Available online at www.sciencedirect.com
JOURNAL OF
SCIENCE@DIRECT° PHARMACEUTICAL
AND BIOMEDICAL
ANALYSIS

S RS RR.
LSEVIER Journal of Pharmaceutical and Biomedical Analysis 38 (2005) 397-407

www.elsevier.com/locate/jpba

Classification of chondroitin sulfate A, chondroitin sulfate C,
glucosamine hydrochloride and glucosamine 6 sulfate
using chemometric techniques

M. Foot®*, M. MulhollandP

2 Department of Chemistry Materials and Forensic Science, University of Technology, P.O. Box 123, Broadway 2007, Sydney, NSW, Australia
b School of Chemical Sciences, University of New South Wales, NSW, Australia

Accepted 20 January 2005
Available online 8 March 2005

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
available over the counter as nutritional supplements. However, increasing use has led to increasing scrutiny of the quality of products on the
market. There is also interest in the pharmacological properties of these compounds. To facilitate this, there is a need for better qualitative and
guantitative methods of analysis. This paper describes methods for achieving the qualitative identification of chondroitin sulfate A, chondroitin
sulfate C, glucosamine hydrochloride or glucosamine sulfate. Fourier transform infrared spectroscopy coupled with a variety of chemometric
methods successfully classified these compounds. Using soft independent modeling of class analogies (SIMCA), hierarchical cluster analysis
(HCA) and principal components analysis (PCA) samples were classified as either chondroitin sulfate A, chondroitin sulfate C, glucosamine
hydrochloride or glucosamine sulfate. This work also examined the discriminating ability of different sections of the spectrum. It was found
that for the classification of these compounds that using the finger print region of the spectrum (below 20@@weathe best discrimination.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction There are a number of treatment options available to suf-
ferers of arthritis, ranging from simple lifestyle changes to the
Osteoarthritis (OA) is a degenerative disease of the carti- use of pharmaceuticals to treat pain and inflammation for ex-
lage in the joints of the human bod¥,2]. OA is generally ample non steroidal anti-inflammatory drugs (NSAIDs) and
characterized by pain and or swelling in the affected joint natural products (Nutraceuticalg),4,5]. Extreme cases re-
and has an increased occurrence in women and those who arguire surgery including total joint replacemd#t. Increas-
overweight[3]. It has been suggested by Mankin et al. that ingly, there has been a move towards the use of so-called
OAis not one disease but a number of diseases through whichnatural products for the treatment of OA. The reasons for the
similar symptoms arisgl]. Chemically, arthritis is charac-  increased uptake of these products include cost, availability
terized by a change in the composition of the extra cellular and a perception of greater safety with the use of natural
matrix of the join{3]. Ishiguro notes there is a distinct change productg6].
in the ratio of chondroitin sulfate 6 to chondroitin sulfate 4. Chondroitin sulfates are one type of “Nutraceuticals” that
are being used in the treatment of the symptoms of arthri-
tis [4,7]. Chondroitin sulfates are naturally occurring gly-
* Corresponding author. Tel.: +61 2 9514 1983; fax: +61 2 9514 1460, cosaminoglycans (GAGs). GAGs share some similar struc-
E-mail addressmatthew.j.foot@uts.edu.au (M. Foot). tural properties with polysaccharides. Chondroitin sulfates
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Fig. 1. The disaccharide unit of chondroitin sulfate A.
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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 properti¢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 irfrig. 1, chondroitin 6 sulfate (CS6) also
known as chondroitin sulfate C (CSC) seenFig. 2 and
dermatan sulfate also known as chondroitin sulfate B (CSB).
Chondroitins are glycosaminoglycans made up of alternating
uronic acid andN-acetylp galactosamine residues. The dis-
accharide units are joined to one another t31a4 linkage

the residues are joined by -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 tha
some NSAIDg5,9]. One of the claimed advantages of chon-
droitin sulfate therapy over conventional NSAID therapy is
that there is a reduced risk of gastrointestinal ulcers, whic
can be a side effect of NSAID treatmerfigs-11]. With the
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Fig. 2. The disaccharide unit of chondroitin sulfate C.
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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 sulfaf#2]. 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., respectij&B;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, animportant chemical property that relates to the physical
properties of cartilagfL6].

Chemometric pattern recognition techniques have been
successfully applied with infrared spectroscopy to the analy-
sis of polysaccharides in wine using principal components
analysis (PCA) and canonical correlation analysis (CCA)
[17], the analysis of sugar adulterants in honey using lin-
ear discriminate analysis (LDA)8], esterification in pectin
samples using PCA and principal variables analysis (P%])
and the classification of the GAG NaPPS using PCA and
SIMCA [20].

This work looked at using principal components analysis
as a data reduction techniques and linking that with hierarchi-
cal cluster analysis (HCA) and soft independent modeling of
class analogies (SIMCA developed by S. Wold in the 1970s
[21]). SIMCA revolves around the use of PCA as a data re-
duction and modeling techniqyi22].

Hierarchical cluster analysis is a multivariate analysis
technique that is used to sort samples into groups, with the
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goal of having each group or cluster containing objects which ment by Cabassi et aJ13]. The peak at 850 cnt (CSA)

are similar to each other. Often cluster analysis occurs af- and 825 cm? (CSC) were due to the C—O-S vibration ac-
ter a visual inspection of the data using a technique such ascording to Honda et a[23]. Peaks at 1150 and 1050 cfn
PCA[22]. The similarity or dissimilarity between samples (CSA) and 1140 and 1070cth (CSC) were probably
(objects) is usually represented in a dendrogram for ease ofdue to carbon—carbon vibrations, while peaks at 1420 and

interpretation. 1380 cnT?! in both compounds were from carbon—hydrogen
vibrations.
The spectrums of glucosamine 6 sulfate and glucosamine
2. Experimental hydrochloride are similar to that of glucose as they share
very similar structures. Both samples showed exceptions, due
2.1. Chemicals and reagents to the presence of the sulfate and amine functional groups.

The S=0O band in glucosamine 6 sulfate was seen at around
Chondroitin sulfate A sodium salt (70%), chondroitin sul- 1230 cnt?. Glucosamine hydrochloride showed two N-H
fate C sodium salt (90%), glucosamine hydrochloride and peaks above 3000 crh. Both samples showed a number of
glucosamine 6 sulfate were purchased from Sigma—Aldrich peaks between 1500 and 1700¢chthat were due to the
(Sigma-Aldrich, Australia, Castle hill, Australia). The sam- amine group on each ring structure. Notable here were the
ples were pressed into KBr disks (Spectroscopic Grade KBr, peaks at 1585 and 1540 ctin the glucosamine hydrochlo-

Merck Darmstadt, Germany). ride that are due to the asymmetric and symmetricsNH
_ bending, respectively.
2.2. Instrumentation The effect of selecting various wavenumber ranges was in-

vestigated. First, the full spectrum for both the raw spectrums
All samples were analysed by transmission fourier trans- and the first derivative data, second the area below 2000 cm
forminfrared spectroscopy (FTIR) spectroscopy on a Nicolet for both the raw data and the first derivative and finally the
Magna IR 760 spectrometer (Nicolet, WI, USA). area above 2000 cm for both the raw and first derivative
data.
2.3. Data analysis
3.1. Principal components analysis
Data analysis was undertaken using Microsoft Excel (Mi-
crosoft, Redmond, USA) and SIRIUS (PRS, Bergen, Nor-  The score plot of the first two principal components
way). The data was first converted into an excel file, excel (Fig. 5.), for the full spectrum showed the four groups clearly
was then used to calculate the first derivative spectra. Bothseparated. One of the chondroitin sulfate C samples was ex-
the original data and the first derivative data were transposedcluded from the group as it was determined to be an outlier.
into SIRIUS 6.5. SIRIUS was then used to perform prin- As expected, the chondroitin sulfate groups were closer to
cipal components analysis, hierarchical cluster analysis andeach other than the glucosamine groups. The variable loading
SIMCA on the data. plot (Fig. 6.), of the first principal component indicates that a
great deal of the information was derived from the area above
2300 cn1!. The loading plot of the second principal compo-
3. Results and discussion nent Fig. 7.), is dominated by peaks below 2300chThe
plot of the first two principal components also indicated a
Ten spectra from each sample were collected. All spectraclear division between the chondroitin and the glucosamine
of one sample were combined into a data matrix containing samples. The plot of the first two principal components of
the mid infrared transmission values for each of the repeats atthe raw data below 2000 cr looked highly similar to that
each of the recorded wave numbers. From this matrix, a ma-of the first two principal components of the full spectrum,
trix of first derivative values was calculated thus the data was however, it appeared to have been shifted through approx-
presented as two matrices for 40 samples. The first deriva-imately a quarter turn anticlockwise this is seerFig. 8
tive transformation greatly reduced the intra-sample varia- Again one chondroitin sulfate C sample was removed be-
tion. The spectra of chondroitin sulfate A, chondroitin sulfate cause it was an outlier. This suggests that the area above
C, glucosamine hydrochloride and glucosamine sulfate can2000 cnt 1, while greatly affecting the principal components
be seen irFig. 4. analysis had little effect on the differentiation of the sam-
In the chondroitin sulfate A and chondroitin sulfate ples and that most of the differences between the samples
C spectra the region above 2000chmwas dominated  were occurring in the fingerprint region of the spectrum. No-
by the OH stretching vibration. The band at 1630 and tably, the highest loading came from the area of the spec-
1650 cnT! was due to the amide 1 band for chondroitin trum around 1230 cm'. PCA performed on the area above
sulfate A and chondroitin sulfate C, respectively. The band 2000 cnt! showed similar trends to the full spectrum, how-
at 1250cm! for CSA and at 1240cm' for CSC has ever there was less discrimination between the both groups of
been assigned to=® corresponding to the band assign- compounds.
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“o? DataSet: CS_GLU_NaPPS, Subset: 18, Scores 1 vs 2
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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 sgsemés repr
chondroitin sulfate C, the black circles represent glucosamine hydrochloride and the grey circles represent glucosamine 6 sulfate.
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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.
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*ig) DataSet: 1st deriv CS GLU Napps, Subset: 18, Scores 1 vs 2

6.0

3.5
N
-]
hat [
L
g 1.0
£
3

]
I s "
[u]
-1.5
-4.0 - 01
-4.0 1.5 1.0 35 6.0

Comp. 1 (76.2%)
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The score plot of the first two principal components of the ponents were used this can be seefim 11 The dendro-

full first derivative spectrum showed good separation of all gram of the full spectrum based on the Euclidian distance
the samples, this can be seerFig. 9. Indeed the scores of showed that the chondroitin sulfate C samples were the most
all 10 samples of the chondroitin sulfate C almost completely dissimilar compared to the other samples. It was also inter-
overlapped each other. It was interesting to note that the chon-esting to note that one of the chondroitin sulfate A samples
droitin sulfate C was grouped closer to the glucosamine 6 was incorrectly grouped with the chondroitin sulfate C sam-
sulfate than the chondroitin sulfate A. The loading plot of ples. Another interesting features of this information was that
the first principal component showed both positive and neg- the glucosamine 6 sulfate was closer to the CSA than to the
ative spikes at 3200 cm. Similar to the raw spectrum re-  glucosamine hydrochloride. This may have been due to the
sults, the twisting effect was seen when using only the areahydrochloride salt, as opposed to the sulfated structure of the
below 2000 cmii(seen inFig. 1Q) suggesting that most of ~ G6S, which was closer to that of the chondroitin sulfate as
the information contributing to the separation of the samples the sulfate is part of the monosaccharide. Although the glu-
is coming from the area below 2000 ch The area above  cosamine sulfate which is sulfated in the 6 position was more
2000 cnt! showed a greatly reduced separation of the sam- closely associated with the chondroitin sulfate A, which is
ples with overlap of chondroitin sulfate C and glucosamine sulfated in the 4 position of thé-acetyl-galactosamine moi-

6 sulfate. ety of the disaccharide unit.
The dendrograms produced from the reduced data set
3.2. Hierarchical cluster analysis showed similar trends to that of the full wavelength range.

One chondroitin sulfate A sample was still grouped with the

Before performing HCA the data was reduced using prin- chondroitin sulfate C samples and the glucosamine 6 sul-
cipal components analysis. To construct the dendrograms (th€fate was still shown to be most similar to the chondroitin
output of HCA) the scores of the first three principal com- sulfate A. Examination of the dendrograms produced from
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DataSet: 1st deriv CS GLU Napps, Subset: 19, Scores 1 vs 2
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the first derivative data indicated that there was no longer separation of the groups, a class distance of greater than three
any misclassification of the chondroitin sulfate A (with one indicated complete separation of the two groups.

sample incorrectly grouped with chondroitin sulfate C us- Theraw spectrainthe cross validated model for each group
ing the raw spectra). As with the raw data there was little was tested for outliers, which were then discarded and the
change in the structure of the dendrogram when using only group remodeled. For the raw spectra only one sample across
the area below 2000 cm. Both data sets showed the glu- all the groups was discarded, this was from the chondroitin
cosamine 6 sulfate grouped more closely to the chondroitin sulfate C group leaving this group with only nine members.
sulfate C. The chondroitin sulfate A was the most dissimilar Table 1lists the number samples and the number of princi-

group. pal components calculated in the cross validated model for
each group using the different spectral rangeble 2shows
3.3. SIMCA the class distances calculated for each group using the three

areas of the raw spectrum. It was interesting to note that for

Soft independent modeling of class analogies has beeneach of regions of the spectrums the same samples were not
used to classify the four groups based on a principal compo-completely resolved, namely the chondroitin sulfate A and
nents model of each group. This work used the cross valida-both the glucosamine samples. However, it can be seen that
tion method to test the goodness of fit as opposed to a testhe region of the spectrum below 2000thtomes closest to
set[24,25]. Using SIRIUS, cross validated principal compo- reaching the critical value (3) indicating complete separation
nent models were fitted to one another to calculate a classof the two groups.
distance. A class distance of less than one meant that there Table 3 shows the number of samples and the num-
was very little differences between the groups, a class dis-ber of principal components calculated for the cross vali-
tance of greater than one but less than thee indicated a partiatlated models using the three regions of the first derivative
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Table 1

The number of principal components and the (%) variance explained for each cross validated model using the raw spectra

M. Foot, M. Mulholland / Journal of Pharmaceutical and Biomedical Analysis 38 (2005) 397-407

Sample Spectral range Outliers #PC’s Variation explained (%)
Full 0 6 99.98
CSA Below 2000 0 5 99.98
Above 2000 0 4 99.97
Full 1 6 99.97
CsC Below 2000 1 4 99.93
Above 2000 1 4 99.92
Full 0 6 99.98
GIuHCI Below 2000 0 5 99.96
Above 2000 0 5 99.99
Full 0 6 99.94
GlusSQy 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 CscC GluHCI GluSQ@
Full spectrum
CSA bl 3.636 3.387 2.253
CSC 4.952 sl 3.867
GIuHCI bl 2.163
GlusSO4 rxk
Below 2000 cnv!
CSA e 3.911 3.318 2.692
CSsC rkk 3.653 4.279
GIuHCI e 2.902
GluSQ, rkk
Above 2000 crmrit
CSA wxk 3.363 3.44 1.98
CsC bl 5.729 3.679
GIuHCI rxk 1.668
GluSQ, b

Asterisks signify N/A.

spectrum.Table 4shows the class distances from the first 2000 cnt1) provided roughly the same class distances. Com-

derivative spectrum. Consistent with previous results, greaterpared to the raw spectrum the first derivative spectrums pro-
class distances were achieved with the use of the first deriva-vided complete separation for all the models as opposed to
tive spectrum. The results showed that the different regions partial separation of two pairs of samples seen when using
of the spectrum (full spectrum, below 2000cttend above  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 (%)
Full 0 6 99.34
CSA Below 2000 0 6 99.31
Above 2000 0 7 99.69
Full 0 2 67.22
CsC Below 2000 0 2 66.08
Above 2000 0 6 98.65
Full 0 4 98.51
GluHCI Below 2000 0 4 98.72
Above 2000 0 8 99.96
Full 0 3 98.48
GlusQy 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 GIuHCI Glus@
Full spectrum
CSA ik 15.397 1331 1031
CSC il 9.523 3763
GluHCI ok 6 .099
GlusSQy rhk
Below 2000 cntt
CSA Hohk 15.185 12148 7816
CsC ok 9.595 3756
GIuHCI el 6.118
GlUSQ *kk
Above 2000 crimt
CSA Fohk 15.526 1508 15145
CsC ok 7.76 3937
GIuHCI rxk 5.557
Glusgy el

Asterisks signifies N/A.

distances between chondroitin sulfate C and glucosamine 6 [4] C. Todd, J. Am. Pharm. Assoc. (Wash) 42 (2002) 74-82.
sulfate were the lowest. [5] C.C. da Camara, G.V. Dowless, Ann. Pharmacother. 32 (1998)
580-587.
[6] W. Adbelfattah, T. Hammad, JANA 3 (2001) 16-23.
. [7] M. O’'Rourke, Nurse Pract. 26 (2001) 44-52.
4. Conclusion [8] T.E. Hardingham, A.J. Fosang, J. Dudhia, in: K.E. Kuettner, R.
Schleyerback, J.G. Peyron, V.C. Hascall (Eds.), Articular Cartilage

These results showed the ability of FTIR and chemomet- and Osteoarthritis, Raven Press, Wiesbaden, Germany, 1991, pp.

rics to be used as technique for the classification of chon- _ 320- _ .
droitin and glucosamine samples. It was concluded that the [9] P. Morreale, R. Manopulo, M. Galati, L. Boccanera, G. Saponat, L.
9 ples. Bocchi, J. Rheumatol. 23 (1996) 1385-1391.
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tra. This use of first derivative spectra reduced the variability hauser, Rheumatol. Int. 12 (1992) 81-88.
of the samples in cases, where the spectra had the similafl1] M.S. Cappell, J.R. Schein, Gastroenterol. Clin. North Am. 29 (2000)

features but varied in concentration this allowed for better __ 97-124.
lassification of the samples. While each of these technique 12] G.S. Kelly, Altern. Med. Rev. 3 (1998) 27-39.
c ples. QUE13] F. cabassi, B. Casu, A.S. Perlin, Carbohydr. Res. 63 (1978) 1—

can be used by itself it is advisable to use them togetherasin = 11
this way they can provide a more complete picture. This work [14] B. Casu, G. Scovenna, A.J. Cifonelli, A.S. Perlin, Carbohydr. Res.
has shown that techniques such as PCA, HCA and SIMCA 63 (1978) 13-27.
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