., 1997; 
Bobinac et al., 2003; Lajeunesse, 2004; Aigner 
et al., 2006; Ijiri et al., 2008). Fourier 
transform infrared spectroscopy (FTIR) was 
used to map region-dependent changes in 
collagen, proteoglycans, and mineral  
distribution (Chappard et al., 2006). The FTIR  

 
 
 
 
technique combined with multivariate data 
analysis can be applied to study quantitative 
and qualitative changes of human AC by 
monitoring composition changes that occur 
with OA progression related to the content of 
amide I and carbohydrate. The disorder coil 
collagen increases significantly during the 
early progression of OA. The main structural 
components of AC such as collagen and 
proteoglycans of immature, mature, and 
degenerative cartilage can be studied by using 
FTIR microspectroscopy combined with 
multivariate data analysis. It was found that the 
significant degradation of amide I collagen 
was found in the advanced stage of OA 
(Saarakkala et al., 2003; Khanarian et al., 
2014).  

Some studies have reported that 
degradation and destruction of the femoral AC 
had a greater degree of deterioration than those 
of the tibial- and patellar-articular cartilage in 
patients with early stages of OA of the knee 
(Hada et al., 2014). A study of the correlation 
between AC degeneration and bone morphometric 
parameters in OA knees revealed that 
degeneration of joint cartilage was generally 
more severe in the medial femoral condyle 
than that in the lateral one (Temple et al., 
2007). The aim of the present study was to 
investigate the changes in the biochemical 
components of the cartilage and underlying  
SB of the medial condyle of the femur in  
a comparison between normal and OA knees. 
We combined both the SR-IR microspectroscopy 
technique and histochemical staining in order 
to investigate changes in the biochemical 
components of the samples concerning 
differences in the materials present - protein 
amide I, II, and III, and proteoglycans. 
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Materials and Methods 

Sample Isolation: Collection of Bone and 
Cartilage from the Medial Condyle of the 
Femur 

Medial condyles of the femur were 
collected from males and females. The studied 
OA knees were collected from patients who 
were 47 years old (young OA) and 82 years  
old (aged OA) who underwent total knee 
arthroplasty. The studied subjects were graded 
for OA by the Kellgren and Lawrence system 
in grade 3 (Kellgren and Lawrence, 2000). The 
control samples were collected from a patient 
(21 years old) who underwent anterior cruciate 
ligament reconstruction with notchplasty and 
had no macroscopic evidence of AC 
degeneration or osteoarthritis. Exclusion 
criteria included patients who had an 
inflammatory joint disease, steroid injection 
prior to surgery, high blood calcium, and 
current drug history of mmbisphosphonate 
therapy. Tissue samples were collected using a 
cylindrical osteochondral explant with the 
approval of the medical ethics commission, 
consent of the medical institute of Suranaree 
University of Technology, and consent on the 
patient form. The sizes of the samples were  
3-4 cm  0.5 cm. 

 
Tissue Preparation 

All samples were fixed with 10% neutral 
buffered formalin (Sigma-Aldrich, St. Louis, 
MO, USA), followed by washing with 70% 
ethanol. Decalcification was performed by 
submerging the tissues in Decalcifying 
Solution-Lite (Sigma-Aldrich). The tissues 
were subsequently dehydrated, embedded in 
paraffin, and then sectioned at 5 µm thick. 
After deparaffinization and rehydration, the 
sections were stained with: 1) Mayer’s 
hematoxylin and eosin (Bio-Optica, Milan, 
Italy) for the conventional histological study; 
2) alcian blue pH 2.5 (Sigma-Aldrich) for 
studying the presence of proteoglycans; and  
3) Masson's trichrome (Abcam, Cambridge, 
UK) for identifying the collagen fibers and 
bone matrix (Schmitz et al., 2010). Finally, all 
stained sections were dehydrated, cleared, 

mounted, and observed under a light 
microscope (80i, Nikon, Tokyo, Japan). The 
photographs were captured with a digital 
camera (BP72, Olympus, Tokyo, Japan). 

 
SR-IR Microspectroscopy 

Spectra data were collected at an infrared 
microspectroscopy beamline (BL4.1 IR 
Spectroscopy and Imaging) at the Synchrotron 
Light Research Institute (SLRI). Spectra were 
acquired with a Vertex 70 FTIR spectrometer 
(Bruker Optics, Ettlingen, Germany) coupled 
with an IR microscope (Hyperion 2000, 
Bruker) with an mercury cadmium telluride 
detector cooled with liquid nitrogen over the 
measurement range from 4000 to 800 cm-1. 
The microscope was connected to a software-
controlled microscope stage and placed in  
a specially designed box that was purged with 
dry air. The measurements were performed 
using an aperture size of 10×10 μm with  
a spectral resolution of 4 cm-1, with 64 scans 
co-added. Spectral acquisition and instrument 
control was performed using OPUS 7.2 
(Bruker Optics Ltd, Ettlingen, Germany) 
software. The spectral changes of the 
functional groups were performed at the 
integral area of each peak, especially the 
region of amide I collagen (1700-1600 cm-1), 
amide II collagen (1600-1500 cm-1), amide III 
collagen (1338 cm-1), and proteoglycan 
carbohydrate (1140-985 cm-1). 

 
Statistical Analysis 

The spectra from each component of the 
subchondral bone and articular cartilage 
sample were baseline correct, using 9 
smoothing points, and vector normalized by 
the Savitzky-Golay method (3rd polynomial, 
13 smoothing points) using the Unscrambler X 
10.1 software (CAMO Software, Oslo, 
Norway) in order to normalize for the effects 
of differing sample thicknesses. The spectra 
from each group at the different ages were then 
analyzed using principal component analysis 
over spectral ranges of 1800-900 cm-1 to 
distinguish the different biochemical 
components of each sample group. 
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Results 

Histology of Subchondral Bone and Articular 
Cartilage from Normal and OA of the Knee 

In the normal samples, histological 
staining revealed that the AC consisted of 3 
areas - the superficial, transitional, and radial 
zones (Figure 1A(a)).The superficial zone 

consisted of chondrocytes housed in lacunae. 
Mostly, each lacuna contained 1 cell. The 
transitional zone is located deep into the 
superficial zone. This zone contained spherical 
or ovoid-shaped chondrocytes. The radial zone 
contained chondrocytes that were arranged 
perpendicular to the articular surface. Some 
lacunae contained numbers of cells. This zone 
is located close to the calcified cartilage (CC) 

 
 
Figure 1. (A): Histology of condyles of the normal knee (a and b), young OA (c), and aged OA (d). 
 The articular cartilage (AC) of the condyle is divided into the superficial zone (S), 
 transitional zone (T), and radial zone (R). The radial zone is separated from the calcified 
 cartilage (CC) by a tidemark (arrowhead). Deeper to the CC is the subchondral bone 
 (SB). (B): Staining of proteoglycans in the condyles of the normal knee (a), young OA  
 (b), and aged OA (c). (C): Staining of collagen fibers and bone matrix in the condyles of  
 the normal knee (a), young OA (b), and aged OA (c). The collagen fibers are stained in  
 blue and the bone matrix is stained in red. MC, medullary cavity. Scale bar = 200 µm 
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and was separated from the CC by a tidemark 
(Figure 1A(b)). The CC lay close to the SB. 
The structures of the AC, CC, and SB of the 
young OA were seen similar to that of the 
normal person (Figure 1A(c)). In contrast, 
erosion was observed in the AC and CC of the 
aged OA (Figure 1A(d)).  
 
Change of Proteoglycans of Subchondral 
Bone and Articular Cartilage from Normal 
and OA of the Knee 

The normal samples contained proteoglycans 
that were distributed throughout the AC (Figure 
1B(a)). Weaker staining of the proteoglycans 
was found in the CC. In the young OA, the 
strongest staining of the proteoglycans was 
observed in the AC and CC (Figure 1B(b)). 
The AC and CC of the aged OA showed 
weaker staining of the proteoglycans compared 
to those of the young OA (Figure. 1B(c)). 
However, the proteoglycans in the aged OA 
were stained stronger than that of the normal 
samples. No proteoglycans were stained in the 
SB of all the samples. 

 
Change of Collagen Fibers of Subchondral 
Bone and Articular Cartilage from Normal 
and OA of the Knee 

In the normal samples, collagen fibers 
were distributed homogeneously in the AC 
(Figure 1C(a)). No bone matrix was found in 
the AC. Collagen fibers were identified around 
the lacunae in the CC, but no collagen fibers 
were identified in the SB. The strongest staining 
of the bone matrix was observed in the SB. 

In the young OA, the collagen fibers were 
observed only in the AC, and in weaker 
staining compared to that of the normal 
samples (Figure 1C(b)). No collagen fibers 
were found in the CC and SB. The matrix of 
the AC was partly replaced by the bone matrix. 
However, the staining of the bone matrix in the 
CC and SB were similar to those of the normal 
person. In the aged OA, the collagen fibers 
were not identified in all areas of the samples 
(Figure 1C(c)). In addition, the matrix of the 
AC was partly replaced by the bone matrix. 
 
Changes of Biochemical of Subchondral 
Bone and Articular Cartilage from Normal 

and OA People Investigated by Using SR-IR 
Microspectroscopy Technique 

The use of the SR-IR microspectroscopy 
technique has been applied to determine the 
main component of the bone sample. The high 
resolution of the SR-IR technique can be used 
directly to measure each part of the samples: 
articulate cartilage, calcified cartilage, and 
subchondral bone (Kellgren and Lawrence, 
2000; Knudson and Knudson, 2001; Kobrina 
et al., 2012; Khanarian et al., 2014; Kobrina, 
2014). The infrared spectra of the samples with 
the different ages of the patients under OA 
conditions are shown in Figure 2. They are 
divided into 4 regions: (1) amide I collagen 
1700-1600 cm-1, (2) amide II collagen 1600-
1500 cm-1, (3) amide III collagen 1338 cm-1, 
and (4) Proteoglycan carbohydrate 1140-985 
cm-1. Spectra features of IR spectra from the 
medial condyles specimens mainly originated 
from absorbance of the amide I, amide II,  
and amide III collagen molecules. Collagen 
molecules are the main component of 
cartilage’s solid matrix which is strongly used 
for analysis of the collagen content. Amides II 
and III are related to CH2 bending vibration, 
CH3 asymmetric bending, and COO- 
stretching vibration. CH2 side chain vibration 
of collagen, especially the small CH2 side 
chain at 1340 cm-1 of the IR band, is usually 
important for the characterization feature of 
the collagen. The carbohydrate region (1140-
980 cm-1) is related to the stretching vibration 
of C-O, C-OH, and C-C ring vibration which 
is more specific to proteoglycans (Kobrina, 
2014; Kumar et al., 2015) which is another 
component of the extracellular matrix 
(Kellgren and Lawrence, 2000; Knudson and 
Knudson, 2001; Kobrina et al., 2012; 
Khanarian et al., 2014; Kobrina, 2014). The 
characteristic band assignment of bone 
samples can be classified into 4 regions as seen 
in Table 1. 

Figure 4(a) shows the functional group 
area maps of a part of a tissue section from the 
articular cartilage (AC), calcified cartilage 
(CC), and subchondral bone (SB) achieved 
using SR-IR microspectroscopy point-to-point 
mapping with an aperture setting at 10×10 
µm2. The average FTIR absorbance spectra of 
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the samples and the integral areas under OA 
conditions compared between the 3 areas of 
the normal and OA samples are shown in 
Figures 2(b)-2(d). The integrated peak areas of 
amide I (1700-1600 cm-1), amide II (1600-
1500 cm-1), amide III (1338 cm-1), and 

proteoglycans (1140-985 cm-1) were used and 
demonstrated on a histogram. The peak 
intensities of amide I significantly decreased in 
the AC of the young and aged OA (0.2073± 
0.0019 and 0.2070±0.0027, respectively) 
compared to that of the normal samples 

 
 

Figure 2. (A): Functional group area maps obtained under the spectral regions ranged from 1750-
 1000 cm-1 of the normal, young OA (47 years old), and aged OA (82 years old)at different 
 area measurement:subchondral bone (red color), calcified cartilage (blue color), and 
 articular cartilage (green color). The measurement was performed by point to point 
 measurement with aperture setting at 10×10 μm square aperture, 4 cm-1 64 scans using 
 SR-IR microspectroscopy. (B): Average original IR spectra extracted from the articular 
 cartilage (AC) of the normal, young OA, and aged OA. (C): Average original IR spectra 
 extracted from the calcified cartilage (CC) of the normal, young OA, and aged OA. (D): 
 Average original IR spectra extracted from the subchondral bone (SB) of the normal, 
 young OA, and aged OA. Approximately 100 spectra were collected from each group. 
 Average spectra were preprocessed with 13 points of smoothing, baseline correction, and 
 vector normalization over the spectral range of 1800-900 cm-1. Different letters indicate 
 significant differences 
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(0.2154±0.0009) (Figure 2(b)). In contrast, the 
amide I peak intensities were significantly 
higher in the SB of both the young and aged 
OA (0.2133±0.0008 and 0.2122±0.0007, 
respectively) compared to that of the normal 
samples (0.2084±0.0009) (Figure 2(d)). The 
AC of the young OA showed the significant 
highest peak intensity of amide II (0.1057± 
0.0013) (Figure 2(b)). The amide II 
significantly decreased in the aged OA (0.0936 
±0.0054) compared to the young OA, but was 
still at a higher level than that of the normal 
samples (0.0854±0.0016). There was no 
difference in the peak intensity of amide II in 
the CC of all samples (Figure 2(c)). However, 
in the SB of the aged OA, the amide II 
significantly decreased (0.0906±0.0024), 
compared to that of the normal samples 
(0.0972±0.0035) (Figure 2(d)). 

Similar to the amide II, the peak intensity 
of amide III was significantly highest in the 
AC of the young OA (0.0104±0.0005). 
However, the intensity was significantly 
lowest in the AC of the aged OA (0.0061± 
0.0007) (Figure 2(b)). Moreover, the peak 
intensities of amide III in the CC and SB of the 
aged OA were significantly lower (0.0041± 
0.0008 and 0.0093±0.0004, respectively) 
(Figure 2(c)-(d)) compared to those of the 
normal samples (0.0085±0.0005 and 0.0101± 
0.0003, respectively). The degradation of 

amide III and amide I was observed at the late 
stage of the OA samples, the same as the 
results compared with the spectra from the 
cartilage region. The degeneration of the AC 
and CC can be observed by these 2 bands. In 
the SB region, the increase of the amide I and 
the decease of the amide II collagens was 
observed significantly at the late stage of OA 
persons. This biomarker band can be used to 
indicate orientation of the collagen fibril 
network (Kellgren and Lawrence, 2000; 
Knudson and Knudson, 2001; Kobrina et al., 
2012; Khanarian et al., 2014; Kobrina, 2014; 
Kumar et al., 2015). 

The peak intensity of proteoglycans was 
significantly highest in the AC of the young 
OA (0.0377±0.0045) (Figure 2(b)). The 
intensity decreased in the aged OA (0.0234± 
0.0029), but was still at a higher level than that 
of the normal sample (0.0105±0.0012). The 
SB of the aged OA contained a similar level of 
the proteoglycans to that of the normal sample 
(0.0073±0.0007 and 0.0080±0.0002, respectively) 
(Figure 2(d)). 
 
Integration Band Ratios of the Specimens 

To demonstrate specifically the degrading 
of the collagen content, the integrated ratios of 
amide II/amide I, amide III/amide II, and 
proteoglycans/amide I can be used for 
quantification changes in the collagen network 

Table 1. The Infrared absorption of the samples 
 

Functional group Wavenumber (cm-1) References 
1.Protein amide I collagen  1700-1600 cm-1 Kobrina et al. (2012); 

Kobrina (2014) Amide I C=O   
Beta sheet 1638-1644 cm-1 
Alpha helix/Beta turn 1660-1668 cm-1 
Beta sheet 1692 cm-1 Figueiredo et al. (2012); 

Kobrina et al. (2012); 
Kobrina (2014) 

2.Protein amide II  
(C-N stretching/NH bending/C-C 
stretching of collagens) 

1600-1500 cm-1  

3.Protein amide III collagen 
 

1338 cm-1 Boskey et al. (2007); 
Kobrina (2014) 

4. Proteoglycan carbohydrate  
(C-O stretching vibration of 
carbohydrate residue in collagen and 
proteoglycans) 

1140-985 cm-1 Potter et al. (2001); Kobrina 
(2014) 
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during the OA progression (Kellgren and 
Lawrence, 2000; Knudson and Knudson, 
2001; Kobrina et al., 2012; Khanarian et al., 
2014; Kobrina, 2014; Kumar et al., 2015). 

In the AC, the amide II/amide I ratio 
significantly increased in both the young and 
aged OA (0.5098±0.0096 and 0.4522±0.0291) 
compared to that of the normal sample (0.3962 
±0.0058) (Figure 3(a)). This ratio was at  
a similar level in the CC of all the samples 
(0.4233±0.0138, 0.4348±0.0069, and 0.4388± 
0.0144 in the normal, young OA, and aged OA, 
respectively) (Figure 3(b)). In contrast, the 
ratio significantly decreased in the SB of the 
aged OA (0.4271±0.0122) compared to the 

normal sample (0.4663±0.0177) (Figure 3(c)). 
The amide III/amide II ratio was significantly 
lowest in the AC and CC of the aged OA 
(0.0648±0.0037 and 0.0465±0.0088, respectively) 
(Figure 3(a-b)). Those ratios of the normal 
samples were 0.0961±0.0034 and 0.0958± 
0.0047, respectively. However, no significant 
difference of the ratio was observed in the SB 
of all the samples (0.1040±0.0047, 0.1008± 
0.0016, and 0.1032±0.0036) in the normal, 
young OA, and aged OA, respectively (Figure 
3(c). The proteoglycans/amide I ratio was 
significantly highest in the AC of the young 
OA (0.1821±0.0230) (Figure 3(a)). The AC of 
the aged OA showed a decrease in the 

 
 
Figure 3. The integrated ratio of the peak intensities of IR spectra extracted from the articular 
 cartilage (A), calcified cartilage (B), and subchondral bone (C) of the normal condyle and 
 the young and aged OA. Average spectra were preprocessed with 13 points of smoothing, 
 baseline correction, and vector normalization over the spectral range of 1800-900 cm-1. 
 Different letters indicate significant differences 
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proteoglycans/amide I ratio (0.1129±0.0147) 
compared to that of the young OA. However, 
this ratio was still higher compared to that of 
the normal samples (0.0486±0.0058). The 
proteoglycans/amide I ratio was significantly 
higher in the CC of both the young and  
aged OA (0.0678±0.0081 and 0.0649±0.0050, 
respectively), compared to those of the normal 
samples (0.0374±0.0010) (Figure 3(b)). However, 
in the SB, this ratio for the aged OA was at a 
similar level compared to that of the normal 
samples (0.0345±0.0034 and 0.0383±0.0010, 
respectively) (Figure 3(c)). 
 
The Overall Integral Areas of the Amide 
Collagen of the Specimens 

The sum of the spectra of amide I (1700-
1600 cm-1), amide II (1600-1500 cm-1), and 
amide III (1338 cm-1) are shown in Table 2. 

In the AC and CC, it appeared that the 
significantly highest level of the sum of the 
amides was observed in the young OA (0.323± 
0.001 and 0.310±0.002, respectively). The AC 
and CC of the aged OA showed lower levels of 
the sum of the amides (0.307±0.005 and 0.293 
±0.002, respectively) compared to that of the 
normal samples (0.309±0.003 and 0.305± 
0.001, respectively) in which a significant 
difference was observed in the CC. The SB of 
the normal and both the young and aged OA 
showed no significant difference in the sum of 
the Amides (0.316±0.003, 0.317±0.001, and 
0.312±0.002, respectively). 

 
Principal Component Analysis 

Principal component analysis (PCA) is a 
statistical data-reduction method which transforms 
the original data set of variables into a new set 
of uncorrected variables known as principal 

components (PCs). The PCA was performed 
on the original spectra acquired from the 
articular cartilage, calcified cartilage, and 
subchondral bone. The output of the data analysis 
can be presented either as 2 dimensional  
(2 PCs) or in 3-D using 3 PCs. The use of 
multivariate analysis, in particular PCA, has 
proven to be useful in the analysis of 
biospectroscopic data by providing 2 types of 
information: visualization of clustering of 
similar spectra within datasets in scores plots; 
and identification of variables (spectral bands 
representing various molecular groups within 
the samples) in loadings plots explaining the 
clustering observed in the scores plots (Matsui 
et al., 1997; Kobrina, 2014). 

The PCA analysis of all areas of the 
samples is shown in Figure 4. The PCA score 
plot showed that spectra from the 3 areas were 
clustered separately along PC1, PC2, and PC3. 
The positive loading was plotted from the PC1 
loading at 1629 cm-1, 1538 cm-1, 1201 cm-1, 
1076 cm-1, and 958 cm-1 in the positive-score 
plot of the AC spectra of the young and aged 
OA. The negative was plotted from the PC3 
loading at 1679 cm-1, 1550 cm-1, 1450 cm-1, 
and 1332 cm-1 which explained the cluster 
between areas. From the PCA analysis, it was 
shown that the main spectra changes contributed 
to spectra from the cartilage of the aged OA. 
The spectra change in terms of the amide I 
alpha helix structure (1660 cm-1) was shifted to 
the amide I beta sheet structure (1631 cm-1) 
when compared with the normal samples. The 
spectra from the normal samples were clearly 
observed in the negative PC3 score plot 
corresponding with the negative PC3 loading 
at 1646 cm-1, 1589 cm-1, 1137 cm-1, and 979 
cm-1. The spectra from the SB were observed 

Table 2. The sum of integral areas of amides I, II, and III obtained from spectra of the articular 
cartilage, calcified cartilage, and subchondral bone 
 

Component Integral area 
21 years old normal 47 years old OA 82 years old OA 

Articular cartilage  0.309 ± 0.003a 0.323 ± 0.001b 0.307± 0.005a 
Calcified cartilage  0.305 ± 0.001b 0.310 ± 0.002c 0.293 ± 0.002a 
Subchondral bone  0.316 ± 0.003 0.317 ± 0.001 0.312 ± 0.002 

Note: Different superscript letters in the same row indicate significant differences (P < 0.05, Duncan’s new 
multiple range test) 
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in the spectral changes in amide I and II which 
could imply the change in collagen orientation. 
Osteoarthritis and degeneration of the articular 
cartilage were involved in the change in 
orientation of the collagen fibril network. The 
structural changes in terms of the amide I alpha 
helix and amide I beta sheet are important 
points that are involved in the spectral changes 
in the cartilage at the late stage of age (Kobrina 
et al, 2012; Kobrina, 2014). 

Discussion 

Infrared analysis of bone and cartilage has 
proven to be a valuable technique in the field 

of OA. It is a powerful tool for establishing  
the important material properties’ contribution 
to better understand the changes in fragile  
bone and cartilage. Synchrotron-based FTIR 
microspectroscopy has introduced a novel 
method to study the chemical composition 
distribution of biological components which 
can be applied to obtain results with high 
spatial resolution. The FTIR technique is an 
alternative choice to gain information from the 
collagens (amides I, II, and III) represented 
from the peptide bond C = O stretching, C-N 
stretching, and N-H bending (Guilak et al., 
1994; Knudson and Knudson, 2001; Kobrina 
et al., 2012; Khanarian et al., 2014). 

 
 
Figure 4. The PCA score plot (A), the loading PC1 (B), and PC3 (C) of IR spectra from different 
 regions of the samples: articular (AC), calcified cartilage (CC), and subchondral bone 
 (SB) of the 21 years old normal person and OA people (47 and 82 years old). Averages 
 of the spectra were preprocessed with 13 points of smoothing, baseline correction, and 
 vector normalization over the spectral ranges of 1800-900 cm-1 
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In the present study, histochemical 
staining of the proteoglycans showed that 
amount of proteoglycans in the AC of the 
young OA increased when compared to that of 
the normal samples. The proteoglycans were 
decreased in the aged OA, but was still 
stronger than that of the normal condyle. This 
was similar to the result obtained from the SR-
IR microspectroscopy and those of previous 
investigations. A study reported that the rate of 
proteoglycan synthesis increased in the early 
OA condition (Knudson and Knudson, 2001). 
This could be related to a repairing process  
of the cartilage. The rate of proteoglycan 
synthesis decreased with the progression of 
OA which caused an elevation in the apoptotic 
rate of the chondrocytes (Nelson et al., 2006). 
Thus, the amount of the proteoglycans 
decreased in the late stage of OA (Muller-
Gerbl et al., 1989; Nelson et al., 2006; Oinas 
et al., 2016). Various studies using humans  
as models revealed that a decrease in 
proteoglycans was obviously observed only in 
the advanced stage of OA (Hattori et al., 
2007). In the advanced stage of OA, the loss of 
proteoglycans in the AC is considered to be  
a hallmark of the osteoarthritic process 
(Takahashi et al., 2014). It was found that, 
after any injury, hyaline cartilages were 
replaced by fibrocartilage which contained 
predominantly collagen type I and low 
amounts of proteoglycans (Radin et al., 1970; 
Muller-Gerbl et al., 1989; Matsui et al., 1997; 
Panula et al., 1998; Price et al., 2002; Nelson 
et al., 2006; Oinas et al., 2016). Histochemical 
staining was not able to detect the proteoglycans 
in the SB of all the people, whereas the SR-IR 
microspectroscopy showed the ability to do so. 
This suggests that the FTIR achieves molecular 
information at a higher spatial resolution than 
that of the histochemical staining. Thus, SR-IR 
microspectroscopy could overcome the limitation 
of histochemical staining in detection of 
biochemical changes in the samples of OA. 

Histochemical staining showed a decrease 
in the amounts of collagens in the OA knee, 
especially that of the aged OA. This is in 
agreement with results reported in previous 
studies (Eckstein et al., 1992; Eckstein et al., 
1995). It was found that the AC of OA  

knees degenerated in association with the 
denaturation of type II collagens (Dragica  
et al., 2003). Some studies reported that OA 
knees had an increase in the percent 
denaturation of the type II collagens which 
were found to be cleaved by collagenases 
(Stoop et al., 2001). Some research (Radin  
et al., 1970; Muller-Gerbl et al., 1989; Rizkalla 
et al., 1992; Matsui et al., 1997; Panula et al., 
1998; Price et al., 2002; Saarakkala et al., 
2003; Lajeunesse 2004; Nelson et al., 2006; 
Saarakkala et al., 2010; Kobrina et al., 2012; 
Rieppo et al., 2012; Kobrina 2014; Kumar  
et al., 2015; Oinas et al., 2016) stated that the 
degradation of amides I and III was observed 
at the late stage of age. However, the SR-IR 
microspectroscopy revealed more details. This 
technique showed that the level of the sum of 
amides was significantly highest in the AC and 
CC of the young OA. In contrast, all parts of 
the samples of the aged OA showed lower 
levels of the sum of amides compared to that 
of the normal samples in which a significant 
difference was observed in the CC. 

In OA, the degradation of the extracellular 
matrix of the AC may occur and its function 
may be inhibited. Degenerative changes 
include the disruption of collagen fibrils that 
restricts the proteoglycan-water binding 
capacity and leads to swelling. The changes in 
collagen and proteoglycans contents play an 
important factor in disease progression. 
During the progression of OA, the associated 
changing in the molecular composition and 
organization of the cartilage matrix leads to 
deterioration in the material properties and 
structural integrity of the articular surface 
(Goldring and Goldring, 2010). One of many 
signs of early OA is the decreasing in 
proteoglycans from the cartilage surface and 
fibrillation of the superficial collagen network 
(Sabatini et al., 2000; Schmitz et al., 2010; 
Schneevoigt et al., 2017). After this change, 
cartilage tissue begins to swell and its water 
content increases. Consequently, the mechanical 
property of AC deteriorates. Especially, dynamic 
stiffness of the tissue decreases in the  
early stage of OA (Hada et al., 2014). 
Characterization of these changes is crucial if 
one wants to understand the processes of OA. 
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Spectral analysis using confocal Raman 
spectroscopy indicated that the content of 
disordered coil collagen increased significantly 
during the early progression of OA (Takahashi 
et al., 2014). In the present study, the amounts 
of amide III in the AC of the young OA 
increased when compared to that of the normal 
samples. It was indicated that the higher 
intensity of amide III revealed the higher 
content of disordered collagen. This could be 
used as evidence for detective collagen leading 
to the abnormality of the cartilage structure 
(Hattori et al., 2007). After a defect of the 
cartilage, regenerative tissue showed significant 
changes in collagen distribution compared to 
normal cartilage with collagen fibrils 
demonstrating a random orientation. Loss in 
proteoglycan content was also shown (Rieppo 
et al., 2012). 

From the overall results, it can be 
concluded that articular cartilage is mainly 
distributed to OA progression in the late stage 
of the OA samples (47 years and 82 years)  
as observed in the increase in the amide 
II/amide I ratio, amide III/amide I ratio, and 
proteoglycans/amide I when compared with 
the normal samples. The amide II/amide I ratio 
was observed to be significantly higher in the 
AC of both the young and aged OA compared 
to that of the normal samples. The ratio of 
amide II/amide I was utilized as a spectral 
marker of collagen orientation. Since the 
amide I and amide II vibration modes have 
transition vibration indicating the transition 
moment’s approximately perpendicular directions, 
it can be implied that there is degradation of 
the collagen network (Knudson and Knudson, 
2001; Stoop et al., 2001; Kobrina et al., 2012; 
Khanarian et al., 2014). This result suggests 
that the change in the chemical compositions 
of the AC is caused by the progression of 
OA.SR-IR microspectroscopy can be rapidly 
applied to characterize the distribution and 
structure of the articular cartilage components. 
It also can provide valuable information in 
revealing compositional and structural changes 
in the articular cartilage which is an indicator 
to detect the early stage of OA. 

Conclusions 

In summary, it can be concluded that the 
cartilage of the medial femoral condyles was 
the main structure that was affected by the 
progression of OA caused by the decrease in 
the level of the sum of the amides. OA also was 
involved in the change in orientation of the 
collagen fibrils network and structural changes 
in terms of the amide I alpha helix and amide I 
beta sheet. This study demonstrated that SR-IR 
microspectroscopy can be rapidly applied to 
characterize the distribution and structure of 
cartilage components. It also enables the 
correlation between cartilage properties and 
function. Moreover, SR-IR microspectroscopy 
can provide valuable information to reveal 
compositional and structural changes in 
cartilage which is an indicator for the detection 
of the early stage of osteoarthritic degradation. 
This works helps us to better understand OA. 
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