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Abstract

Chondroitin sulfate A, chondroitin sulfate C, glucosamine hydrochloride and glucosamine sulfate are natural products that are becoming
increasingly popular in the treatment of arthritis. They belong to a class of compounds known as glycosaminoglycans (GAGs). They are
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vailable over the counter as nutritional supplements. However, increasing use has led to increasing scrutiny of the quality of prod
arket. There is also interest in the pharmacological properties of these compounds. To facilitate this, there is a need for better qu
uantitative methods of analysis. This paper describes methods for achieving the qualitative identification of chondroitin sulfate A, c
ulfate C, glucosamine hydrochloride or glucosamine sulfate. Fourier transform infrared spectroscopy coupled with a variety of ch
ethods successfully classified these compounds. Using soft independent modeling of class analogies (SIMCA), hierarchical clus

HCA) and principal components analysis (PCA) samples were classified as either chondroitin sulfate A, chondroitin sulfate C, glu
ydrochloride or glucosamine sulfate. This work also examined the discriminating ability of different sections of the spectrum. It w

hat for the classification of these compounds that using the finger print region of the spectrum (below 2000 cm−1) gave the best discriminatio
2005 Elsevier B.V. All rights reserved.
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. Introduction

Osteoarthritis (OA) is a degenerative disease of the carti-
age in the joints of the human body[1,2]. OA is generally
haracterized by pain and or swelling in the affected joint
nd has an increased occurrence in women and those who are
verweight[3]. It has been suggested by Mankin et al. that
A is not one disease but a number of diseases through which
imilar symptoms arise[1]. Chemically, arthritis is charac-
erized by a change in the composition of the extra cellular
atrix of the joint[3]. Ishiguro notes there is a distinct change

n the ratio of chondroitin sulfate 6 to chondroitin sulfate 4.
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There are a number of treatment options available to
ferers of arthritis, ranging from simple lifestyle changes to
use of pharmaceuticals to treat pain and inflammation fo
ample non steroidal anti-inflammatory drugs (NSAIDs)
natural products (Nutraceuticals)[1,4,5]. Extreme cases r
quire surgery including total joint replacement[4]. Increas
ingly, there has been a move towards the use of so-c
natural products for the treatment of OA. The reasons fo
increased uptake of these products include cost, availa
and a perception of greater safety with the use of na
products[6].

Chondroitin sulfates are one type of “Nutraceuticals”
are being used in the treatment of the symptoms of a
tis [4,7]. Chondroitin sulfates are naturally occurring g
cosaminoglycans (GAGs). GAGs share some similar s
tural properties with polysaccharides. Chondroitin sulf
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Fig. 1. The disaccharide unit of chondroitin sulfate A.

occur as a part of the proteoglycan Aggrecan, which is con-
sidered as an important part of the composition of joint car-
tilage. Hardingham et al. suggests that the role of aggrecan
is to draw water into the collagen matrix of cartilage to give
it some of its structural properties[8]. Chondroitin sulfate is
present in a number of forms the most common forms are
chondroitin 4 sulfate (CS4) also known as chondroitin sul-
fate A (CSA) seen inFig. 1, chondroitin 6 sulfate (CS6) also
known as chondroitin sulfate C (CSC) seen inFig. 2 and
dermatan sulfate also known as chondroitin sulfate B (CSB).
Chondroitins are glycosaminoglycans made up of alternating
uronic acid andN-acetyl-d galactosamine residues. The dis-
accharide units are joined to one another by a�1-4 linkage
the residues are joined by a�1-3 linkage. Dermatan sulfate
is similar, but contains iduronic acid as opposed to uronic
acid. There are a number of different sources of chondroitin
sulfate. In the nutraceutical market the three main sources are
bovine cartilage derived, shark cartilage derived and porcine
derived.

It has been reported that treatment with preparations that
contain chondroitin sulfates, are more effective than placebo
preparations and have a longer lasting, yet slower action than
some NSAIDs[5,9]. One of the claimed advantages of chon-
droitin sulfate therapy over conventional NSAID therapy is
that there is a reduced risk of gastrointestinal ulcers, which
can be a side effect of NSAID treatments[9–11]. With the

Fig. 3. The structure of glucosamine hydrochloride (left) and glucosamine
6 sulfate (right).

increase in use of these drugs there will be an increased need
for new and better analysis techniques.

Glucosamine is a naturally occurring compound present
in many of the body’s tissues being used in the treatment of
arthritis [7]. The chemical structure of glucosamine can be
seen inFig. 3. Glucosamine for arthritis products is usually
formulated as the hydrochloride salt or glucosamine sulfate
and often combined with chondroitin sulphate. It is notable
that while both the hydrochloride salt and glucosamine sul-
fate are used in pharmaceutical preparations, glucosamine
sulfate is thought to have a higher biological activity due to
the presence of the sulfate[12]. It should also be noted that
there is a large cost difference between the two salts, with the
hydrochloride salt being significantly less expensive.

The chemical structure of GAG compounds make them
suitable for study with infrared spectroscopy (IR). It has been
shown that IR spectroscopy can be used to gather informa-
tion about GAGs in aqueous and deuterium chloride solutions
by Cabassi et al and Casu et al., respectively[13,14]. Other
work with IR spectroscopy has included the analysis of the
breakdown products of the polymeric components of carti-
lage, when reacted with enzymatically produced hypochlor-
ous acid in order to better understand the pathology of arthri-
tis [15]. Servaty et al. have studied the hydration profiles of
GAG compounds to better understand how they absorb wa-
ter, an important chemical property that relates to the physical
p
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Fig. 2. The disaccharide unit of chondroitin sulfate C.
roperties of cartilage[16].
Chemometric pattern recognition techniques have

uccessfully applied with infrared spectroscopy to the an
is of polysaccharides in wine using principal compon
nalysis (PCA) and canonical correlation analysis (C

17], the analysis of sugar adulterants in honey using
ar discriminate analysis (LDA)[18], esterification in pecti
amples using PCA and principal variables analysis (PV)[19]
nd the classification of the GAG NaPPS using PCA
IMCA [20].
This work looked at using principal components anal

s a data reduction techniques and linking that with hiera
al cluster analysis (HCA) and soft independent modelin
lass analogies (SIMCA developed by S. Wold in the 19
21]). SIMCA revolves around the use of PCA as a data
uction and modeling technique[22].

Hierarchical cluster analysis is a multivariate anal
echnique that is used to sort samples into groups, wit
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goal of having each group or cluster containing objects which
are similar to each other. Often cluster analysis occurs af-
ter a visual inspection of the data using a technique such as
PCA [22]. The similarity or dissimilarity between samples
(objects) is usually represented in a dendrogram for ease of
interpretation.

2. Experimental

2.1. Chemicals and reagents

Chondroitin sulfate A sodium salt (70%), chondroitin sul-
fate C sodium salt (90%), glucosamine hydrochloride and
glucosamine 6 sulfate were purchased from Sigma–Aldrich
(Sigma–Aldrich, Australia, Castle hill, Australia). The sam-
ples were pressed into KBr disks (Spectroscopic Grade KBr,
Merck Darmstadt, Germany).

2.2. Instrumentation

All samples were analysed by transmission fourier trans-
form infrared spectroscopy (FTIR) spectroscopy on a Nicolet
Magna IR 760 spectrometer (Nicolet, WI, USA).

2.3. Data analysis
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ment by Cabassi et al.[13]. The peak at 850 cm−1 (CSA)
and 825 cm−1 (CSC) were due to the C–O–S vibration ac-
cording to Honda et al.[23]. Peaks at 1150 and 1050 cm−1

(CSA) and 1140 and 1070 cm−1 (CSC) were probably
due to carbon–carbon vibrations, while peaks at 1420 and
1380 cm−1 in both compounds were from carbon–hydrogen
vibrations.

The spectrums of glucosamine 6 sulfate and glucosamine
hydrochloride are similar to that of glucose as they share
very similar structures. Both samples showed exceptions, due
to the presence of the sulfate and amine functional groups.
The S O band in glucosamine 6 sulfate was seen at around
1230 cm−1. Glucosamine hydrochloride showed two N–H
peaks above 3000 cm−1. Both samples showed a number of
peaks between 1500 and 1700 cm−1 that were due to the
amine group on each ring structure. Notable here were the
peaks at 1585 and 1540 cm−1 in the glucosamine hydrochlo-
ride that are due to the asymmetric and symmetric NH3

+

bending, respectively.
The effect of selecting various wavenumber ranges was in-

vestigated. First, the full spectrum for both the raw spectrums
and the first derivative data, second the area below 2000 cm−1

for both the raw data and the first derivative and finally the
area above 2000 cm−1 for both the raw and first derivative
data.
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Data analysis was undertaken using Microsoft Excel
rosoft, Redmond, USA) and SIRIUS (PRS, Bergen, N
ay). The data was first converted into an excel file, e
as then used to calculate the first derivative spectra.

he original data and the first derivative data were transp
nto SIRIUS 6.5. SIRIUS was then used to perform p
ipal components analysis, hierarchical cluster analysis
IMCA on the data.

. Results and discussion

Ten spectra from each sample were collected. All sp
f one sample were combined into a data matrix contai

he mid infrared transmission values for each of the repe
ach of the recorded wave numbers. From this matrix, a

rix of first derivative values was calculated thus the data
resented as two matrices for 40 samples. The first de

ive transformation greatly reduced the intra-sample v
ion. The spectra of chondroitin sulfate A, chondroitin sul
, glucosamine hydrochloride and glucosamine sulfate
e seen inFig. 4.

In the chondroitin sulfate A and chondroitin sulf
spectra the region above 2000 cm−1 was dominate

y the OH stretching vibration. The band at 1630
650 cm−1 was due to the amide 1 band for chondro
ulfate A and chondroitin sulfate C, respectively. The b
t 1250 cm−1 for CSA and at 1240 cm−1 for CSC has
een assigned to SO corresponding to the band assi
.1. Principal components analysis

The score plot of the first two principal compone
Fig. 5.), for the full spectrum showed the four groups cle
eparated. One of the chondroitin sulfate C samples wa
luded from the group as it was determined to be an ou
s expected, the chondroitin sulfate groups were clos
ach other than the glucosamine groups. The variable lo
lot (Fig. 6.), of the first principal component indicates th
reat deal of the information was derived from the area a
300 cm−1. The loading plot of the second principal com
ent (Fig. 7.), is dominated by peaks below 2300 cm−1. The
lot of the first two principal components also indicate
lear division between the chondroitin and the glucosam
amples. The plot of the first two principal component
he raw data below 2000 cm−1 looked highly similar to tha
f the first two principal components of the full spectru
owever, it appeared to have been shifted through ap

mately a quarter turn anticlockwise this is seen inFig. 8.
gain one chondroitin sulfate C sample was removed
ause it was an outlier. This suggests that the area a
000 cm−1, while greatly affecting the principal compone
nalysis had little effect on the differentiation of the sa
les and that most of the differences between the sam
ere occurring in the fingerprint region of the spectrum.

ably, the highest loading came from the area of the s
rum around 1230 cm−1. PCA performed on the area abo
000 cm−1 showed similar trends to the full spectrum, ho
ver there was less discrimination between the both grou
ompounds.
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Fig. 4. The mid infrared spectrum of (clockwise from top left) glucosamine 6 sulfate, glucosamine hydrochloride, chondroitin sulfate C and chondroitin sulfate A.
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Fig. 5. Score plot of the first two principal components for the full spectrum. The black squares represent chondroitin sulfate A, the grey squares represent
chondroitin sulfate C, the black circles represent glucosamine hydrochloride and the grey circles represent glucosamine 6 sulfate.

Fig. 6. The loadings plot of the first principal component for the full spectrum using the raw data.
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Fig. 7. The loadings plot of the second principal component for the full spectrum using the raw data.

Fig. 8. The score plot of the first two principal components of the raw data for the region of the spectrum below 2000 cm−1. The black squares represent
chondroitin sulfate A, the grey squares represent chondroitin sulfate C, the black circles represent glucosamine hydrochloride and the grey circles represent
glucosamine 6 sulfate.
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Fig. 9. The score plot of the first two principal components for the full spectrum of the first derivative data. The black squares represent chondroitin sulfate A,
the grey squares represent chondroitin sulfate C, the black circles represent glucosamine hydrochloride and the grey circles represent glucosamine 6 sulfate.

The score plot of the first two principal components of the
full first derivative spectrum showed good separation of all
the samples, this can be seen inFig. 9. Indeed the scores of
all 10 samples of the chondroitin sulfate C almost completely
overlapped each other. It was interesting to note that the chon-
droitin sulfate C was grouped closer to the glucosamine 6
sulfate than the chondroitin sulfate A. The loading plot of
the first principal component showed both positive and neg-
ative spikes at 3200 cm−1. Similar to the raw spectrum re-
sults, the twisting effect was seen when using only the area
below 2000 cm−1(seen inFig. 10.) suggesting that most of
the information contributing to the separation of the samples
is coming from the area below 2000 cm−1. The area above
2000 cm−1 showed a greatly reduced separation of the sam-
ples with overlap of chondroitin sulfate C and glucosamine
6 sulfate.

3.2. Hierarchical cluster analysis

Before performing HCA the data was reduced using prin-
cipal components analysis. To construct the dendrograms (the
output of HCA) the scores of the first three principal com-

ponents were used this can be seen inFig. 11. The dendro-
gram of the full spectrum based on the Euclidian distance
showed that the chondroitin sulfate C samples were the most
dissimilar compared to the other samples. It was also inter-
esting to note that one of the chondroitin sulfate A samples
was incorrectly grouped with the chondroitin sulfate C sam-
ples. Another interesting features of this information was that
the glucosamine 6 sulfate was closer to the CSA than to the
glucosamine hydrochloride. This may have been due to the
hydrochloride salt, as opposed to the sulfated structure of the
G6S, which was closer to that of the chondroitin sulfate as
the sulfate is part of the monosaccharide. Although the glu-
cosamine sulfate which is sulfated in the 6 position was more
closely associated with the chondroitin sulfate A, which is
sulfated in the 4 position of theN-acetyl-galactosamine moi-
ety of the disaccharide unit.

The dendrograms produced from the reduced data set
showed similar trends to that of the full wavelength range.
One chondroitin sulfate A sample was still grouped with the
chondroitin sulfate C samples and the glucosamine 6 sul-
fate was still shown to be most similar to the chondroitin
sulfate A. Examination of the dendrograms produced from
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Fig. 10. The score plot of the first two principal components for region below 2000 cm−1 for the first derivative data. The black squares represent chondroitin
sulfate A, the grey squares represent chondroitin sulfate C, the black circles represent glucosamine hydrochloride and the grey circles represent glucosamine 6
sulfate.

the first derivative data indicated that there was no longer
any misclassification of the chondroitin sulfate A (with one
sample incorrectly grouped with chondroitin sulfate C us-
ing the raw spectra). As with the raw data there was little
change in the structure of the dendrogram when using only
the area below 2000 cm−1. Both data sets showed the glu-
cosamine 6 sulfate grouped more closely to the chondroitin
sulfate C. The chondroitin sulfate A was the most dissimilar
group.

3.3. SIMCA

Soft independent modeling of class analogies has been
used to classify the four groups based on a principal compo-
nents model of each group. This work used the cross valida-
tion method to test the goodness of fit as opposed to a test
set[24,25]. Using SIRIUS, cross validated principal compo-
nent models were fitted to one another to calculate a class
distance. A class distance of less than one meant that there
was very little differences between the groups, a class dis-
tance of greater than one but less than thee indicated a partial

separation of the groups, a class distance of greater than three
indicated complete separation of the two groups.

The raw spectra in the cross validated model for each group
was tested for outliers, which were then discarded and the
group remodeled. For the raw spectra only one sample across
all the groups was discarded, this was from the chondroitin
sulfate C group leaving this group with only nine members.
Table 1lists the number samples and the number of princi-
pal components calculated in the cross validated model for
each group using the different spectral ranges.Table 2shows
the class distances calculated for each group using the three
areas of the raw spectrum. It was interesting to note that for
each of regions of the spectrums the same samples were not
completely resolved, namely the chondroitin sulfate A and
both the glucosamine samples. However, it can be seen that
the region of the spectrum below 2000 cm−1 comes closest to
reaching the critical value (3) indicating complete separation
of the two groups.

Table 3 shows the number of samples and the num-
ber of principal components calculated for the cross vali-
dated models using the three regions of the first derivative
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Fig. 11. Dendrogram showing the dissimilarity of the samples based on their Euclidian distance calculated from the first three principal components.The second sample is the misclassified chondroitin sulfate
A sample.
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Table 1
The number of principal components and the (%) variance explained for each cross validated model using the raw spectra

Sample Spectral range Outliers #PC’s Variation explained (%)

CSA
Full 0 6 99.98
Below 2000 0 5 99.98
Above 2000 0 4 99.97

CSC
Full 1 6 99.97
Below 2000 1 4 99.93
Above 2000 1 4 99.92

GluHCl
Full 0 6 99.98
Below 2000 0 5 99.96
Above 2000 0 5 99.99

GluSO4

Full 0 6 99.94
Below 2000 0 6 99.94
Above 2000 0 5 99.97

Table 2
Class distances calculated from the cross validated models using the raw spectrum

CSA CSC GluHCl GluSO4

Full spectrum
CSA *** 3.636 3.387 2.253
CSC 4.952 *** 3.867
GluHCl *** 2.163
GluSO4 ***

Below 2000 cm−1

CSA *** 3.911 3.318 2.692
CSC *** 3.653 4.279
GluHCl *** 2.902
GluSO4 ***

Above 2000 cm−1

CSA *** 3.363 3.44 1.98
CSC *** 5.729 3.679
GluHCl *** 1.668
GluSO4 ***

Asterisks signify N/A.

spectrum.Table 4shows the class distances from the first
derivative spectrum. Consistent with previous results, greater
class distances were achieved with the use of the first deriva-
tive spectrum. The results showed that the different regions
of the spectrum (full spectrum, below 2000 cm−1 and above

2000 cm−1) provided roughly the same class distances. Com-
pared to the raw spectrum the first derivative spectrums pro-
vided complete separation for all the models as opposed to
partial separation of two pairs of samples seen when using
the raw spectra. Across all regions of the spectrum the class

Table 3
The number of principal components and the 9%) variance explained for each cross validated model using the first derivative spectra

Sample Spectral range Outliers #PC’s Variation explained (%)

CSA
Full 0 6 99.34
Below 2000 0 6 99.31
Above 2000 0 7 99.69

CSC
Full 0 2 67.22
Below 2000 0 2 66.08
Above 2000 0 6 98.65

GluHCl
Full 0 4 98.51
Below 2000 0 4 98.72
Above 2000 0 8 99.96

GluSO4

Full 0 3 98.48
Below 2000 0 6 99.80
Above 2000 0 7 99.87
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Table 4
Class distances calculated from the cross validated models using the first derivative spectra

CSA CSC GluHCl GluSO4

Full spectrum
CSA *** 15.397 13.31 10.31
CSC *** 9.523 3.763
GluHCl *** 6 .099
GluSO4 ***

Below 2000 cm−1

CSA *** 15.185 12.148 7.816
CSC *** 9.595 3.756
GluHCl *** 6 .118
GluSO4 ***

Above 2000 cm−1

CSA *** 15.526 15.08 15.145
CSC *** 7.76 3.937
GluHCl *** 5 .557
GluSO4 ***

Asterisks signifies N/A.

distances between chondroitin sulfate C and glucosamine 6
sulfate were the lowest.

4. Conclusion

These results showed the ability of FTIR and chemomet-
rics to be used as technique for the classification of chon-
droitin and glucosamine samples. It was concluded that the
samples were best classified using the first derivative spec-
tra. This use of first derivative spectra reduced the variability
of the samples in cases, where the spectra had the similar
features but varied in concentration this allowed for better
classification of the samples. While each of these techniques
can be used by itself it is advisable to use them together as in
this way they can provide a more complete picture. This work
has shown that techniques such as PCA, HCA and SIMCA
are able to distinguish between spectra of samples, making
this a fast and simple technique for the evaluation of these
compounds as raw materials in the pharmaceutical and natu-
ral products industry. Further work in this area could include
the development of methods to determine the quantity of the
active ingredient in finished products.
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