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a  b  s  t  r  a  c  t

Mucins  are  a family  of  extensively  glycosylated,  high  molecular  weight  glycoproteins.  Secretion  of  mucins
with altered  terminal  carbohydrate  moieties  alters  the  rheological  and  viscoelastic  properties  of mucus
and observed  glycosylation  changes  in  respiratory  diseases  may  vary  with  disease  status.  Structural  mod-
ifications  to  the  Lewis  x antigen  with  sialic  acid (sialyl-Lewis  x)  and  sulphate  (sulfo-Lewis  x)  in  particular
are  associated  with  respiratory  diseases  and  deemed  potential  biomarkers  for disease  diagnosis,  severity
vailable online 6 October 2012

eywords:
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lycosylation

and progression.  The  major  aim of this  study  was  to evaluate  the  ability  of Fourier  transform  infrared
spectroscopy  (FTIR)  to detect,  via  infrared  (IR) spectra,  the  structural  changes  between  the Lewis  x anti-
gen  and  sialylated  and  sulphated  derivatives.  Although  FTIR  only  provides  information  on  vibrations  of
chemical  groups,  we show  that  by  comparing  mono-  and  oligosaccharide  specific  IR  spectra  it is  possible
to determine  the  contribution  of  key  sugar  moieties  to  the  altered  Lewis  x spectral  pattern.
ucins

. Introduction

Protein glycosylation is the most abundant of all posttrans-
ational modifications across the human proteome. Mammalian
lycosylation takes place on the nascent protein chain as it passes
hrough the endoplasmic reticulum and Golgi complex prior
o transport to other cellular locations or secretion. The addi-
ion of carbohydrate residues to proteins via a covalent linkage
lays an important role in protein stability and folding, molec-
lar recognition and immune response (Shental-Bechor & Levy,
008). Glycoproteins possess a diverse array of functions across

pecies including cellular structure, lubrication, protection against
nfection, molecular transport, cell adhesion, hormone receptors
n addition to acting as hormone messengers (Murray, 2009).

Abbreviations: Lex, Lewis x, Gal�1→4[Fuc�1→3]GlcNAc�1→R; Lea,
ewis a, Gal�1→3[Fuc�1→4]GlcNAc�1→R; Sialyl-Lex, sialylated Lewis
,  NeuAc�2→3Gal�1→4[Fuc�1→3]GlcNAc�1→R; Sulfo-Lex, sulphated
ewis x, NeuAc�2→3[HSO3(-3)]�1→4Gal�1→4[Fuc�1→3]GlcNAc�1→R;
ey, Lewis y, Fuc�1→2Gal�1→4[Fuc�1→3]GlcNAc�1→R; Leb,  Lewis b,
uc�1→2Gal�1→3[Fuc�1→4]GlcNAc�1→R; GlcNAc, N-acetylglucosamine;
alNAc, N-acetylgalactosamine; Sialic acid, N-acetylneuraminic acid; FTIR, Fourier

ransform infrared spectroscopy; COPD, chronic obstructive pulmonary disease;
F,  cystic fibrosis; CB, chronic bronchitis; IR, infrared.
∗ Corresponding author at: Centre for NanoHealth and Institute of Life Science,
ollege of Medicine, Swansea University, Swansea SA2 8PP, UK.
el.: +44 1792 295222.

E-mail address: p.d.lewis@swansea.ac.uk (P.D. Lewis).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.09.078
© 2012 Elsevier Ltd. All rights reserved.

Structural changes to glycoprotein oligosaccharides are associ-
ated with a large number of pathological events including host
pathogen interactions; tumour differentiation, migration, invasion
and metastasis; and cell trafficking and signalling (Hakomori, 1985,
1996; Reis, Osorio, Silva, Gomes, & David, 2010)

In terms of disease, the most important family of glycoproteins
are the high molecular weight mucins, comprised of 50–90% car-
bohydrate by dry mass due to extensive O-glycosylation of their
tandem repeat regions (Rose & Voynow, 2006). Each mucin is
characterised by a protein backbone, and encoded by one of a num-
ber of known MUC genes (Moniaux, Escande, Porchet, Aubert, &
Batra, 2001). Synthesised by epithelial cells, some mucins such
as MUC1 and MUC4 are membrane bound playing a role in cell
signalling (Carraway, Ramsauer, Haq, & Carraway, 2003) whereas
other mucins are secreted onto mucosal surfaces to protect the
underlying epithelia (Roussel & Delmotte, 2004). Indeed, the major
macro-molecular constituents of mucus secreted by different tis-
sues are mucins (Rose & Voynow, 2006). Mucus coats the epithelial
surfaces of mammalian respiratory, gastrointestinal, and reproduc-
tive tracts providing a protective barrier against pathogens and
toxins and contributes to the mucosal immune system (Corfield
& Shukla, 2003). Mucosal components, aside from mucins, include
water, ions, and lipids, all secreted from the epithelium by goblet
cells and secretory cells in the submucosal glands.
In the lung, the two major secreted mucins in mucus, and con-
sequently sputum, are MUC5B and MUC5AC and their apomucin
cores undergo O-glycosylation and diverse addition of sugar moi-
eties leading to a complex array of carbohydrate chains (Kirkham

dx.doi.org/10.1016/j.carbpol.2012.09.078
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:p.d.lewis@swansea.ac.uk
dx.doi.org/10.1016/j.carbpol.2012.09.078
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t al., 2008; Thornton, Rousseau, & McGuckin, 2008). Initially,
-acetylgalactosaminyl peptidyltransferase transfers GalNAc to

 serine or threonine when a nascent MUC  polypeptide chain
raverses the Golgi. The resulting O-glycan is then elongated
n a stepwise manner by the addition of monosaccharides and

onosaccharide derivative building blocks including galactose,
lcNAc, mannose and fucose, or by sialic acid (Brockhausen,
owler, & Paulsen, 2009).

The stepwise building of mucin glycans with Gal and GlcNAc
y glycosyltransferases leads to one of four core structures. Fur-
her to the addition of these sugars, these carbohydrate chains may
lso be substituted with N-acetylneuraminic acid and/or sulphate
esidues (Davril et al., 1999). Another important modification of
ore glycan chains, especially relevant to disease, is the formation
f Lewis antigen structures, which are trisaccharide and tetrasac-
haride capping groups and these may  also be further sulphated
nd sialylated (Degroote, Ducourouble, Roussel, & Lamblin, 1999)
Fig. 1). N-acetylneuraminic acid and sulphate residues infer nega-
ive charges to mucins, affecting their polarity and acidity, whereas
ucosylation increases mucin hydrophobicity. These modifications
lter the physical properties of mucins and influence mucus rheo-
ogy.

Alterations in mucin expression, secretion, glycosylation and
ewis antigen structures are characteristics of many respiratory
iseases, including cystic fibrosis (CF) and chronic bronchitis (CB)
Davril et al., 1999; Degroote et al., 2003; Kirkham et al., 2008).
uch changes are known to be influenced by inflammatory medi-
tors, including cytokines and bacterial cell wall components. This
esponse forms an important protective mechanism for inhibiting
dhesion of potential pathogens and removal of irritants in the
espiratory tract. It has been demonstrated that bronchial mucosa
xposed to TNF� results in increased sialyltransferase activity and
xpression (Delmotte et al., 2002). This enzyme is specifically
nvolved in Lex synthesis, an epitope with high affinity to bind
acteria (Scharfman et al., 2001). Davril et al. have also shown
hat infected CF and CB patients have a greater concentration of
ialic acid and sulphate residues on mucins compared to uninfected
atients, correlated to an increase in expression of the sialyl-Lex

pitope (Davril et al., 1999). Fucose, a key structural component
f the Lex epitope, was also found to be increased by exposure to
he endotoxin lipopolysaccharide (LPS), an inflammatory response

ediator found in the outer membrane of gram-negative bacteria
Schroers, van der Marel, Neuhaus, & Steinhagen, 2009).

Secretion of mucins with altered terminal carbohydrate moi-
ties alter the rheological and viscoelastic properties of mucus as
ddition of charged residues will influence mucin aggregation. In
ddition, fucose residues contained in Lewis antigen configurations
ill alter mucin solubility, affecting mucociliary clearance. In respi-

atory diseases the type of observed glycosylation change may  vary
ith the progression status of the disease. Airway mucins in CB
atients have been found to be less acidic (Davies et al., 1996;
irkham et al., 2008), however, mucins are found to be more sialy-

ated and sulphated in CB patients with severe infection and during
isease exacerbation with increased levels of sialyl-Lewis x and
ulfo-Lewis x structures (Davril et al., 1999; Lamblin et al., 2001;
oguidice et al., 1994) (Fig. 1). Several O-glycans from respiratory
ucus from CF and CB patients have been characterised (Hounsell,

994; Klein, Carnoy, Loguidice, Lamblin, & Roussel, 1992; Lamblin
t al., 2001; Loguidice et al., 1994) and it appears that sialyl Lex

s more prevalent on glycoproteins in CF sputum, suggesting that
ncreased expression of this epitope correlates with disease (Davril
t al., 1999). Interestingly, sialyl Lex and sLex determinants are

nown to interact with bacteria and viruses (Degroote et al., 1999;
charfman et al., 2000) and these antigens are proposed as potential
accines (Kufe, 2009) and antibody targets for chemotherapeutics
Boghaert et al., 2004).
ers 92 (2013) 1294– 1301 1295

Fourier transform infrared spectroscopy (FTIR) is a rapid,
cost-effective and practical method for determining molecular
structural change (Barth, 2007) and has shown potential in the
analysis of glycoproteins and their component sugars (Khajehpour,
Dashnau, & Vanderkooi, 2006). The key data derived from IR spec-
tra is the band peak position due to molecular vibrations. Amide
bonds have well defined absorption peaks and characteristic IR
absorption patterns of sugars have been identified in the region of
950–1200 cm−1 (Khajehpour et al., 2006). Furthermore, the appli-
cability of FTIR for use as a diagnostic tool, based on distinct spectral
changes observed in mucus, has already been described previously
for respiratory disease including lung cancer (Lewis et al., 2010)
and COPD (Whiteman, Yang, Jones, & Spiteri, 2008). In most studies
that provide IR data from patient tissue, due to the heterogeneous
mix  of cellular molecules, the exact molecular cause of disease-
specific IR spectral change remains unknown. Further work must
be performed to attempt to correlate peaks observed in a disease
spectrum with those produced for single or mixtures of molecules.
Given the dominance of mucins in respiratory disease and specific
changes in glycosylation, the aim of this study was to characterise
the IR spectra for a range of mucin sugars and modified Lewis
antigens. We anticipate that glycosylation specific IR patterns pre-
sented will assist in future studies to characterise disease specific
structural changes in glycoproteins using IR technologies provid-
ing the potential for diagnostic technology development, disease
progression monitoring and assessment of response to treatment.

2. Materials and methods

2.1. Fourier transform infrared spectroscopy

IR spectra were obtained with a Bruker Alpha Fourier Transform
IR (FTIR) instrument equipped with a platinum ATR single reflection
diamond sampling module (Bruker Optics). Samples were spotted
directly onto the sampling module and left to air-dry at room tem-
perature prior to spectral acquisition. Data points were collected
as an average of 24 scans per sample between the wavenumber
range of 450–4000 cm-1 at a resolution of 4 cm-1, controlled by
Optics User Software (OPUS) version 6.5 (Bruker Optics). The pro-
cess was repeated until six replicates were generated per sample.
The resulting spectra were background corrected and smoothed
using a nine-point Savitzky-Golay algorithm. Peak positions were
determined using OPUS version 6.5 (Bruker Optics).

2.2. Monosaccharide and Lewis antigen FTIR analysis

IR spectra were generated for fucose, galactose, mannose, N-
acetylglucosamine, N-acetylgalactosamine, sialic acid, Lex, Ley, Lea

and Leb, sialyl-Lex and sulfo-Lex. Sugar films were obtained for
analysis by preparing a solution of sugar in Milli-Q water at a
concentration of 1 mg  ml−1. 3 �l of sugar solution was placed on
the FTIR sampling module for spectral acquisition. Lewis antigen
spectra were generated at a concentration of 5 mg  ml−1 following
identical methodology.

2.3. Sputum FTIR analysis

Spontaneous sputum was collected from a patient with COPD
who was an ex-smoker with no symptoms for any other respiratory
disease and not experiencing an exacerbation at the time of sputum
collection. Therefore, the patient was  considered representative

of stable COPD with baseline characteristics and no bacterial or
viral infection. Informed consent to provide a sputum sample was
obtained as part of the Medlung observational study (loco-regional
ethical committee approval 05/WMW01/75, study trial UKCRN ID
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682). 3 �l of raw sputum was placed onto the FTIR sampling mod-
le for spectral acquisition. IR absorbance peak positions within
he COPD spectrum were compared to those within representative
pectra of COPD and normal sputa published by others (Whiteman
t al., 2008).

. Results

.1. IR spectra of monosaccharides found in mucin glycans

Infrared absorption spectra were generated for the monosac-
haride building blocks found in mucin glycan cores. All spectra
ere deemed highly reproducible through repetition of the proce-
ure using repeated samples.

Firstly, IR spectra were generated for mannose, fucose and
alactose monosaccharides to establish the absorbance peak pos-
tions and intensities of each carbohydrate structure (Fig. 2).
pectra are reported within the range of 900–1280 cm−1 as it
s within this region that the maximum IR absorbance due to
he presence of carbohydrates is noted to occur (Khajehpour

t al., 2006). Within this region, the following unique peaks
ssociated with each monosaccharide were observed: man-
ose at 956 cm−1, 971 cm−1, 1020 cm−1, 1047 cm−1, 1167 cm−1,
251 cm−1; fucose peaks at 963 cm−1, 996 cm−1, 1027 cm−1,

ig. 2. IR spectrum of monosaccharides. Baseline corrected, smoothed, vector normalised
is x antigen and Lewis x derivatives. Lex = Lewis x, sLex = sulfo-Lewis x and sialyl-

1057 cm−1, 1095 cm−1, 1131 cm−1, 1164 cm−1, 1216 cm−1 and
galactose peaks at 1037 cm−1, 1068 cm−1, 1143 cm−1, 1249 cm−1.

We then generated IR spectra for sugar derivatives, including
N-acetylglucosamine, N-acetylgalactosamine and sialic acid. These
monosaccharides also present a unique IR absorption pattern in the
carbohydrate region of the spectrum, with distinguishable major
peaks (Fig. 3): sialic acid absorption peaks occur at 1024 cm−1,
1068 cm−1, 1125 cm−1, 1142 cm−1, 1210 cm−1, 1238 cm−1; GalNAc
peaks at 976 cm−1, 1038 cm−1, 1076 cm−1, 1095 cm−1, 1115 cm−1,
1153 cm−1, 1219 cm−1 and GlcNAc peaks at 961 cm−1, 1025 cm−1,
1079 cm−1, 1103 cm−1.

3.2. IR spectra of Lewis antigens and modified derivatives

In comparing the absorption spectra for the Lewis antigens
(Fig. 4) within the carbohydrate associated region of the spec-
tra it can be seen that peak position and associated absorbance
levels are extremely similar, which is to be expected based on
their monosaccharide compositions. Major shared peaks occur at
968 cm−1, 1033 cm−1, and 1074 cm−1. However, low-frequency

vibrations attributed to glycosidic linkages also contribute to the
spectra. The Lewis b and y antigens both contain a second fucose
residue in an �-2 glycosidic linkage to galactose which may account
for a wavenumber shift at peaks around 1164 cm−1. Furthermore,

 spectrum of mannose (black dashed), fucose (grey) and galactose (solid black).
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ucose residues linked to GlcNAc via an �-3 linkage could account
or the unresolved peak at around 1020 cm−1, prominent in the
ewis x (Lex) spectrum, present in the Lewis y spectrum but absent
n both Lewis a and b.

.3. IR spectra of Lex, sulfo-Lex and sialyl-Lex

The unmodified Lex spectrum was compared to sialylated and
ulphated versions, sialyl-Lex and sulfo-Lex (Fig. 5). The most clear
ifference between the three spectra is the sulphate associated
3 band of sLex appearing as a broad peak centred at around
240 cm−1 and a narrower �1 band at 990 cm−1 (Nakamoto, 1986).
his characteristic sulphate absorption thus allows the sulphated
ewis x derivative to be distinguished from the non-sulphated
ntigen. Spectral variation also occurred between 1100 cm−1 and
200 cm−1. A unique peak at 1130 cm−1 is only associated with

he sialyl-Lex antigen allowing differentiation from unmodified Lex.
oth Lex and sialyl-Lex also shared a peak position at 1160 cm−1

lthough this absorption in the sialyl-Lex spectrum is reduced. The
ontribution of the sialic acid moiety to the sialyl Lex spectrum

ig. 4. IR spectrum of Lewis antigens. Baseline corrected, smoothed, vector normalised sp
ewis  y (solid grey).
tor normalised spectrum of sialic acid (solid grey), GalNAc (solid black) and GlcNAc

was examined by comparing the IR absorption of Lex, sialyl-Lex

and sialic acid (Fig. 6). A sialic acid peak at 1125 cm−1, whereas
not present in the Lex spectrum, appears to cause a peak shift in
absorbance to 1130 cm−1 in the sialyl-Lex spectrum likely due to
influence of the additional absorbance of sialic acid at 1142 cm−1.

3.4. IR spectra of sputum compared to sulfo-Lex and sialyl-Lex

Absorption spectra for sulfo-Lex and sialyl-Lex were compared
to a typical raw sputum spectrum in the fingerprint region of
900–1280 cm−1 from a COPD patient (Fig. 7) (Table 1). The raw
sputum spectrum showed the same pattern of absorbance as rep-
resentative IR spectra of COPD patients published previously when
compared to normal controls (Whiteman et al., 2008). The first
observation was  that this alignment clearly shows that the IR spec-
trum for sputum is highly similar to the general pattern for Lex
derivatives. Two  key observations were noted. Firstly, a peak at
1240 cm−1 exists in the sputum sample spectrum corresponding
with the characteristic sulphation peak. Secondly, a peak occurs at
1160 cm−1 with reduced absorbance in the sputum sample having

ectrum of Lewis a (grey dashed), Lewis b (black dashed), Lewis x (solid black) and
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Fig. 5. IR spectrum of Lewis x and derivatives. Baseline corrected, smoothed, vector normalised spectrum of Lewis x (solid black), sialyl-Lex (black dashed) and sulfo-Lex

(solid grey).

Fig. 6. Lewis x, sialyl-Lex and sialic acid. Baseline corrected, smoothed, vector normalised spectrum of Lewis x (grey), sialic acid (black dashed) and sialyl-Lex (solid black).

Fig. 7. COPD sputum, sialyl-Lex and sulfo-Lex. Baseline corrected, smoothed, vector normalised spectrum of sulfo-Lex (solid black), sialyl-Lex (solid grey) and raw COPD
sputum (black dashed).
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Table 1
Key IR wavenumbers and proposed structural change in Lewis x, sialyl-Lex and sulfo-Lex and COPD sputum.

Lex Sialyl-Lex Sulfo-Lex Sputum Proposed vibrational mode Proposed primary source

IR Wavenumbers
(cm−1)

968 968 968 969 �(C H) Protein/sugar
990 �(S O) Sulphate

1039 1033 1033 1033 �/�(C O) Sugar
1073 1073 1068 1070 �/�(C O) Sugar
1116 1116 1116 �(S O) Sulphate

1130 �(C O) Sugar
1153 �(S O) Sulphate

1161 1161 �(C N) Sialic acid/GlcNAc
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ey: �, stretch; �, bend; �, wag.

he same pattern observed for sialyl-Lex. This strongly suggests the
resence of these epitopes in COPD sputum. The alignment shows
hat potential structural changes to this antigen in disease tissue
ould be detectable by FTIR.

. Discussion

The major aim of this study was to evaluate the ability of FTIR
pectra to characterise the IR pattern of the Lewis x antigen, which
s a major carbohydrate component of mucin glycoproteins. In our
tudy we have emphasised the importance of disease related struc-
ural change of Lex in mucus (and consequently sputum) linked
ith respiratory disease (Kirkham, Sheehan, Knight, Richardson,

 Thornton, 2002) but we propose that FTIR could detect such
hanges in a wide variety of disease types. Although FTIR only pro-
ides information on vibrations of chemical groups, this study has
hown that it is possible to differentiate carbohydrates based on
heir infrared absorption peaks. In the present work we  have iden-
ified a number of discrete sugar and sulphate associated infrared
bsorption peaks that can be used to predict the presence of
he major mucin linked carbohydrates and mucin modifications
bserved in the IR spectrum of sputum.

Analysis has shown that infrared spectroscopy is sugar spe-
ific and is able to discriminate between sugar moieties based
n molecular bond vibrations (Khajehpour et al., 2006). Polysac-
haride spectra are also molecule-specific and not only contain
eaks relating to monosaccharide components but also peaks

nferring information on glycosidic linkage, providing details of
arbohydrate conformation. In our study we focused primarily
n IR absorption bands between the 900 cm−1 and 1280 cm−1

avenumber range. Absorbance peaks in tissue within this range
redominantly arise from C O and C C stretching and C O H
ending (Hounsell, 1994). Unique absorption patterns due to com-
osite vibrations of the sugar ring, CH wagging and OH flexing
ibrations also occur in this region resulting in the formation of
ugar-specific peaks in the spectra. Furthermore, lower frequency
ands in the region of 950–1150 cm−1 have been associated with
lycosidic linkage (Kacurakova & Mathlouthi, 1996). Previous stud-
es investigating the general absorbance profiles of sugars have
hown that C O stretching and C O H bending modes are compa-
able over a range of concentrations, e.g. the galactose related peaks
escribed in our study correspond to those previously reported
Kacurakova & Mathlouthi, 1996). Such examples validate the
eproducibility and specificity of the technique for sugar identi-
cation in samples. In conjunction with previous data (Khajehpour
t al., 2006), our spectral data also show that FTIR is able to differ-
ntiate between mono and oligosaccharides.

As alterations in band positions and intensities were repre-

entative of carbohydrate structural changes we further analysed
erivatives of Lewis antigens, particularly Lex, due to the predicted
ssociation of these structural changes with respiratory disease
Lamblin et al., 2001). Absorption maxima in the mid  IR region for
1240 �(S  O) Sulphate

the four different Lewis antigens were deemed similar. Focusing
on Lex we were able to demonstrate major peak differences cor-
related with the presence of sulphate and sialic acid moieties. The
major stretching mode absorption characteristic of sulphate can be
seen as a broad peak centred around 1240 cm−1. This is in agree-
ment with a previous study by Powell et al. who showed that a
broad spectral band at this position was  predictive of a sulphated
oligosaccharide (Powell, Turula, Dehaseth, Vanhalbeek, & Meyer,
1994). The IR spectrum we  observed for sialic acid also had the
same peak positions shown by Khajehpour et al. (Khajehpour et al.,
2006) despite some differences in experimental conditions and
technology.

Mucins undergo differential expression in a large number of dis-
eased tissues and a number of studies have focused studies on
assessing their clinical relevance in various cancers (Rachagani,
Torres, Moniaux, & Batra, 2009). There is also much evidence to
show that mucins undergo altered glycosylation in many cancers
and blood group antigens on mucin side chains show promise as
markers of disease occurrence and progression (Rachagani et al.,
2009). Lex and the sialyl-Lex are both overexpressed in breast
tumour cells and are deemed good markers of metastatic poten-
tial (Apostolopoulos & Mckenzie, 1994). Expression of sialyl-Lex is
also associated with poor survival rates in gastric cancer most likely
due to an increased metastatic potential in tumour cells by sialyl-
Lewis moieties through interaction with selectins (Fukuda, 1996;
Kansas, 1996; Kim, Borsig, Han, Varki, & Varki, 1999).

There is now considerable evidence that glycosylation changes
occur within mucins in a number of non-cancer diseases partic-
ularly within the respiratory tract. A study by Lo-Guidice et al.
identified nine sulphated carbohydrate chains on mucins from
patients with CB and sulphated glycoproteins have also been noted
to occur on respiratory mucins in a number of diseased patients.
Davril et al. showed that sialylation of bronchial mucins was found
to be increased in patients suffering from CB (Davril et al., 1999).
They, along with others (Loguidice et al., 1994; Vanhalbeek et al.,
1994), also showed that overexpression of the sialyl-Lex epitope
and mucin hypersialylation occurs in respiratory disease including
patients the suffering with CB. Increasing levels of mucin associated
sulfo-Lex and sialyl-Lex in CF and CB are also linked with infection
(Davril et al., 1999).

Preliminary results are from our study are promising, however
FTIR analysis of complex samples has limitations as the technique
is not able to determine the molecular structure of compounds,
merely which chemical groups are present in a particular sam-
ple. Some molecular vibrations associated with infrared absorption
are also ambiguous and can be attributed to multiple chemical
groups. For the analysis of carbohydrates, these limitations can
be overcome to a large extent by comparing data to a reference

library of monosaccharides. For the analysis of carbohydrates in
complex molecular samples such as sputum we propose validation
of findings through a larger study, with a control group, where
the presence and concentrations of individual glycans and their
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odifications in each sample are confirmed by a secondary tech-
ique such as immunohistochemistry.

In this study, we have focused on the detection of carbohydrate
tructural modification using FTIR for the potential application in
edical diagnostics. Perhaps the key result of our findings though

s the ability of FTIR to detect fine molecular structural change
n carbohydrate polymers that are distributed throughout biology.
here is much scope in building monosaccharide libraries for the
pplication of FTIR to study modifications to complex carbohydrate
olymer structure in other research domains including analytical
hemistry, chemical synthesis, isolation of natural products, food
nd brewing, biorefining and drug synthesis.

. Conclusions

In our study, we have demonstrated that characteristic IR peaks
f both sulfo-Lex and sialyl-Lex were also observed in preliminary
nalysis of sputum from a patient suffering with COPD. Diseased
putum shows changes in the carbohydrate associated region of
TIR spectra arising from changes in sputum composition, which
ontains mainly mucins (Rose & Voynow, 2006). The fact that FTIR
s able to distinguish between unmodified, sulphated and sialy-
ated Lewis antigens and show variable antigen-specific IR peaks
n disease sputum potentially makes it a powerful tool in glycopro-
ein analysis in disease. We  propose that detection of glycosylation
tructural changes involving Lewis antigens by FTIR has potential
n the development of new technologies and methods for disease
etection and monitoring. Importantly, this method could assist in

dentifying disease progression associated glycosylation changes
hat could guide the development of novel drug delivery systems,
articularly in respiratory diseases. We  are currently performing

 larger study to evaluate FTIR for detecting specific glycosylation
hanges that determine disease progression in patients with CB
nd COPD. Similar studies should be performed to determine the
ensitivity of FTIR to evaluate diagnosis and progression of other
espiratory as well as non-respiratory diseases that could provide
issue through non-invasive means.
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