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1 INTRODUCTION

The determination of mono- and disaccharides has been achieved by indirect
physical (refractometry, polarimetry, hydrometry) or by semi-empirical chemical
methods (volumetric analysis, gravimetry, colorimetry). These chemical methods,
which are non-specific in that they detect a class of sugar such as pentoses or reducing
sugars rather than individual sugars, are based on either colour reactions effected by
the condensation of degradation products of sugars in strong mineral acids with
various organic compounds (Bial and Molisch test)!; the reducing properties of the
carbonyl group (Fehling’s test); or on oxidative cleavage of neighbouring hydroxyl
groups!-2. However, the determination of individual carbohydrates is of considerable
importance and the specificity of such tests has often been enhanced by using frac-
tions separated by paper (PC), thin-layer (TLC) or column chromatography. Today,
enzymatic methods are available® © but these are limited to a few sugars. Moreover,
because of their high specificity, such methods do not allow the simultaneous deter-
mination of several sugars. On specificity requirements and the need for multiple
determinations, chromatographic methods offer distinct advantages.

Several reviews?15:359-361 aytest to the importance of chromatography in car-
bohydrate analyses. With this consideration in mind, the analytical applications of
chromatography to monosaccharides and disaccharides are reviewed. Because of
their relevance in gas chromatographic methods, selected derivatives are included.
Empbhasis is placed on food and clinical applications in the period from 1980 to June
1985. However, earlier work of particular significance is also covered.
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2 PAPER AND THIN-LAYER CHROMATOGRAPHY

PC and TLC have been used extensively in the analysis for sugars. The reasons
for this include low cost, simplicity and the ability to simultaneously isolate and
identify the sugars. PC was first applied to carbohydrates'5-!7 in 1947 and, although
partition is the predominant separation mechanism, adsorption phenomena!® also
occur. On paper-partition chromatograms, where compounds partition between
aqueous phases held stationary on the paper and mobile organic phases, free sugars
migrate as single substances!®2! indicating that continuous equilibration occurs to
prevent the resolution of the anomers present in solution. The relations between
mobility of the sugars and their structures were studied primarily by Isherwood and
Jermyn?? and by Levy23. Thus, the influence of furan-pyran ring formation and the
nature of the ring substituent at C-4 or C-5 (ref 20), cis—trans isomerisation?? at C-2
or C-3, and the type of linkage (-1,4- or -1,6-) in disaccharides?# have been examined.

For reproducible results in PC the solution to be chromatographed must, as
much as possible, be free of non-carbohydrate materials. This means that animal or
vegetable extracts should be subjected to preliminary purification?$ to remove im-
purities such as salts and proteins. Moreover, excessive alkahnity, which may cause
epimerization, must be avoided during the preliminary manipulations. Originally, the
organic phase of biphasic solvent mixtures'® such as water-saturated n-butanol was
proposed for use as mobile phase. However, the temperature dependence of the com-
posttion of such systems may result in phase separation during use and, as a result,
monophasic solvent systems?°728 came into use. The latter consist of water, a water-
miscible and a water-immiscible organic solvent In such systems the mobility of the
sugars, which increases?? with the water content, is generally the same??; namely,
pentoses, hexoses, disaccharides and trisaccharides nearest the origin.

Although the PC of carbohydrates 1s actively pursued3®—34, it has been su-
perceded by TLC for carbohydrate analysis. This view is substantiated by an exam-
mation of Chemical Abstracts (covering January 1980 to June 1985) where the num-
ber of TLC-based methods for carbohydrates outweighs the PC-based methods in
the ratio of 7'1. However, such an analysis makes no allowance for the total number
of routine analyses performed by PC. This decline in use of PC can be traced to the
long development times3® frequently involved Indeed, development times of up to
16 h are not uncommon.

Although partition TLC of simple sugars on microcrystalline cellulose has had
limited use3%73%, it offers the resolution of PC with the advantage that the solvent
systems and spray reagents most suitable for PC are directly applicable?® to cellulose
TLC. Carbohydrates, being strongly hydrophilic, require very polar solvents which
have relatively slow migration rates*®. Despite this the separations are considerably
faster than those attained by PC#! although slower than can be achieved on inorganic
adsorbents. Moreover, TLC is more sensitive*! than PC for the determination of
sugars. Frequently, TLC separations depend upon preferential adsorption phenom-
ena, and occasionally resolutions must mncorporate both partition and adsorption
factors as, for example, in separations on silica gel G using butanone-acetic acid—
water as eluting solvent2®. Several inorganic adsorbents have been used for the TLC
of sugars including magnesium silicate*2, alumina*3, Kieselguhr*#-45, silica gel#6—55,
or mixtures of the last two3%-*7, and aminopropyl-bonded silica’®-5°. Caution 1n the
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interpretation of chromatograms is required. For example, aminated sugars are
formed®® when sugars are chromatographed on silica gel G with ammoniacal solvents
resulting in hexoses, pentoses and disaccharides being split into at least two different
compounds. The silica gel apparently exerts a catalytic effect as the formation of
amino sugars is not observed on other adsorbents. The mobility of the sugars on
silica gel depends primarily on the molecular weight and the number of hydroxyl
groups*®-5! and consequently the diastereoisomers are poorly resolved. Resolution
1s improved by impregnating silica gel and Kieselguhr with salts of weak
acids44,46,62,63,359‘

The effects on chromatographic behaviour of the type and concentration of
impregnating salt, which react with the carbohydrates by reasonably well known
mechanisms, have been systematically investigated3°2 using several solvents. Phos-
phates were identified as suitable impregnants. Although borates were not examined,
excellent separations on thin layers of silica gel impregnated with borate have been
reported subsequently3®3. Bisulphite, known for its characteristic addition reactions
with aldoses and ketoses, also gave®® excellent separations of certain sugars. Several
other salts including molybdate and tungstate have been investigated3®+.

A significant feature of inorganic layers is that more corrosive spray reagents
can be employed®+:¢* for detection. Thus, sulphuric acid alone or admixed with nitric
acid®* or permanganate®® has proved suitable for detecting sugars at the microgram
level. Various other reagents which have been proposed include naphthol-
resorcinol-sulphuric acid*?, aniline-diphenylamine®3 and admixtures of sulphuric
acid with anisaldehyde*4, naphthol52, thymol®®, carbazole®s and phenol5®. Reagents
suitable for PC are also apphcable to TLC and of these iodine vapour warrants
mention for despite being less sensitive than sulphuric acid 1t is non-destructive in
the short exposure time required. The adsorbed iodine evaporates when the plate is
exposed to the air.

Although PC and TLC are now generally regarded as inferior methods for
carbohydrates, it is interesting to note that high-performance TLC has recently been
applied*3-58.7 to the separation of sugars.

3 GAS CHROMATOGRAPHY

The application of gas chromatography (GC) to carbohydrates was slower
than with other classes of compounds. The major problem was the lack of volatility
of the polar compounds and the fact that volatile derivatives could not readily be
prepared in quantitative yields. As an alternative to derivative formation, Greenwood
et al.%% in 1961 investigated pyrolysis—GC of several sugars. However, this approach
does not appear to have been followed by other workers, possibly because of the
simultaneous development of suitable derivatising reagents in the early 1960’s.

3.1. Dermwvatives

The first denvatives to be chromatographed®® were those already used for the
chemical analysis of sugars. Thus, the fully methylated methyl glycopyranosides of
simple pentoses and hexoses were separated’® on a column of methylated hydroxy-
ethylcellulose. The anomeric forms of a single monosaccharide were also resolved”?
using this technique and methylated sucrose was successfully chromatographed.
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Bishop”! demonstrated in 1962 that mixtures of methylated disacchandes could be
resolved and an extensive hterature® now covers the methyl! derivatives The extent
of methylation and the application of the method to different carbohydrates have
been examined by several workers72775,

The separation of carbohydrates as acetyl derivatives was first described by
Gunner ef al.”® who found that anomeric glycose acetates gave separate peaks, and
derivatives of epimers had different retention times. The technique was further de-
veloped by Sawardeker ef al.7” and extended to the separation of disaccharides by
using lower loadings of more thermostable silicone liquid phases’®7°. In this pro-
cedure the carbonyl group of monosaccharides 1s reduced with sodium borohydride
to the corresponding sugar alcohol which 1s then acetylated, eliminating the forma-
tion of multiple derivatives”’ from a single sugar. Although the preliminary reduction
and acetylation steps proceed quantitatively potential difficulties include errors in
quantification due to naturally occurring polyols, the possibility of forming a single
sugar alcohol from different monosaccharides (e.g , glucose and sorbose), interference
by the borate (formed in the reduction step) in the acetylation and tailing peaks
caused by the pyridine solvent. Despite this the method has been used widely®0—82,

The occurrence of more than one peak per sugar presents a sigmificant com-
plication in the analysis of carbohydrates. Solutions of carbohydrates undergo mu-
tarotation and an 1nitially pure sugar may result in an equilibrium mixture of the
linear form and the o- and S-anomer of both the pyranose and furanose ring forms.
Thus, derivatisation of solid a-D-glucose gave®? a single major peak 1n the chro-
matogram Similarly, 8-D-glucose showed a single peak. On the other hand, deriva-
tisation of the residue obtained from evaporation of an aqueous equilibrium solution
of glucose, showed two peaks on being chromatographed, corresponding to the peaks
obtained with the two separate a- and f-anomers. These observations have been
extended®? to many sugars other than glucose. Derivatisation is generally a faster
reaction than mutarotation®* and, hence, compositional changes during derivatisa-
tion are assumed minimal. To reduce further any mutarotation of sugars, dimethyl
sulphoxide (DMSQO) may be used as derivatising solvent whence, for example, the
a- to f-D-glucose anomerization rate®* is essentially zero and remains low in aqueous
DMSO. With respect to water, the a-D-glucose anomerization in 50% aqueous pyr-
idine is about 48 times faster than 1n either 50% aqueous DMSO or 50% aqueous
dioxane. Catalysts (for example, 0 2% lithium perchlorate) have been used®#* to effect
mutarotation equilibrium prior to derivatisation. In the case of glucose, an aqueous
equilibrium mixture contains®? about 36% a-D-glucopyranose, 64% f-D-glucopyr-
anose and less than 1% of the linear aldose or of etther possible furanose form In
contrast, Acree ef al.8% have determined the composition of an aqueous equilibrium
solution of galactose to be 1 0% a-galactofuranose, 3.1% f-galactofuranose, 32.0%
a-galactopyranose and 63.9% fi-galactopyranose. The importance of solvent is seen
by comparing the corresponding compositional data®’, namely, 13.7%, 23.4%,
31.7% and 31.2%, respectively, for pyridine solutions of galactose. Additional factors
affecting mutarotation equilibria in aqueous systems include®® pH and metal ion
concentrations.

An alternative approach®® to acylation 1s the preliminary conversion of aldoses
to the corresponding methyloxime, followed by acetylation of free hydroxyl groups.
Since the oximation nvolves reaction at the C-1 position, the incidence of multiple
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derivatives from a single sugar is reduced. Although single peaks are obtained for
glucose, fructose, mannose and xylose, some carbohydrates give two peaks®?, pre-
sumably due to formation of syn- and anti-isomers. A similar procedure has been
used®! for disaccharide esimation, one peak being obtained for maltose, but two
resulting from lactose.

Bourne et @l.°° originally described the derivatisation of sugars with trifluo-
roacetic anhydride to form the corresponding esters. Several different trifluoroace-
tylation procedures have been described®! % The advantages of trifluoroacetylation
are enhanced volatility®! and sensitivity. Thus, Tamura and Imanan®? prepared the
trifluoroacetate denvatives of glucose, galactose and mannose and exploited the sen-
sitivity obtained with electron-capture detection for their quantification Derivatisa-
tion with N-methyl-bis(trifluoroacetamide) is claimed®® to be more reproducible.

By far the most popular of the volatile compounds of sugars used for GC
purposes are the trimethylsilyl (TMS) derivatives. Sweeley et al.°” were the first to
produce a viable method for carbohydrates based on the formation of these deriv-
atives. Their study included pentoses and hexoses as well as monosaccharides through
to tetrasaccharides. A mixture of hexamethyldisilazane (HMDS), trimethylchlorosi-
lane (TMCS) and anhydrous pyridine was added to dried sugars, derivatisation oc-
curring rapidly at room temperature with virtually quantitative yields. Since the ex-
tract was injected directly, ammonium chloride (formed as a by-product in the re-
action) contamination of the column occurred. Various modifications of the proce-
dure have been described®®?? including hexane extraction'®® of the derivatised
sugars prior to injection. Although ammonium chloride may be removed by centrifu-
gation, solvent extraction!©®10! has the advantage of simultancously eliminating
pyridine which produces a severely tailing peak on some stationary phases.

It was originally believed that the procedure of Sweeley et af °7 required rig-
orous drying for silylation. This 1s not the case for, although drying prevents an-
omerisation, water does not prevent silylation as it immediately silylates to hexa-
methyldisiloxane. Thus, its presence merely requires more silylating reagent and this
fact has been used'®? to perform the reaction directly in aqueous solution Brobst
and Lott!?3 substituted trifluoroacetic acid for TMCS and used a sequential addition
of reagents to the sugar. However, the silylation of glucose was claimed'®* to be
incomplete by this method.

More powerful silyl donors than HMDS have been proposed For example,
N-trimethylsilylimidazole! 257198 and N,O-bis(trimethylsilyl)acetamide (BSA)1 09111,
with TMCS as catalyst, have been used to derivatise sugars in a range of biological
fluids. However, BSA 1n pyridine causes the anomerisation of hexoses, and the chro-
matogram of a single sugar may contain''? four or five peaks. Other reagents in this
category include N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and N-methyl-
N-trimethylsilyltrifluoroacetamde! 13114, Although BSTFA should be a self-cata-
lyzing silyl donor, 1t has been found necessary®*.111.113 to add TMCS as an addi-
tional catalyst for rapid quantitative derivatisation.

Pyridine has been used as solvent i the majority of silylation studies although
other solvents, such as DMSO and dimethylformamide!'*~11# and including a large
excess of silylating reagent 1tself'*, have also been used. The advantages claimed for
these solvents compared to pyridine are lower anomerization rates®®, improved chro-
matographic behaviour!''? and less noxious odours
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STATIONARY PHASES AND PACKED COLUMNS USED FOR GC OF SUGARS

Derwative Column* Column packing Ref.

T™S 12 ft 5% SE-30 on Gas Chrom P 114
2-6 ft. x 6 mm 2-3% SE-30 on silamsed Chromosorb W 103
oD
1.5m x 3 mm 3% OV-1 on Gas Chrom Q 111
3m x 3mm 13% OV-1 on Gas Chrom Q 137
6ft x 3 mm 2% OV-1 on silamized Gas Chrom S AW 116
27m x 3mm 10% OV-17 on Gas Chrom Q 109-11
2-6fi. x 6 mm 2-3% SE-52 on silanised Chromosorb W 103
oD
6ft. x 6 mm O.D 3% SE-52 on silanised Chromosorb W AW 97
2ft x 6mm O.D 025% SE-52 on glass beads 138
27m x 3mm 3% QF-1 on Gas Chrom Q 111
6ft x 3mm 3% SP-2250 on Supelcoport 132
27m x 3 mm 3% XE-60 (cyanoethyl methyl siicone) on Gas Chrom Q 111
8ft x 6 mmOD. 15% EGS on Chromosorb W AW 97
6ft x 6 mm 15% EGS on Chromosorb W 98
6ft x 2mm 3% Dexsil 300GC on Chromosorb W AW DMCS 136

Oxime, TMS 15ft x 3 mm 1% SE-30 on Gas Chrom Q 124
OD
05and 20 m x 3% SE-30 on Chromosorb W AW DMCS 134
3 mm
7ft. x 6mmOD 3% SE-30 on Chromosorb W 139
6ft x 6mmOD 3% OV-17 on Chromosorb W AW DMCS 125
05and 20 m x 3% SP-2250 on Supelcoport 134
3 mm

TMS, acetyl No details 3% SE-52 140

Alditol, TMS 2ft. x 6 mm 3% SE-52 on Diataport S 133
oD

Alditol acetate 8ft x 6mmOD 5% XE-60 on Chromosorb W 77
4ft x 6mmOD 10% Carbowax 20M on Chromosorb W 77
10 ft x 6 mm 3% ECNSS-M (ethylene succinate silicone
OD. copolymer) on Chromosorb W 77
2m x 3mm 5% OV-275 on Chromosorb W 122
2m x 2 mm 2% Silar-7CP on Chromosorb W AW 141

Alditol 15m x 4 mm 2% XF-1105 (cyanoethyl methyl sithicone)

trifluoroacetate on Gas Chrom P 142

Tnfluoroacetate 6ft x 4 mm 20% SE-30 on Chromosorb W AW 95

Methyl 1.8m x 3mm 1% SE-30 on Gas Chrom Q 75
18and 36 m x 1% OV-17 on Gas Chrom Q 75
3 mm

Oxime, acetyl 6ft x 2mm 5% QF-1 on Supelcoport 143

Methoxime, acetyl 9 ft x 4 mm 3% ECNSS-M on Celite 89

Underivatised

glucose 2m x 3 mm Chromosorb 101 (porous polymer) 135

* Length x nternal diameter, except when indicated otherwise
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Additional denvatisation procedures have been combined with trimethylsily-
lation to decrease the incidence of multiple derivatives. Thus, reduction of monosac-
charides to their corresponding alditols followed by the formation of (acetate or)
TMS ether derivatives avoids the problem of peak multiplicity! 7123 by removing
the carbonyl group normally involved 1n ring formation. However, the method which
involves significant chemical manipulation of sugars, may lead to information loss!24
because certain sugars yield the same alcohol. Moreover, ketosugars yield two epi1-
meric alcohols. For example, fructose and glucose yield sorbitol as their reduction
product and fructose, in addition, yields mannitol. The alditol-TMS derivatives are
claimed® to be less satisfactorily resolved than the corresponding acetyl esters and
this evidently accounts for the low incidence of their use. Combined oximation-ace-
tylation®® and oximation-trimethylsilylation®’-12# also reduces the problem of peak
multiplicity (two possible derivatives per sugar, with only one found for most
sugars'2%) but some problems have been reported!?* due to poor sample stability of
the sugar oximes.

Dimethylsilyl (DMS) and halomethyldimethylsilyl derivatives are prepared
using similar conditions as those for TMS ethers. As expected the retention times of
the halogen compounds are considerably longer than those of TMS ethers and the
application of the halogen derivatives 1s imited!26, DMS dernivatives can be employed
to advantage with high-molecular-weight sugars since the DMS ethers have retention
times that are half of those of TMS derivatives. Various other derivatives have been
studied!27-130 but offer little by way of improved ease of derivatisation, resolution
and/or reduction 1n the number of derivatives.

In summary, the major difficulty in the GC of carbohydrate derivatives relates

TABLE 2
OPEN TUBULAR COLUMNS USED FOR SUGAR ANALYSIS

SCOT = Support-coated open tubular column, WCOT = wall-coated open tubular column

Derwvative Column Stationary phase Ref
T™S 30 m x 028 mm glass WCOT SE-52 108
25 m glass WCOT SE-54 146
Short x 032 mm glass WCOT OV-1, SE-30 147
30 m x 025 mm fused-sthca WCOT SE-30 84
Oxime, TMS 15m x 025 mm glass WCOT SP-2250 145
Alditol, TMS 25and 50 m x 023 mm fused-silica OVv-101 148
WwWCOT
Aldito! acetate 25m x 025 mm glass WCOT 0OV-275 149
28 5m x 05 mm glass SCOT Silar 10C 150
28 m x 05 mm glass SCOT Silar 10C 151
6 m x 02 mm fused-sihca WCOT BP-75 151
25m x 02 mm fused-sthca WCOT SE-52 152
20-25m x 03 mm glass WCOT Chiral phase 153
Methoxime, TMS 25m x 0.28 mm glass WCOT SE-30 129
Oxime, acetyl 60 m x 03 mm glass WCOT SE-30 154-156
N-Ethoxycarbonyl-O-TMS 25 m x 028 mm WCOT OV-101, Chirasil-Val 157
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to the production of several products from a single glycose owing to either faulty
derivatisation or the formation of anomeric derivatives of possible furanose and
pyranose ring forms!3'. With respect to faulty derivatisation, incomplete silyla-
tion!12, for instance, may produce several peaks per component!®*. Complications
may also arise from the order of addition of reagents and the heating (often necessary
for dissolution of the sugars) of the derivatisation mixture®3-°7, Thus, heating and
the sequential addition of reagents apparently increase the number of derivatives.

3 2. Columns and packing materials

Columns, constructed of copper!®? and stainless steel!?3.124.1327134 have been
used successfully for the GC of sugar derivatives. However, as in other applications
of GC, the trend has been to the increasing use of more inert glass col-
umns!22.125,133.136 - Qeveral stationary phases are suitable for chromatographing
sugar derivatives and, in general, the non-polar TMS derivatives have been chro-
matographed® on non-polar phases while the more polar acetyl esters have been
better resolved on more polar phases (Table 1). However, many cases are observed
mm which incomplete resolution results on non-polar, non-selective phases such as
SE-30 and SE-52, while analyses on polar columns, such as polyethylene glycol,
polyester and nitrile silicone, are often more selective. On the other hand, polar
columns are less useful for chromatographing mixtures containing substances with
a wide range of boiling points.

The derivatisation procedure can restrict the choice of a stationary phase. For
example, in the typical silylation procedure®4-13% where the reaction mixture is in-
jected directly, the presence of excess unreacted reagent precludes the use of station-
ary phases with reactive hydrogens. Although loading of the stationary phase on the
mert support has varied® from 0.25 to 25% (Table 1) low percentages have been
more common. Of the various materials used as the inert support, Chromosorb W
and Gas Chrom Q have found widest success (Table 1).

Capillary GC is a powerful technique for the analysis of complex samples such
as carbohydrate derivatives. Stainless-steel capillaries coated with OV-17 have been
utilized!*# for an extensive study of carbohydrate changes during sugar boiling. How-
ever, the reduced activity of glass'#5 and, more recently, fused-silica capillaries has
resulted in the increased use of such columns (Table 2). An added advantage of
capillary systems is the ability to employ cold on-column injection'4” thereby reduc-
ing the incidence of sample decomposition 1n the heated injection port. The possibility
of catalytic and adsorptive phenomena occurring in the injection port and column
has not been studied 1n relation to carbohydrates

4 COLUMN CHROMATOGRAPHY

Column chromatography of carbohydrates dates back to 1939, when Reich!58
described the separation of azoyl derivatives of sugars. Alumina has found little
application in the carbohydrate field since the sugars are too polar and too strongly
adsorbed. Moreover, their hydrophilic character makes it impossible to use non-polar
solvents, and this limits the choice of suitable solvents. Finally, the basic character
of alumina involves the danger of epimerization. Cellulose partition columns!59.160
and 1on-exchange columns!9!-192 have found limited use. In contrast, low-resolution
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charcoal columns dominated!®3716% the column separations of carbohydrates until
1970. Although the development of strong cation exchange columns'®¢ was a con-
siderable advance in column technology, 1t is undoubtedly the development of polar
bonded-phase materials prepared from silica (5 and 10 gm) which has led to the full
advantages of high-performance liquid chromatography (HPLC) becoming appli-
cable to carbohydrate analyses. Indeed, HPLC 1s now claimed®®” to be superior to
GC as a technique for carbohydrate analysis. Thus HPLC often offers direct injection
of sample with little or no pretreatment and sugars are not subjected to high tem-
peratures. The interpretation of many HPLC chromatograms is simple because an-
omeric forms of sugars are normally not resolved!®. On the other hand, GC detectors
are generally the more sensitive and 1n those cases where only a limited amount of
sample is available, GC can be readily employed

Columns and conditions used for the HPLC of carbohydrates are summarised
in Table 3. Amon exchange of carbohydrate-borate complexes was first applied98
1 1952 but was a tedious, trme-consuming procedure. By contrast, a current tech-
nique'%® can determine all nine naturally occurring aldoses in 65 min. Various other
modes of separation have been applied to HPLC of simple sugars and, of these,
reversed-phase partition is the most important. Although both alkylated, cyano- and
amino-bonded phases have been utilized for carbohydrates, the latter have been most
extensively studied. The first evaluation of the preparation and properties of an
amino-bonded stationary phase was reported!®? in 1976. Such columns had limited
lifetimes because of the hydrolysis of the bonded phase and the reactivity of the
amino function. The resulting deterioration required a mobile phase of gradually
decreasing water content!?® so that retention times and resolution could be approx-
imately maintained. Moreover, chemically bonded particles are readily aggregated
by contact with hydrophilic substances, and the column packing 1s altered Therefore,
guard columns are usually used to extend column life Despite these himitations com-
mercial packings exhibit reasonable stability and provide excellent separations of
sugars. In situ preparation of amino columns!®? ensures stability of column condi-
tions by constantly regenerating the surface of the stationary phase.

Carbohydrates have been successfully chromatographed!®® on Partisil-10
PAC, a bonded phase containing both cyano and amino groups. The effect of the
addition of acids and salts to the aqueous acetonitrile mobile phase has also been
examined.

Separations on amino-bonded phase columns have been considered normal-
phase partition by others!®® because increasing water content in the mobile phase
speeds up the elution. However, 1t is not clear whether the retention is caused by a
competitive mnteraction of the water and carbohydrate or by adsorption via hydrogen
bonding between hydroxyl groups of the carbohydrate molecule and the amino
groups of the stationary phase!’°. Indeed, some prefer to call this use reversed-phase
adsorption while others feel that there are at least three mechanisms occurring si-
multaneously: adsorption, partition and surface tension209,

Ion-moderated partitioning is increasingly being used for the separation of
carbohydrates!®”. Porous-polymer-based ion exchangers are used as the stationary
phase together with aqueous mobile phase. Both anion and cation exchangers are
used, but the latter more frequently. The elution profile is determined by the coun-
terion with separation proceeding in the partition mode?°-292, However, the change
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in clution profile effected by alteration of the metal counterion of cation exchangers
suggests that an additional mechanism is involved. Goulding?°? postulated that this
was a ligand-exchange interaction between the water molecules in the aquated metal
ion and the hydroxyl groups of the aldose molecules.

During the course of liquid chromatography mutarotation occurs!® thereby
restricting the separation of sugar anomers. However, successful separations have
been achieved?4 on an amino-bonded phase and a phosphoric acid-modified amino
packing using low column temperatures to suppress anomerization. In contrast, sev-
eral anomers have been separated?° at ambient temperatures using anion-exchange
chromatography.

Normal-phase partition and adsorption chromatography have been applied to
carbohydrates (Table 3) generally following pre-column derivatisation to perben-
zoates??%:2%7  per-p-mitrobenzoates?°®, per(dimethylphenylsilyl)ethers!89.19¢, per-
acetates?®® and pernaphthoates?!°. However, the need for derivatisation has usually
been related to the requirements of detection89-189=1°91 and not to altering the chro-
matographic behaviour of the sugars by endowing them with hydrophobic properties.
Dansyl hydrazone derivatives?!!-212 have been chromatographed on reversed-
phase?!? and normal-phase?!# systems whereas adsorption chromatography of the
N-acetyl-a-methoxybenzyl derivatives of glycamines has enabled separation of b- and
L-enantiomers of aldoses?!5.

Glycamine derivatives?!® can be separated by cation exchange and finally,
underivatised sugars have been chromatographed on the bonded-phase anion-ex-
change resin, Bondapak AX/Corasil, using mixtures of acetone, ethanol and water21?
and ethyl acetate, propan-2-ol and water®'® as mobile phases.

4.1. Detectors

Detection systems for carbohydrates have recently been reviewed by Honda!®
and for this reason only a brief overview is presented here. However, choice of de-
tection system is an important consideration in HPLC of sugars because, unlike GC,
there is no universal LC detector and carbohydrates lack chromophoric and fluo-
rophoric groups necessary for UV and fluorescence detection. Indeed, problems with
detection have limited?® the application of HPLC to carbohydrate analysis. Re-
fractivity measurement is suitable but is highly susceptible to changes of column
temperature and solvent composition. Moreover, the low sensitivity of refractive
index detectors restricts application to relatively concentrated samples'?, such as soft
drinks, confectionery and syrups.

Detection based on absorbance in the near-ultraviolet (180-210 nm)179.184 jg
non-selective and involves high capital and running costs due to the requirement for
expensive instrumentation and mobile phases. Pre-column!#® and post-column!??
derivatisation to provide colorimetric!#, UV-absorbing!®! or fluorescent!%° species
provides the best means of detection with currently available instrumentation.

5. APPLICATIONS
Table 4 summarises the chromatographic analyses of mono- and disaccharides

cited by Chemical Abstracts during the period January 1980 to June 1985. An attempt
has been made also to indicate the range of non-chromatographic techniques which
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have been applied during this same period. The distribution of citations between the
various chromatographic techniques for the period was 52% HPLC. 31% GC, 14%
TLC and 3% PC. The greater use of HPLC relative to GC is even more pronounced
when considering foods and clinical-biochemical applications. For foodstuffs, prac-
tical considerations strongly favour the use of HPLC over GC since component
sugars of foods are generally present in adequate concentrations to be detected by
the less sensitive detectors of HPLC. On the other hand, biochemical applications
are more likely to require the greater sensitivity of GC detectors. The increasing use
of pre- and post-column derivatisation techniques in HPLC coupled with UV and
fluorescence detectors has had an obvious impact. However, the main advantage of
HPLC, namely, the ability to mject directly with little or no sample preparation, is
partially eliminated by pre- and post-column derivatisation.

6 SUMMARY

Chromatographic procedures for measuring monosaccharides and disaccha-
rides are reviewed. Although gas and high-performance liquid chromatographic
methods predominate, interest continues in the older techniques using paper and thin
layers However, the most significant developments of the last decade are the increas-
ing use of open tubular columns and bonded-packings based on silica.
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