This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

OURNAL OF Journal of Liquid Chromatography & Related Technologies
LI OU_ 1D Publication details, including instructions for authors and subscription information:

CHRC NS ERE http://www.informaworld.com/smpp/title~content=t713597273

Liquid Chromatography Applied to Olisgosaccharide Fractionation

Alain Heyraud?®; Marguerite Rinaudo®
2 Centre de Recherches sur les Macromolécules Végétales, Laboratoire propre du C.N.R.S., associé a
| 1'Université Scientifique et Médicale de Grenoble, Grenoble Cedex, France

Fi low Fractior
Proparstsa & Anaktical Sap

Exfitess by
dack Cazes, Ph.D.

I @T_..?l.!lf.rl:....\‘

To cite this Article Heyraud, Alain and Rinaudo, Marguerite(1981) 'Liquid Chromatography Applied to Olisgosaccharide
Fractionation', Journal of Liquid Chromatography & Related Technologies, 4: 11, 175 — 293

To link to this Article: DOI: 10.1080/01483918108064785
URL: http://dx.doi.org/10.1080/01483918108064785

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. conftermns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this nmaterial.



http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918108064785
http://www.informaworld.com/terms-and-conditions-of-access.pdf

18:16 24 January 2011

Downl oaded At:

JOURNAL OF LIQUID CHROMATOGRAPHY, 4(Suppl. 2), 175-293 (1981)

LIQUID CHROMATOGRAPHY APPLIED TO OLIGOSACCHARIDE FRACTIONATION

Alain HEYRAUD and Marguerite RINAUDO

Centre de Recherches sur les Macromolécules Végétales,

Laboratoire propre du C.N.R.S., associé & l'Université
Scientifique et Médicale de Grenoble, 53 X - 3804l
Grenoble Cedex, France.

ABSTRACT

This review deals with the separation of monosaccharides and oligo-
saccharides by liquid chromatography. The principles of the diffe-
rent methods are recalled : successively, gel permeation chromato-
graphy, ion exchange chromatography, solid-liquid and liquid-
liquid partition chromatograpnies are described. Then, for each
method, the main results obtained in the field of saccharides are
listed for natural or chemically modified forms.

The latest technique developed is the high performance chromatogra-
phy which allows to perform separations often in a matter of a few
minutes with better selectivity due to the improvements in column

packing technology.

Some consideration of the detectors adapted for saccharide analysis
are given at the end with a list of the principal types of applica-
tions investigated.

INTRODUCTION

This review is concerned with the application of liquid column
chromatography to the separation of monosaccharides and oligosac-
charides. Much interest exists now in this problem due to the oc-
currence of these substrates in various fields such as foods, natu-
ral products analysis, structural investigations on polysaccharides.

Recently, a new method has appeared, more rapid and more selective
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(High Performance Liquid Chromatography) and it seems to be inte-

resting to review this more efficient method c¢f analysis as publi-~

shed in the literature up to date.

The main chromatographic techniques for oligosaccharides fractiona-

tion are

- paper chromatography, corresponding to a liquid-liquid partition ;
the stationary phase is adsorbed on cellulose. It was a useful me-

thod but it presents disadvantages : long time for elution, diffi-

culties of detection and quantitative determination.

- thin layer chromatography (CCM) using cellulose, silica, Kiesel-

guhr as sorbents. Mechanisms for fractionation are adsorption, par-
tition or ion exchange. Just as in the previous method, it is dif-

ficult to perform a quantitative determination.

~ gas chromatography (CPG) is a rapid method which allows guantita-
tive determination. Nevertheless, it needs derivatization to vola-

tilize derivatives. Trimethylsilyl derivatives, or better alditol

acetates are generally used for monosaccharide analysis.

- liquid column chromatography which, with the recent improvements
and especially packings, has been developed under the name of high

performance or high pressure liquid chromatography (H.P.L.C.)

This review will list results obtained by this last type of method

on oligosaccharides or their derivatives. Successively,
- gel permeation chromatography

- lon exchange chromatography

- adsorption or solid-liquid partition chromatography

- liquid-liquid partition chromatography

will be discussed. Finally, some technical equipment such as detec-
tors will be mentionned and some applications for oligosaccharide

separations given,
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A/ GENERAL CHARACTERISTICS OF LIQUID CHROMATOGRAPHY

The fractionaticn is based on the difference in the equilibrium
distribution coefficients of the solutes between the mcbile and
the stationary phases. The solutes pass through a column flowing
with a mobile eluent but their rate of mobility depends on their
relative affinity for the stationary and the mobile phases.
Retention
Generally, the elution of a pure solute gives a symmetrical Gaus-
sian peak characterized by the elution volume U@ ), retention vo-
lume (%{) or time of retention (Tk) ; Th ig directly related to %‘
and depends on the flow rate of the eluent (Figure l). The charac-
teristics ze' %{ or Th are a direct function of the distribution
coefficient K between the two phases as follows

v =v + K V
R m s

v is the volume of the mobile phase or "dead" volume of the column,
m

Vv is the volume of the stationary phase.
s

TTTTTTTTTTA

-—— e = — T e ——

Figure 1. Parameters characterizing the elution of two solutes (1)

and (2).
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Retention can be expressed in terms of a capacity factor k'

o " % number of molecules of solute in the stationary phase
= K — =
%} number of molecules of solute in the mobile phase
It follows
v =V 1 + k'
A ( )
or
T -T v =V
k"R [o) - R m
Tg %n

The term k' is directly determined on the chromatogram ; it depends
on the experimental conditions (V , V ) and mainly on K.
m s
Resolution

The column resolution R characterizes the quality of a separation
s

between two solutes 1 and 2 (see Figure !) ;it is given by

Va1 = YRy

wl + w2 wl + w2

u 2 (TR1 - TRZ) - 2

R
S

where w is the chromatogram peak width formed by intersection cof

the tangents to the curve inflection points with the baseline in
units of retention volume or time. The subscripts refer to solute

1 and 2, respectively.

Rs may also be written as
- (Th1 - TR2)
40
where 0 is the peak standard deviation (to a first approximation
Gl - 02).
When %S < 0.8, the separation is generally bad. It is possible to

relate RS to the fractionation parameters. For two neighbouring

peaks (with w, w2), one proposes

i
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-1 ' /2
Rs =_:_ ( aat) <:§f—1> (o)

where a is the relative retention, N the number of theoretical

plates. The parameter o is defined as

TR2 - TO 2 K>

k'y Kl

Q =

T -
Ry TQ

and reflects the separation of solutes 1 and 2 due to differences
of interactions with the mobile and stationary phases (selectivity

of the process).

The number of theoretical plates N is given by

T T 2
N=16(_i_)2 = (_R

—)
W
N is related to the efficacity of a column and is proportional to

its length.

For simplification one introduces the definition of the number of

effective theoretical plates Neff :

k' \2 - T _T 2 T 2
fuee () e ) - (2

1/2

= 1 (a-1
and Rs 3 Q_;_) Neff

which express Rs as a function of two quasi-independent parameters.

One limits this discussion to the most useful definitions for li-

quid chromatography needed in the following.

B/ GEL PERMEATION CHROMATOGRAPHY (GPC)

Gel permeation chromatography is based on a steric process of ex-
clusion depending on the molecular weight, or rather the hydrodyna-

mic volume, of the solutes.
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The support is a tridimensionnal crosslinked gel, and the elution

volume increases when the molecular weight decreases.

1. Principle of the method

GPC is a partition between the liquid mcbile phase outside the gel

and the solvent inside the pores.

High molecular weight solutes cannot penetrate inside the pores ;
they are excluded andare eluted in a volume Ve equal to the dead
volume Vo' Very low molecular weight solutes penetrate freely into
the pores and are eluted in the total volume VT = Vo + V_(V_1s

P P
the porous volume ; it is equal to the volume of the stationary phase).

The coefficient of partition Kd in this chromatographic process 1s

defined as the ratio between solute concentration in the mobile
phase and that in the stationary phase. It reflects also the frac-

tion of pores accessible to diffusion of the solutes (1)

vV =V +K_ .V
o d

Fractionation is obtained for O < Kd <! ; when Kd = O, the solute
is excluded and when Kd = 1, the solute penetrates all the pores.
Sometimes Kd is found larger than | when some adsorption modifies

the process of distribution.

Some authors (2) prefer to introduce another coefficient Kav

av v Y
where V' 1is the total volume of the column, V' =V +V +V
T T o P g
(Vg is the volume occupied by the gel itself).

This K is no longer in use.
av
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Molecular-weight determination. Considering the process of ste-

ric exclusion, the volume of elution used to be related to the mo-
lecular weights of the solutes and GPC was used to determine mole-

cular weights after calibration of the column. More recently (3)
it was demonstrated that the separation of polymers is based on
the hydrodynamic volume proportional to the product [n]M ([n] is
the intrinsic viscosity in the same solvent ; M is the molecular

weight) (Figure 2).

In Figure 2, the universal calibration curve 1is schematically

drawn ; it is independent of the polymer, eluent ... when the gel

1s rigid. For each elution volume Vo, ¢ A peak is characterized by
i

i f i i i
a product tﬁli Mi and then Mi when Ln]i is known in an independent

experiment.

When oligomers are fractionated, large resolution is necessary to

isolate solutes of an homologous series.

Logini M 4\

inli M

Figure 2. Universal calibration curve in GPC experiment
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Generally, it is necessary to increase the length of the column or

recycle the effluent to avoid too high column back pressure. Many

difficulties appear when charged molecules are chromatographed by

comparison with neutral solutes. These effects have been described
by Neddermeyer et al. (4, 4 bis) and ourself. An electrostatic ex-
clusion effect i1s compined with the steric effect : the volume of
elution decreases more and more as the solute concentration decrea-
ses, the peaks are dissymmetrical ... (5, Sbis, S ter, 6, 6 bis).
To control the elution volume of an ionic¢ solute it is necessary

to add an electrolyte (in a concentration larger than S.IO-ZM) to

the eluent.

Gel permeation chromatography, known since 1956 (7), was the sub-
ject of a previous biblicgraphy by Churms (8). In a gel permeation
system, the most important part is the gel itself, so the separa-
tion of carbohydrates is investigated with regard tc the chromato-
graphic supports. Principal fractionations are given and the mecha-

nisms which modify the filtration are briefly discussed.

a) Gels formed by cross-linked dextrans.

The use of dextran gels, commercially available under the name of
Sephadex (Pharmacia Fine Chemicals, Uppsala, Sweden) was first re-
ported by Porath and Flodin (9, 9bis). This technique, also known
as gel filtration, has been employed to fractionate series of cel-
lodextrins (9 ter, 10) and afterwards many homologuous series of
neutral (11, 13) or acidic oligosaccharides (14, 17). Brown has
reported the separation of xylodextrins (12, 12bis) and mannodex-
trins (13) on columns of Sephadex G15. With acidic sugars, charge
effects have to be taken into account and solution of electrolytes
are used as eluents. With 0.05 M phosphate buffer at pH 7 as the
eluent, Rexova-Benkova (14) separated, on Sephadex G-25, the first
five homologues of D-galacturonic acid obtained by partial acid

hydrolysis or by enzymatic digestion of pectic ac¢cid. Kohn (15)
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resolved mono, di, tri and tetra-saccharides of the galacturonic
acid series on Sephadex G-15. Flodin (16) used Sephadex G-25 for
separating the oligosaccharides produced by enzymic digestion of
nyaluronic acid and chondroitin 4-sulfate, and Diestich (17) frac-
tionated the products obtained on enzymic degradation of heparin

on Sephadex G-25, with 0.01 M acetic acid as the eluent.

Water is generally used in the fractionation of neutral sugars

but there are a few exceptions (18, !9, 20). Helting (18) used

Sephadex G-25 with 9/1 (V/V) water-ethanol as the eluent to frac-

tionate the oligosaccharides obtained on acid hydrolysis of chon-
droitin 6-sulfate from umbilical cord, and the sialic acid oligo-
saccharides have been separated by Ohman (19) on Sephadex G-25
with 99/! water/butyl alcohol. Zelesnick (20) has also reported
the separation of Glucose and Rhamnose using Sephadex G-25 with

60/15/25 (V/V) butyl alcohol-M acetic acid-water.

Gel filtration may be also used to fractionate methylated and ace-
tylated oligosaccharides on the lipophilic gel Sephadex LH-20 with

methanol as the eluent (21, 22).

The nature of the separation has been extensively investigated by
Brown (23, 24). Temperature and solvent dependences of the parti-
tion coefficient suggest weak sorption on the dextran gel with the
homologuous series of oligosaccharides : cellodextrins, xylodex-
trins and mannodextrins. The specific solute-gel interactions are
related to their relative solubilities. Gel permeation on dextran
gels is not a simple sieve effect, adsorption can play a role (25),
and the anomalous chromategraphic behaviour of Schardinger dextrins
on Sephadex G-15 (26) is a good example ; both a and B Schardinger
dextrins are retarded and eluted after glucose. This competition
between molecular size ;artition and adsorption has been investi-
gated by Bertoniere (27) on Sephadex G-15 with sugars ané sugar

derivatives.
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Figure 3. Elution profiles of oligogalacturonic acids on a Bio-Ge:l
P-2 column (203 x 2 cm). A, O.1 M acetate buffer pH S at 65° C ;
amount injected, 30 ul of a 20 mg/ml oligomer solution. B, O.1 M
acetate buffer pH 3.6 at 25° C ; amount injected, 50 ul of a

20 mg/ml oligomer solution. C, O.! M acetate buffer pH 3.6 at

65° C ; amount injected, 60 ul of a 20 mg/ml oligomer solution.

The numbers !,2,3,...10 refer to the degree of polymerization (40).

b) Polyacrylamide Gel Chromatography.

Many authors have reported the successful use of the polyacryla-

mide gel Bio-Gel P (Biorad-Laboratories U.S.A.) to separate oligo-
saccharides. Trenel (28, 3!) separated maltodextrins containing up
to thirteen glucose units within four to seven hours on a Bio-Gel

P2 column. The resolving power was markedly improved by high tem-

perature (28), and maltose and isomaltose, and maltotriose and
isomaltotriose were resolved (29). Gel filtration has been used

by Enevoldsen to separate series of homologuous ocligosaccharides
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™ = 0,50

H,OH
CH, b

0
~ (o] (o]
~ OH \«

OH

Figure 4. Separation of x-carrageenan oligomers (n = 1,2...) after

enzymic hydrolysis. Biogel P-6 ; eluent : NaNO3 5.10_2 M, T° =
25° C (41).

and their corresponding alditols (32). The fractionation of malto-
oligosaccharides of various structures (linear, singly branched,
multiply branched and cyclic) on Bio-Gel P2 (33) and P6 (34) or

P4 (35) revealed characteristic differences and tne fine structure
of the oligosaccharide seems to determine its position in the elu-
tion profile. Pontis (36) reported the complete separation of the
lower members of the fructosan series (up to DP = 10) using Bio-Gel
P2, and the oligosaccharides obtained on acid hydrolysis of chitin
have been separated by Raftery (37). As with dextran gels, ion-
exclusion of acidic sugars occurs when the column is eluted by water;
this interaction is avoided by increasing the ionic strength of the
eluent. Kohn (38) used a column of Bio-Gel P4 to separate oligomers
of guluronic acid, Van Houdenhoven (39) and Thibault (40) have re-
ported the isolation of oligogalacturonic acids (Figure 3). We frac-
tionated also the oligosaccharides produced by enzymic hydrolysis of

K-Carrageenans on Bio-Gel P6 (41) (Figure 4).
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Cyclodextring

+ %

+
25°C
—— 85°C
N
| .
[ 7 <

Figure 5. Partition coefficient K, as a function of the degree of

d
polymerization N for different oligosaccharide series at 25° C(—)

4 gentiodextrins x cellgdextrins
O maltodextrins + cyclodextrins

8iogel P-2 ; eluent 820 (45) .
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CELLOBEITAIRS

|

| |
JUUUY XL\ 1

Figure 6. GPC chromatogram obtained on cellodextrins,Biogel P-2;

eluent H,O0 ; T° = 65° C.

2

Partially methylated mono- and oligosaccharides can also be charac-
terized by gel filtration on Bio-Gel P2 or P4, and an excellent se-

paration of glucose and its mono-, di-, tri- and tetramethyl ethers

was obtained by Grellert (42).

The separation process has been investigated by Brown (10, 12, 12
bis, 13, 23, 24) and the operational parameters (solute concentra-
tion, column length, flow-rate and temperature) have been discussed
by Sabbagh (43, 43 bis). In view of the principal data obtained on
the scope of gel permeation of saccharides (44) and of our results
obtained on Bio~Gel P2 (45, 45bis), it seems that adsorption i{s of
less importance on Bio-Gel than on Sephadex. We have tested four
series of oligosaccharides whose monomeric unit is D-glucose and
have discussed steric exclusion as a result of hydrodynamic in-
vestigations. At lower temperature there is a sclute-gel interaction
characteristic of the oligomer series but at 65°C the fractionation
can be interpreted on the basis of an exclusion mechanism taking

into account the hydrodynamic volume expressed by the product [:nIM
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AALTODEXTRINS
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Figure 7. GPC chromatogram obtained on maltodextrins Biogel.P-2

H

eluent HZO ; T° = 65° C.

The affinity follows the sequence : cyclo-oligosaccharides > malto-

oligosaccharides > cello-oligosaccharides > gentio-oligosaccharides
(Pigure 5).

Typical fractionations of cello- and maltodextrins are given in
Figures 6 and 7. From a general point of view, the values of -log

K. and molecular weight (or the degree of polymerization) are in

d
good agreement with a linear function in the temperature range of

25-65° (Figure 8). These results expressed in terms of log [h]M

lie pratically on the same curve at 65°C and then steric exclusion

is proved to be the only mechanism for fractionation (Figure 9).

c) Other supports :

- Decrystallised cotton cellulose has permeation properties compa-

rable to those of cross-linked dextran and polyacrylamide gel (46).
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Figure 8. Dependence of the partition coefficient Kd on the de-

gree of polymerization N of maltodextrins and cellodextrins (ex-

perimental results Figures 6 and 7).

189



18:16 24 January 2011

Downl oaded At:

190

HEYRAUD AND RINAUDO

a)
A LlogM
8}
*  Maltodextrins
¢ Cellodetnns
T =65°C
7 '\.'\.
\. ~,
.
~~.
8 \\
5 s X Kd
0.2 0.4 0.6 0.8 T
} .
~N
gk Loglnim .
\0
~N
l\'
\ .
r \\
l\'
6r
Kd
5 S i N i 1 S . >
0.2 04 0.6 0.8 1

Figure 9. Same experimental results expressed in terms of molecu-

lar weight (A) and hydrodynamic volume [n]M (B) dependences on

the partition coefficient Kd.
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It is permeable to compounds of molecular weights below 1500 and a
partial separation of raffincse or stachyose from fructose or ery-
throse has been obtained by Martin, Relative retentions do not dif-
fer sufficiently to give efficient separations and cross-linked
cellulose has been found to be a more convenient support (47).
Xylodextrins, cellodextrins, mannodextrins have been separated by
Brown (48) on regenerated cellulose obtained by the cross-linking
of viscose with epichlorohydrin. Chemisorption was found with the
cellodextrins at chain lengths greater than three units, and weak
adsorption for the xylodextrins and mannodextrins. The results sug-
gest that identical conformation of the gel surface and the solute

is required for adsorption.

- Starch gel prepared by cross-linking potato starch under alkali-
ne conditions has been used for gel permeation chromatography of
oligosaccharides. A mixture of raffinose, cellobiose and glucose
has been resolved by Luby (49), using water as the mobile phase ;
but the chromatographic properties of this support are not compara-

ble with those of Sephadex or Bio-Gel.

Gel permeation is a convenient method for fractionation of oligo-
saccharides but a good separation of monosaccharides is very dif-
ficult to cbtain with water as the eluent, except for glucose and
ribose or methyl glycosides. The main results of the literature

on the application of gel permeation chromatography to carbohydra-
tes are summarized in Table 1. Dextran gel and polyacrylamide gel
are the most widely used supports in gel chromatography. These gels
are hydrophilic and swell in water ; water is also used as the
mobile phase and there is no problem with water-soluble materials

such as oligosaccharides.

However, the long time of the analysis is an substantial disadvan-
tage ; as dextran and polyacrylamide gels have poor mechanical
strength, they will not withstand the higher pressure required for

faster analysis.
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List of Experimental Oligosaccharide Separations

TABLE 1

Permeation Chromatography.

Obtained by Gel

T

Gell

Oligosaccharide

SEPHADEX

G-15

P2

Cellodextrins

10,12,12is
13,23,24

lO,lZ,leis,lB,]
24, 45

Cyclodextrins

26

34,45

____’______._4 ._;-
o))

|

Fructosan serzeﬂ

36

Gentiodextrins

45

Isomaltodextring

29

W
u‘:"
(W)

w

at

Maltodextrins

28,29,30,31,33
34,45,43,43bis

w W

woro
P

1
J

(o0

a-1,4/a-1,6 lin-+
xed oligosaccha-
rides.

33,34

(]
un

(9]
=y

Mannodextrins

13

13

Xylodextrins

12,12bis,13
23

Y

12,12bis, 13

N S R

Chitin oligosacH
charides.

37

Maltodextrins
alditols

32

Isomaltodextrins
alditols

32

Oligogaéacturo-
nic alids

15

14

39,40

39

Oligoguluronic
acids

38

Oligohyalurenic
acids

16

Shapiagiioosac

Chondreoitin Sul-+
fate oligosacchq
rides.

16,18

Heparin Olignsag
ch tides. 5

17

Carrageenan oliio-

saccharides

41
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Ion exchange chromatography has proved very useful in carbohydrate
analysis. This method has been extensively reviewed by Samuelson

(50), Jandera (5i, 52), Kennedy (53) and Lawrence (54). Our survey
is divided into the following sections : anion-exchange resins and
cation-exchange resins. The chemical aspects of the separation pro-

cess are discussed and the main results are summarized.

When a non-electrolyte solution is in contact with ion exchangers,
the solute can enter the resin phase. This sorption is a reversible
phenomenon. If there is no interaction of any kind, it should be
expected that the concentrations of the solute inside the resin and
in the external solution are equal. This behaviour is rarely found

and several effects have to be considered

- "Salting-out" effects.

The fixed ionic groups and counterions form solvation shells and
only a fraction of the total internal solvent is free. As only a
part of solvent inside the resin is available for dissolving the
solute, the concentration, which refers to the total solvent, is
lower in the resin than outside. This effect is most pronounced
when>the resin is highly cross-linked and the counterions are

strongly hydrated.

- Interactions with counterions ; "Salting-in" effect.

The solubilities of a number of organic compounds are increased by
the addition of acids. With strong-acid cation exchangers, analo-

guous effects are observed. This effect is dependent on the resin
form ; sorption of a non-polar solute is greatly increased when

+
inorganic counterions are replaced by organic ions such as N(C$H5h
but sorption of sugars is reduced. On the other hand, this

effect becomes very important when the solute forms strong com~
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plexes or even chelates with the counterion. For example neutral
saccharides are "salted in" by anion-exchange resins in the sul-

phite form and in the borate form.

- Swelling Pressure and "sieve action",

The interior of the swollen resin is under a higher pressure than
the external solution. The pressure difference is called the swel-
ling pressure. The swelling pressure affects the solute uptake 1in
such a way that the larger molecules are more strongly affected.

The relationship describing this phenomenon 1is

n v * - RT 1ln
a
N

- where E'N/aN is the ratio between the activity coefficients of

solute in the resin phase to that in the external solution, !l the

swelling pressure, and v, the partial molal volume of the solute.

N
This swelling pressure is high if the resin is highly cross-linked,
therefore with increasing size of the solute molecule and increasing

degree of cross-linking, the effect becomes important.

In addition, sorption of larger molecules can be limited by the
purely mechanical sieve action of the matrix. Sorption equilibrium,

and in consequence the elution volume, will be dependent on

- specific interactions between the neutral solute and the
matrix, fixed ionic groups, or counterions,
- molecular size of the solute and degree of cross-linking of

the ion-exchangers.

With solutions of electrolytes, the effects are more complex. In

contrast to non-electrolytes, the electrolytes are excluded by ion-
exchangers ; this exclusion is favoured by high capacity and cross~

linking of the resin. On the other hand, complex formation, inter-
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actions between the ions of the electrolyte and the fixed ionic
groups or the matrix can offset the ionic exclusion. The elution

volume of ionic solutes depends on the nature of the eluent, buffer

composition and pH.

2. Ion exchange chromatography of carbohydrates

From a pratical point of view three processes can be envisaged :

- The sugar, eluted with water or aqueous solutions of non-
complexing agents, interacts by its weakly acidic alcoholic groups

with the resin.

- In mixture of water and ethanocl, the chromatography of sugars
is a partition between the phase inside the resin and the external

solution.

- The eluent reacts with sugars to produce negatively charged
complexes ; the differences in the stability and the affinity of

the various complexes can be used for the separation.

a) Separation of saccharides on anion-exchange resins using

water or aqueocus solutions of non-complexing agents as the eluent.

In 1960, Hough (55) investigated the use of anion exchange resins

in coa-- and HCOJ' forms for the separation of carbohydrates.

He found that a column of Permutit could be used for the separation
of a mixture of raffinose, sucrose, and glucose in 36 hours using
water as eluent. On the hydroxide form of Dowex-] resin, Austin et
al. (56) separated : methyl a-D-galactopyranoside, methyl B-D
galactopyranoside, methyl a-D galactofuranoside, methyl 8-D galac-
tofuranoside in that order. In a similar experiment, a mixture of
anomeric D-glucopyranosides and D-glucofurancsides could be sepa-
rated, This technique is a useful method for the separation of
isomeric glucosides ; in general, furanosides are adsorbed more
strongly than pyranosides and B-anomers are adsorbed more strong-
ly than the corresponding a-anomers. The free sugars are not elu-

ted from the resin. Evans et al. (57) have shown that on columns
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of anion-exchange resin in the chloride and nydroxide forms with

water as eluent the order of elution depends on the nature of the

resin counterion.

In general, the higher the number of nydroxyl groups in the sugar,
the more the aqueous phase is preferred, therefore the sugars are
eluted in order of decreasing molecular size. The substitution of

a hydroxyl group by an alkoxy group causes a decrease in polarity
and the distribution coefficient becomes higher. The degree of
cross~linking of the resin is also of importance as steric exclusion

may control the sorption process.

Only a few simple separations cf neutral saccharides have been ef-
fected by this method (Table 2), probably owing to the possibility
of inter-conversions of the sugars on the hydroxyl form of anion-

exchange resins. In the other hand, there are many examples of the

fractionation of carboxylic acids.

In the sorption of hydroxyacids on anion exchangers both ionic
sorption and molecular sorption are involved. The ionic adsorpticn
depends on the dissociation of the acid and when this type of ad-
sorption predominates, separa%tion of organic acids with sufficient-
ly different dissociation constants is possible. Larsen (58) sepa-
rated uronic acids on column of Dowex | x 8 with a linear gradient
of acetic acid (0.5 N to 0.2 N). Glucuronic and mannuronic acids
have been separated from each other and from guluronic and galac-
turonic acids. In this system, free sugars are not adsorbed and
can be isclated from uronic acids. Separation of galacturonic and
glucuronic acids in presence of arabinose and galactose has been
obtained by Khym (59). Ion exchange chromatography with acetic
acid as eluent has been extended to include a large number of
other acids (Figure 10) such as aldonic and saccharinic acids

(60 =62 bis) ; the main results are given in Tables 3 and 4. Sepa-
ration with formic acid has been utilized by Fransson (63) to
fractionate uronic acids and aldobicuronic acids but hyaluronic

acid oligosaccharides and chondroitin sulfate oligosaccharides were
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pw' readng, mm

Figure 10. Separation of levulinic (I), melibionic (II}, cellobio-

nic (III), maltobionic (IV), D-ribonic (V), D-glycero-D-gulo-hep-
tonic (VI), D-gluconic (VII), lactic (VIII), L-rhamnoic (IX) and
D-galacturonic acid (X). Detection methods : chromic acid — : car-
bazole --~-- ; periodate =-----.-. Eluant : 0.5 M acetic acid ; flow
rate : 7.7 ml mj.n-lcm-2 ; resin bed : 6 x 760 mm, Dowex I-X8, 24-
27 um(62).

better resolved by elution with LiCl. Anion-exchange chromatogra-
phy in acetate media is a useful tool for the analysis of mixtures
containing several hydroxy acids ; most experiments have been
carried out with the sodium acetate system. In this regard, the
works of Samuelson (60 -62 bis, 64-69) have the greatest interest
in the separation of various carboxylic acids (Tables S5 and 6).
Sodium acetate has also been used by Dirkx (70) for the analysis
of mixture of glucose, gluconic acid and glucuronic acid. Sodium
formate was found to be a better eluent than sodium acetate, and
Nagel (71) isolated a series of oligogalacturonic acids (up to
octa-galacturonic acid) and unsatured di- tri- tetra- and penta-
galacturonic acids but Samuelson (67 bis) used sodium acetate to

separate aldonic acids of the xylonic or gluconic acid series

(Figure 11).
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Figure 11. Separation of a mixture (100 mg) of aldonic acids of
the xylonic acid series which was prepared from a hydrolyzate of
birch xylan. Column (1320 mm x 6 mm I.D.) packed with Dowex 1-X2,
20-40 un. Eluent 0.02 M sodium acetate ; nominal linear flow-rate,
2.5 cm/min. Detection: —chromic acid ; ---.--, periodate-formal-
dehyde ; ~--, carbazole. Peak numbers refer to the numbers of mo-

momeric units (67).

Obviously, a large number of parameters influence the separation
process and the distribution coefficients depend on the nature,
concentration and pH of the mobile phase, and on the temperature.
In elution with salt solutions, the separation factor is determi-
ned by the selectivity coefficient of the ionic species to be se-
parated whereas in acid medium the dissociation constants of the
acids also have an influence ; with sodium acetate as eluent most
hydroxy acids are eluted in the order of decreasing molecular
weight (65) and a complex mixture containing both uronic acid
biouronic acids can be satisfactorily resolved using gradient
elution. Hydroxy acids containing a large number of hydroxyl groups

appear before those with a lower number ; this rule holds true
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with most of the acids within the aldonic acid series but among
organic acids investigated by Samuelson (61) there are two excep- |

tions : mannonic acid and D-glycero-L-manno-heptonic acid.

As the non-ionic interactions with the matrix are small, the above
mentioned rule can be explained by the assumption that the hydra-
ted ionic volumes have a predominant influence. Thus the introduc-
tion of O-methyl groups increases the hydrated ionic volume and a
large decrease in the distribution coefficient value occurs ; in
contrast, substitution of a hydroxyl group for an aldehyde or keto
group results in a large increase in the distribution coefficient
value, attributed to the specific interaction forces between the

anions and the resin.

The influence of temperature on the separations was also studied

(67 bis). The separation factors were affected only to a slight
extent and very little could be gained by working at elevated tem~
peratures. On the other hand, at high temperature the elution
peaks are sharper and the counter pressure lower, therefore a

more rapid separation can be achieved.

b) Partition chromatography of carbohydrate on anion exchange

resins in mixtures of water and ethanol. Anion exchange chromato-~-

graphy with aqueocus ethanol solutions has proved very useful in
carbohydrate analysis and very good results were obtained. Within
the range of solvent composition of interest, the ratio of water
to alcochol is higher inside the resin phase than in the external
solution, and the sugars which are strongly polar solutes have a
greater affinity for the solution inside the resin. In addition,

interaction forces between the resin and the polar solute and

interactions between sugars and counterions have to be considered.

The sorption behaviour and the possibilities for the separations
of sugars have been studied by Samuelson (72, 86) and more recent-

ly by Mopper (87, 88). A typical chromatogram obtained with a
standard containing 18 sugars is reproduced in Figure 12 (88). The
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SUGAR STANDARD MIXTURE
MOST PEAKS 15 nMOLE
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Figure 12. Separation of a standard containing 18 sugars by parti-
tion chromatography on an anion-exchange resin in ethanol-water.
Most peaks are 15 nmol. 3-O-Methylglucose and 2-deoxygalactose are

7 nmol. The resin was regenerated with NaCl followed by Na SO4 (88).

2

early investigations of Samuelson (72=76) with resin in the 3042-
form showed the remarkable capabilities of this system. In 65 §
ethanol, it was possible to separate satisfactorily a mixture of
the monosaccharide glucose and the pentasaccharide verbascose or

a mixture of the monosaccharide glucose, the trisaccharide raffi-
nose and the tetrasaccharide stachyose using a column of Dowex 1 x
8. As distribution coefficients increase when the ethanol concen-
tration is increased, separations of monosaccharides and/or Qi-
saccharides can be performed. Therefore, it was possible to resol-
ve a mixture of several mono-, di and trisaccharides using step-
wise or gradient elutions. One factor which limits the applicabi-~
lity of this technique is the extremely low rate of diffusion in-
side the resin particles. In principle it is advantageous to use
macroporous resins and small resin particles ; it is not the
average porosity which is the rate determining factor but the
spectrum of pores, and great differences can be observed among

porous resins (73,75). The rate of sorption decreases rapidly with
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increased ethanol concentration whereas the distribution cceffi-
cients are increased, but with small resin particles and a decrea-
se in the flow rate (74) a complete separation of arabinose, xy-
loge, mannose, galactose and glucose can be achieved in 88 % etha-
nol. A marked improvement occurs with increasing temperature ; the
elution curves are much sharper at elevated temperature but the
distribution coefficient is found to decrease and excessively high

temperatures should be avoided.

In contrast to ion-exchange chromatography in pure water, distri-
bution coefficients are expected to increase with an increase Ln
the number of hydroxyl groups. Thus, monosaccharides are eluted
ahead of the disaccharides and higher oligosaccharides then follow.
The distribution cocefficients depend on the concentration of
ethanol but as a rule the order of elution from individual resins
is unaffected within the range of interest in chromatographic work
(76,77) . Considering the alditols, most of these compounds exhibit
lower distribution coefficients than the corresponding aldoses
(79) . Ribitol and mannitol are exceptions and no simple rule seems
to be valid since the partition of the solutes is determined not
only by the differences in solubility but also by interaction for-

ces with the resin.

Most separations have been carried out with the sulfate form of

styrene-divinylbenzene anion-exchange resins but cross-linked dex-
trans containing quaternary groups have also been used (81). With
a more polar resin matrix, sugars were held more strongly but the
order of elution was the same with both resins. Exceptions are the

ketoses and mannose ; these monosaccharides are strongly polar
solutes and the interaction forces with the resin matrix have a

marked influence upon the separation.

The sulfate form of the exchanger is often preferred but the chlo-
ride form of the dextran anion exchanger has been used for certain

separations. As a rule, the separation factors were less favorable
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with the chloride form but the separation xylose and mannose is an

interesting exception (81).

Analyses of complex mixtures of sugars are generally performed at
elevated temperatures., When the temperature is lowered, a mono~
saccharide such as glucose can be resolved into two overlapping
peaks. At ~10°C, in 75 % ethanol a good resolution is obtained

and the o and B forms can be separated (86).

Anjon exchange chromatography using aqueous ethanol solutions as
eluent can be a very interesting method in the fractionation of
oligogaccharides. A chromatogram obtained on elution of a sample
containing xylan ocligosaccharides in a run on Technicon TSC,

5042- in 75 % ethanol is given in Figure 13 (84). With a high con-

1
2
3
100}
(.
4
L S
%0
r 7 a
L
JIUU _
S L 1 1 1 L
200 400 600

Eluate volume (cm3)

Figure 13. Partition chromatography of xylan oligosaccharides in

75 % aqueous ethanol at 75°. Resin bed : 4 x 600 mm, Technicon
2-
4 1]
2,di-(5 uq) ; 3,tri-(6.5 ug) ; 4,tetra-(9 pg) ; 5, penta- (13 ug) ;

TSC, SO 14-17 ym. Flow rate : 2.8 cm.min-l. 1, D-xylose (5 ug) ;

6,hexa- (25 ug) ; 7,hepta- (18 ug) ; and 8,octa-saccharide (25 ug)(84).
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Figure 14. Relationship between log Dv and number of D-xylose re-~
sidues in the oligosaccharides at various concentrations of etha-

nol. Sulphate resin (T5C, 14-17 um), 75°, (84). Dv

v
-2 _ ¢ with
X 1

x the volume of the chromatographic bed and € the relative in-

tersticial volume (s1 = 0.4).

centration of ethanol the sugars are eluted in order of increasing
molecular weight but this order can be reversed at a low concentra-
tion. It was found that a straight-line relationship exists between
the logarithm of the distribution coefficient and the number of
monomeric units (DP) in the oligosaccharides. As shown in Figure

14 (84), this rule holds true at both high concentration of etha-
nol and with pure water as eluent and a critical eluent composition

exists at which all oligomers of the same series exhibit the same

distribution coefficient. The dependence of the critical ethanol
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concentration on the type of glycosidic linkage can be used to

isolate oligomers belonging to different oligosaccharide series (85)

This technique has not been utilized for the separation of acidic
sugars and Qery little with sugar derivatives such as methyl, ethyl
benzyl, hydroxyethyl ethers and glycosides. In agreement with the
results observed with sugars and polyols, the distribution coef-
ficients decrease with increasing number of non-polar substituents,
and all derivatives appear earlier than the sugar from which they
are derived (80).The position and the nature of the substituents
have, however, a very great influence ; the high distribution coef-
ficient of benzylglucose may be due to strong attractive forxces
between non-polar solutes and the matrix of the resin. Various

separations performed with this technique are given in Table 7,

¢) Anion-exchange chromatography based on sugar complexation

with the eluent. This technique based on the original experiments

of Khym (89— 92) involves the chromatography of sugar-borate com-
plexes on basic ion-exchange resins in the borate form. Certain
polyhydroxy compounds react with borate ion (from boric acid or
its salts) to form complexes which are negatively charged ions
and may be separated by ion exchangers. A separation of glucose,
galactose and fructose was performed by Khym on Dowex-1 with sodium
borate solution as the eluent. Afterwards the method has been ex-
tended to include other saccharides. In solution three types of
complexes are possible but they are in equilibrium and this equi-
librium depends on the pH, the ratio of borate to sugar and the
absolute concentration of the latter. Moreover, mutarotation,
furanose-pyranose interconversion and the position of hydroxyl
groups are very important (90, 91). It was found that the furanose
was the form most favorable for the formation of a sugar-borate
complex ; the elution order of carbohydrates is therefore control-
led by the importance of furanose-pyranose interconversion and the
ease of mutarotation. Affinity of the borate complex for the resin

changes with the type of complex ; the influence of the structure
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of the carbohydrates on the formation of theses complexes has been
shown (91, 92), and c0mpounds with the greatest number ofTcis-1,

2 glycols in a furanose system have the hlghest elutlon volumes.
When elution was performed w1th dilute borate bufferé ﬁhé effluent
volumes of the monosaccharldes were very Large (500 ml) and the |
separation time consuming (up to 60 H.). A modzflcation 1nvolv1ng
elution at a higher ionic strength has peen‘inttoduced by Hallen
(93) ; mannose, fucose, galactose and glucose.can be separated

with 150 ml of eluent.

Even with pH modifications and step-changes in borate buffer con<
centrations, the time required for these analyses was very long ;
moreover, the iscmerisations of certain reducing disaccheeides had
to be taken into account ; in borate medium under alkaline condi-
tions, as described by Khym, lactose, maltose and cellobiose were
found to undergo chemlcal changes {94). ; these reactions were.ne-

gligible when operatlng at 4°cC

An important disadvantage of the method is the slowness of the
separation, and improvements to accelerate the process were ‘intro-
duced. Eluting with a solution of a constant borate concentration
(pH 8.0) upon which was superimposed a posxtlve ehlorlde ;on con-
centration gradient, Syamananda (95) reduced ehe analysis time by
a factor of at least three. Similarly, Hough (96) separated in 7
hours trehalose, rhamnose, ribose, mannose, fucose, arabinose,
galactose, xylose and glucose with boric acid buffers of pH 7.0 ;
the elution times of the various sugars were dependent on the rate
of increase of both borate-ion and chloride-ion concentration in
the eluent. The use of chloride icn causes shrinkage of the resin,
but Davies (97) described a system of neutral borate buffer with
sulfate as the eluting counterion. The effect of various parame-
ters such as column temperature and the nature of the resin have
been reported. Green (98) and Kesler (99) found that resolution
was enhanced by increasing the column tempereture and using'sﬁéll

particle size resins but compounds exhibited longer elution time
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and, at a given flow rate, little advantage was gained between

55° and 70°C. The resolution of sugars has also been shown to be
pratically independent on the flow-rate ; little difference was
observed by increasing or decreasing the flow-rate by 50 %. A
rapid procedure for the analysis of mixtures of glucose, fructose
and mannose has been investigated by Verhaar (100). Complete sepa-
ration can be carried out in 30 min. on a column of Aminex A-27
eluted with boric acid, sodium borate, sodium chloride and acetic

acid.

In order to minimize alkaline rearrangement reactions, elutions
have been performed at a neutral pH. As the pH is decreased, the
ionic strength and consequently the buffering capacity become
lower. Introduction of alcohol into the eluent increases the amount
of ionizable borate at low pH and a higher capacity buffer is ob-
tained. Walborg (101 - 103) obtained good separations employing
boric acid/glycerol or boric acid/2,3-butanediol buffers but the

method described requires excessive elution times (Figure 15).

The results of Green (98) and Kesler (99) demonstrated that the use
of chloride ions in the eluent was not indispensable. Kesler sepa-
rated multicomponent mixtures of mono-, di- and tri-saccharides in
4 ~ 6 H., with a combination of increasing pH (from 7 to 10) and
increasing borate concentration (from 0.1 - 0.2 to 0.6 M). This
methodology developed by Green has been also utilized by Ohms (104)

on a strongly basic anion-exchange resin, Beckman 1-S.

The method reported by Lee, based on this system, for analysis of
monosaccharides is faster. The column was eluted with a linear
gradient generated with 100 ml each of 0.15 M (pH 7.0) sodium
borate and 0.40 M (pH 10.0) sodium borate (105) or with 70 ml each
of 0.40 M (pH 8.0) buffer and 0.40 M (pH 10.0) buffer (106). A me-
thod for the separation of several mono-,di- and tri-saccharides
is described by Floridi (107). The utilization of a three buffer

step~wise elution system allowed a good chromatographic resolution
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of seventeen sugars in about 10 h. (Figure 16)., Separations with
borate buffer of fixed borate concentration are more convenient, no
re-equilibration being necessary between runs. Bauer (108, 109)

separated, using resins of small particles size, in 35 min. sucrose,

ribose, mannose, arabinose, galactose, glucose, with H3BO3 buffer

TIME, HOURS
0.D. 1 2 3 4 ) 6 7 8 9 10 i 2 i3
JeS mu 1 NN S { 1 ! " L 1 i I n N
RAFFINOSE
0.7 BUFFER TEMP,
CHANGE CHANGE
| FRUCTOSE
0.6 — ‘ MANNOSE
MELEZITOSE RIBOSE
0.54 LYXOSE
| waLtose  HAMNOSE oaLacTosE GLUCOSE
OA.T
0.31
0.2+
0.1 1 J
0 T T T
0 50 100 150

EFFLUENT VOLUME, ml,

Figure 15. Chromatographic separation of saccharide mixture using
a two-borate buffers system on AMINEX-Al4 anion exchange resin
(103). Saccharides were present in the following quantities

0.300 umole melezitose, 0.500 umole raffinocse, 0.800 ymole malto-
se, 2.0 umoles rhamnose, 1.5 umoles lyxose, 1.5 umoles ribose,
1.0 umole mannose, 1.5 umoles fucose, 2.5 ymoles fructose, 2.0
umoles galactose, and 2.5 umoles glucose.

Buffer A is followed by buffer B at 4.5 hr (buffers are defined

in ref. 102) ; temperature is changed from 40° to 60° C at 5.5 hr.
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Figure 17. (A) Separation of 11 sugars (15 nmol each) on non-etha-
nol-treated resin. (B) Separation of 15 sugars (15 nmol each) by
borate-complex ion-exchange chromatography. The resin was treated

with ethancl prior to packing. Resin DA-X4 (Durrum chem) (111},

ABSORBANCE {A.U.)

ABSORBANCE [A.U)
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0.4 M (pH 9.2), and separations were performed by Sinner (110) with
potassium borate buffer of pH 8.8 at various buifer molarity (0.1

to 1.0 M). Ethanol treatment of the resin can increase the separa-

tion factor and total analysis time is considerably shorter (Fiqurel?)

On an ethanol treated resin, !5 sugars were well separated
by Mopper (111) ; the improved separations appear to be related

to an excellent package of the column.

Anion exchange chromatography in borate medium is not limited to
analysis of neutral saccharides. This system was found to be well
adapted to the separation of hydroxy acids. The principal results
have been obtained by Samuelson (112~ 117). Xylonic, arabonic,
mannonic, gluconic and galactonic acids could be separated on
Dowex 2 or Dowex 1 with a sodium tetraborate solution (112). This
method was also used for separation of saccharinic acid from lactic,
glycolic, o, B-dihydroxyiscbutyric and 8, y - dihydroxiisobutyric
acids (113). In borate medium, the separations of aldobionic acids
were very difficult. These separations, as well as mutual separa-
tions of some simple aldonic acids can be carried out by elution
with sodium acetate (114). By contrast, the separation factors of
most aldobiouronic acids (Figure 18) are more favorable in sodium
tetraborate than in sodium acetate and acetic acid (115). This
higher selectivity with borate medium can be attributed to the
formation of complexes between borate ions and the polyhydroxi-
carboxylate anions ; the stability of these complexes tends to
increase with the number of vicinal hydroxyl groups and with their
distance from the carboxylate group. As with neutral saccharides,
there is a correlation between the complex formation and the eluent
concentration and between complex formation and temperature (116,

117).

Ion exchange chromatographic separation of sugars based on sugar
borate complexation has been extensively employed ; Table 8 summa-

rizes the most important results. Strongly basic anion-exchange

celumns in the hydrogen sulphite form have also been utilized (118,
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Figure 18. Separation of 2-0-(4-O-methyl-a-D-glucopyranosyluronic
acid)-D-lyxose (I), 2-0~(4-O~-methyl-a-D-glucopyranosyluronic acid)-
D-xylose (II), 2-0-{a-D~galactopyranosyluronic acid)-L-rhamnose
(III), 6-0-(B-D-glucopyranosyluronic acid)-D-galactose (IV), D-
galacturonic acid (V), and D-glucuronic acid (VI). Analyzed by the
carbazole method (---), and by the dichromate method (—-). Step-
wise elution with 0.05 M and 0.12 M sodium tetraborate on a Dowex-

1, X-8 column, at 30° C (115).

119) with pure water or ethanol-water mixture as eluents. The sys=-
tem is based upon the formation of a-oxysulfonic acids in the

resin phase. Ketoses have not tendency to form stable complexes
while aldoses yield stable a-oxysulphonic acid, and this method

can therefore be employed for ketose-aldose separations. Though
sugars are isolated in the pure state, this is a time-consuming
process and this type of separation has not been frequently uti-
lized. In the same way, the use of copper or zinc acetate solutions
as eluent in the separation of various aldonic and uronic acids can

be aimply considered as a complement to existing procedures (120).
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d) Cation-exchange chromatography of saccharides.

Cation exchange chromatography has been performed for years. Re-
sults have been shown to be similar to those obtained with anion-
exchange resins but the elution systems are less complex (121). Two

elution types can be considered.

- Elution with pure water : in 1960, Jones separated on the
lithium (122, 123) or barium (124) forms of Dowex 50 W a mixture of
saccnharides with water as the eluent.wWwith the lithium form, su-
crose, raffinose and glucose were resolved in 24 hours. It has been
shown that elution proceeds in order of decreasing molecular size ;
with methylated sugars this order was reversed so that the most
highly substituted molecules were eluted last. In water, the frac-
tionation of neutral sugars of different size may be regarded as a
partition chromatography whereas charged molecules may be excluded
from the matrix. Application of these principles to the separation
of carbohydrates allowed Barker (125) to separate oligosaccharides
on the lithium form of AG-50W x 2 resin, separations being not af-
fectedbysalts present in the sample. The potassium form of a Do-
wex 50W x 4 has been used by Mc Cready (126) and Saunders (127).

Mc Cready described the preparation of l-kestose and nystose and

Saunders reported the separation of stachyose, raffinose, sucrose,

glucose, xylose and fructose.

Several ionic forms have been investigated (125, 128-130). It was
found that variation of the counterion alters the chromatographic
behaviour and separation of many mixture can be significantly im-
proved by correct choice (Figure 19). The results may be explained
by exchanges between the polyol molecule, R (OH)n, and the water
molecules held in the hydration sphere of the counterion fo aq.
The stability of the complex will depend on the availability for
coordination and the order of elution is in direct relation to the
stereochemistry of the sugar molecule, hydrogen bonding playing
only a minor role (129). A good example is given by separations

2+
of alditols. Bourne (128) used the Cu form of a cation-exchange
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Figure 19. Behaviour of selected polyols on a 50 x 0.28 c¢m column
of Aminex A-5 (Mx+ aq.), eluting with deionised water at 0.10
ml/mn, Composite chromatograms of sucrose (1), glucose (2), galac-
tose (3), mannose (4), talose (5), fructose (6), glycerol (7),

mannitol (8), gulose (9), and galactitol (10). (129).
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resin but Petrus (130) has shown that the complexes with rare earth
metal ions were more stable and efficient separations were obtained

with resins in the lanthanum form.

- Elution with mixture alcohol/water : partition chromatography

of anion exchange resins in water-alcohol has been proved to be a
useful tool in the separation of various carbohydrates ; Samuelson
(131 -134) applied this process with cation-exchangers for the
fractionation of sugar alcohols (Figure 20). The mechanism is simi-
lar but nevertheless the alcohol concentrations are higher. The
influence of the nature of the counterion upon the chromatographic

behaviour is well marked and among the sugars there is in several

Char! reading, cm
Et
Rl
20
F-o
Glye
Ga-l
A-l
10 M-l
B E-t
X4 G-
LU
10 30 Eluate volume. mi 50

Figure 20. Partition chromatography in 85 % (w/w) ethanol at 75°.
Resin bed : 2.6 x 1310 mm, Dowex 50 W-X 8, Li', 14-17 um.Flow
rate : 3.0 ml cm-zmin-l. F-a = Formaldehyde, 20 ug ; Et = Ethylene
glycol, 50 ug ; Glyc = Glycerol, 50 ug ; E~l = Erythritol, 20 ug ;
R-1 = Ribitol, 100 pug ; A-l1 = Arabinitol, 50 pg ; X-1 = Xylitol,
50 yg : M-l = Mannitol, 60 pg ; G-1 = Glucitol, 60 ug ; Ga-1 =
Galactitol, 100 yg (132).
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instances a reversed order of elution when the counterion in the

resin is changed (131).

The utilization of organic base counterions has been described by
Lawrence (135). In contrast to the inorganic cations effect, an
increase in the size of the counterion decreases the capacity ra-
tios for the carbohydrates. Increasing hydrophobic character is
possible with substitution of methyl or ethyl groups for the hydro-
gen, but interactions tend to be reduced, The trimethylammonium
form of the resin gives the best separations and a mixture of
tetramethylglucose, rhamnose, ribose, xylose, arabinose, mannose,
glucose, galactose, maltose, lactose can be separated in 4 hours

on a column of Aminex A-6 in 85 % ethanol at 65°C (Figure 21). In
fact using n-propanol/water (89/11!) as the eluting solvent with

the lithium form of resin M7! at 90°C, !l monosaccharides have been
resolved in 140 mn. (136). Complex formation is enhanced by high

concentrations of ethanol. Angyal (137), operating on a calcium form

column at 0°C, has found that, with 30 % methanol, improvments in
the separation of many polyhydroxyl compounds were observed. Main
chromatographic separations performed on cation exchangers are
given in Table 9. Cation exchangers and anion exchangers have been
used successfully in the separation of various mixtures and it is
often difficult to give preference to one method. The two methods
should be considered as complementary and with mixtures of seve-
ral mono- and di-saccharides itmay be preferable to start with
the anion exchanger and re-chromatograph fractions containing di-

saccharides on the cation exchanger.

D/ ADSORPTION CHROMATOGRAPHY

1) General

The separation is based on affinity of a solute for the support
compared with its solubility in the eluent, The adsorbents mainly

used are : alumina, silica, carbon.
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The general term "polarity" allows the interpretation of the adsor-
ption and solubility process and to explain the partition : a

polar solute is preferentially adsorbed on a polar adsorbent and

it is necessary to elute with a solvent much more strongly adsor-
bed on the support than the solute. A consequence is that the polar
substances cannot be separated by adsorption. Generally, the better
the solvent, the less a solute is adsorbed. The retention volume

vR is given by
V.=V + Kw
R m

where W is the weight of adsorbent in the column. The partition coef-
ficient K is a function of the solvent, of the adsorbent and of the

solute ; in adsorption particularly, the configuration of the so-

lute is an important factor.

In the adsorption process, there is competition for the active
sites between the solute and solvent molecules. First the effecti-
veness in displacing solutes from an adsorbent, corresponding to
the elution power of the solvent, was related to its dielectric
constant. Then an ordered presentation of solvents, called the
eluotropic series, was given by Snyder ; the eluent strength func-
tion is defined as the adsorption energy per unit area of the sol-
vent :

log K = log Va + E

°o _ e
a (S AS £°)

where Va is the adsorbent surface, Ea the adsorbent energy function,
which is proportional to the average surface energy of the adsor-
bent ; S° is the adsorption energy of the solute, As is the area of

the solid occupied by the adsorbed solute.

When K is determined for the same solute on the same adsorbent with

two different mobile phases (1 and 2) the equation becomes

K ° °
/K, = E_ A (g, - ey )

log a “s
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TABLE 10

Eluotropic Series in Partition Chromatographies. (D).

€° A1203 8 P!
n-Pentane 0.00 7.1
n-Hexane 0.01 7.3
n-Heptane 0.01 7.4 0.0
Cyclohexane 0.04 8.2 0.0
Carbon disulphide 0.15 10.0 1.0
Carbon tetrachloride 0.18 8.6 1.7
Isopropyl ether 0.28 7.0 2.2
2-Chloropropane 0.29
Toluene 0.29 8.9 2.3
l-Chloropropane 0.30 8.3
Chlorobenzene 0. 30 9.6 2.7
Benzene 0.32 9.2 3.0
Bromcethane 0.37 8.8 3.1
Ethyl ether 0.38 7.4 2.9
Cchloroform 0.40 9.1 4.4
Dichloromethane 0.42 3.6 3.4
Tetrahydrofuran 0.45 9.1 4.2
1, 2-Dichloroethane 0.49 9.7 3.7
Methyl ethyl ketone 0.51 4.5
Acetone 0.56 5.4
Dioxan 0.56 9.8 4.8
Ethyl acetate 0.58 4.3
Methyl acetate 0.60 9.2
Pentan-l-ol 0.61
Dimethyl sulphoxide 0.62 12.8 6.5
Aniline 0.62 6.2
Nitromethane 0.64 11.0 6.8
Acetonitrile 0.65 11.8 6.2
Pyridine 0.71 10.4 5.3
Propane-2-ol 0.82 10.2 4.3
Ethanol 0.88 11.2 5.2
Methanol 0.95 12.9 6.6
Ethylene glycol 1.11 14.7 5.4
Acetic acid 12.4 6.2
€a1703 Snyder's eluent strength function

§ Hildebrand solubility parameter (cal/cm3) /2
P Polarity index calculated from Rohrschneider's data

(Anal. Chem. 45 1241 (1973))
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As a result of this treatment it was possible to give numerical
values to the term "polarity" and to arrange the solvent in order:

the reference is €° = O on alumina when n-pentdne is used as the
solvent (Table 10).

The previous relation allows the prediction of the retention volume

as a function of the eluent and predicts the separation of solutes

of different size by AS.

2) Application to oligosaccharide fractionation

Adsorption was the first chromatographic system applied to oligo-
saccharide fractionation. Reich (138) has found in 1939 that a
mixture of the p-phenylazobenzoate derivatives of glucose and
fructose were separated into two coloured bands on an alumina or
silicagel column. Many other separations were then publisned and
new supports appeared (139, 140). The separation cn a column is
generally performed by elution but was first done by extrusion.

Many compounds have been separated on different adsorbents. It is

clear that often it is difficult to know if it is a solid-liquid
partition or a liquid-liquid partition, especially with cellulose

as the support.

Carbon

The method was proposed by Durso (141) in 1950. A mixture of mono-,
di- and tri-saccharides {n water was adsorbed on carbon ; the mono-
saccharide was eluted with water and for the di- and tri-sacchari-
des a gradient of ethanol was applied. Then the xylodextrins were
separated up to DP = 6 by Whistler (142), the isomaltodextrins

(DP < 8) and laminaridextrins by Whelan (143) , the cellodex-
tring (DP £ 7) by Miller (144) and the maltodextrins (DP & 12) by
French (145) (Figure 22). In this last case, French replaced etha-
nol by n-butancl or tert-butanol resulting in better selectivity
with a lower alcohol content. Finally, mention should be made of
the separation of nystose from the fungal a-amylase hydrolysis of

sucrose (146).
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Reducing volues
(1]
»

- A L l
129 150 175 200 225 250 275 300 325 3% 375

20mi tube fractions
Figure 22, Elution diagram of linear maltodextrins on a charcoal-
celite column with n-butyl alcohol gradient elution. Column :
100 g charcoal-75 g celite. Sample : 700 mg maltodextrin (G2-Glo).
Elution gradient : 61 3 % n-butyl alcohol into 5 1 water, followed

by 61 3.5 & n-butyl alcohol. Flow rate : ca. 2.5 ml/min (145).

Generally, it is necessary to deactivate the carbon by acid treat-

ment ; the adsorption capacity of carbon is low and a high pressure
drop is observed, therefore it is usually mixed with celite to

accelerate the flow.

Polysaccharide

Powders of starch and cellulose were used, but preferentially cel-~

lulose wnich allows a larger flow rate through the column. Hough
(147) separated a mixture of L-rhamnose, D-ribose, L-arabinose and
D-galactose in n~butanol/water. The technique was also applied in

the structural analysis of polysaccharides after methylation and
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complete hydrolysis ; the methylated sugars were separated with

n-butanol, light petrol ; most of this work was done by Hough

around 1950 and was reviewed by Binkley (139).

Starch columns were used for moncsaccnarides (148) ; the coiumn
was prepared in l-putanol, and L-rpamnose, L-fucose, D-ribose, D-
xylose, D-mannose, D-glucose and D-galactose were separated in

l-butanol/l-propanol/ﬂzo (4/1/1) .

Silica
This adsorbent was principally used for extrusion with coloured
solutes. Binkley (139) gave some instances eluting with alconcl/
water, put the capacity of the columns is low. Modified silica

glves better results ; on calcium and silicate column (Silene EF)

Wolfrom (149) fractionated acetylated oligosaccharides (up to DP 4)
from the acetolysis of the cellulose. Similar results are obtained

with a column of hydrated magnesium and silicate ({Magnesol).

Other adsorbents

Alumina forms complexes with saccharides and the retention depends
on the configuration (150). Maltodextrins were separated on nydro-

xylapatite (151).

A gel of boric acid (152) and a resin of poly(4-vinylbenzeneboranic)

acid (1953) were also used ; in both cases, a specific complexe 1is

formed whose stability depends on the pH of the eluent and the posi~-
tion of the hydroxyl groups.

The boric acid gel allowed'the separation of L-rhamnose, D-mannose,

D-galactose, D-glucose and D-ribose,

This classical adsorption chromatography is no larger used owing

to its low selectivity and slow separation.

Modern developments allow much more rapid separations with HPLC

and many new supports for this method are now available. However,
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in HPLC the mechanism applied is more generally liquid-liquid par-

tition which will be reviewed in the next part.

E/ LIQUID-LIQUID PARTITION CHROMATOGRAPHY

The separation is based on a partition, between two liquid immis-
cible phases, characterized by an equilibrium constant K ; for a
solute X :

ers "i Vm

K = — =

[xJ m nxm vs

where [x}s and [x]m are the concentrations i1n the stationary phase
(s) and in the mobile phase (m) : n, is the number of molecules dis-

solved in the respective phase of volume V.

The retention volume VR is

Generally, the capacity factor k' is expressed as

v n S

k' = K S = D SR
v nm
m X

The coefficient k' is determined by the relative interactions of X
with the two phases ; it depends on the polarity of these phases,

and it is usual to vary k' (and Rs) by changing the solvent. Gene-
rally K is related to the Hildebrand solubility parameter §, which
is a quantitative measure of the quality of the solvent and can be
used to establish the eluotropic series (Table 10). The solubility
parameter which indicates the relative position of a solvent helps

in the solvent selection.

The eluotropic series following § is not strictly identical with

that obtained in adsorption with €°, but nearer to that of P' esta-

blished by reference to soclubility measurement (Table 10).
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In fact, it is not directly 8§ which measures the solvent strength

but one of the four contributions concerned with specific lnter-
moiecular interactions (§ = Gd + do + 6a + 6h' dispersion, dipole

orientation and hydrogen bonding, respectively)

In connection with the solubility parameters of the solute and both
phases, a direct relation with the partition coefficient is gene-~

rally adopted

Ds | Gl b

EXJm T ox 2.3 RT

log

in which Ux is the molar volume of X. The § values for usual sol-
vents are given in the literature ; for a given solute X, it is
possible to approximate § using the Small method based on an add:i-

tivity rule of individual functions of the solute.

It is assumed that good separations are obtained when {63 - 5m[ >4

and § is located between § and § .
X s m

When § and Gm are too far separated, it is possible to get adsorp-
s

tion. The different types of liquid-liquid partition are the follow-

ing

- normal phase. The stationary phase is polar (generally HZO
adsorbed on gilica). An crganic solvent with medium polarity is
used for elution and the less polar solute is eluted first. The
retention volume decreases as the polarity of the solvent increases.
When the retention is too high, it is necessary to choose a more
polar solvent or decrease the polarity of the stationary pnase.
Generally polar solutes cannot be separated by normal phase parti-

tion and it is necessary to adopte the reverse phase (Figure 23).

Figure 23. General interactions between sample and solvent as a

function of polarity (Waters Ass.).
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- reverse phase.Low polarity packings are used and the elution is
performed with aqueous solution or medium polarity solvents. The

more polar solute is eluted first and the time of retention in-

creases as the polarity of the solvent increases.

- Paired ion partition chromatography (PIC). This is a method

used for ionic solute separation ; it seems to be a more general
method competitive with ion exchange chromatograpny. A reverse
phase 13 used and a salt of ion pair type is formed between the
ionic solute and a large hydrophobic counterion (with carboxylic
acid, elution is performed in presence of a quaternary amine on

pH 7-8 ; with basic samples, an alkyl sulphonate is used at pH 3-4).
The eluent is a solvent with medium polarity (for example, metha-

nol/water) .

Generally, the polarity of a solute decreases when the molecular

weight increases and when {ts functionality decreases ; the solu-

bility is the best when § 1is equal to the solubility parameter of
x
the solvent. These remarks allow to select the chromatographic

method.

Application to saccharide fractionation.

Liquid-liquid partition chromatography was mainly used for paper
chromatography in the field of saccharides. Recently it has deve-
loped largely as application of HPLC and we will now discuss these

results.

F/ BIGH PERFORMANCE LIQUID CHROMATOGRAPHY .

Classical liquid chromatography utilized large diameter particles,
porous column packings, large bore columns and low column-head
pressures. On the other hand, high speed liquid chromatography Lis
characterized by small particle diameter column packings, narrow-
bore columns and high inlet pressure but generally there is no dif-

ference of principle and, according to the mechanisms involved, we



18:16 24 January 2011

Downl oaded At:

OLIGOSACCHARIDE FRACTIONATION 237

will find again the four basic liquid chromatography modes. Carbohy-
drate analysis by HPLC has been previously reviewed by Schwarzen-
bach (154) but in this field progress is rapid and the present

report deals with the most recent developments.

1) Gel permeation chromatography (G.P.C.)

Gel permeation chromatography has been shown to be well adapted to
separation of oligosaccharides but the gels used have poor mecha-
nical strength and cannot withstand high pressures. Meanwhile a
procedure for the separation of water-soluble wood polysaccharides
on a Bio~-Gel P60 packed column was described by Belue (155) ; Bio-
Gel P2 column has also been used to study the products formed in
the thermal decomposition of methyl a-D-glucopyranoside. Low mole-
cular-weignt carbohydrates are not separated on Bio-Gel P60 but
with methanol as the mobile phase and EM Gel OR-PVA 500 (vinyl
acetate copolymer), stachyose, cellobiose and ribose can be frac-
tionated in less than 30 min. Utilization of non-agqueous solvents
limits the field of application of this process owing to solubili-
ty problems. On the other hand, separations of partially and com-
pletely substituted monosaccharides were achieved on EM Gel OR-PVA
500 column or a Poragel 60 ; column (polyacrylamide gel) without
problems, these compounds being readily soluble in organic sol-
vents (156). The separation by size-exclusion of mono-, di-, tetra-,
hexasaccharides, higher oligosaccharides and hyaluronic acid pro-
duced by enzymic hydrolysis of glycosaminoglycan hyaluronic acid
have also been obtained by Knudsen (156 bis) on a u-Bondagel E
linear column, followed in series by two u-Porasil GPC 60 ; co-
lumns, with 20 m M sodium acetate buffer (pH 4.0) containing

1.5 mg/l of glycosaminoglycan hyaluronic acid as the eluent,

Anion exchange resins have been used extensively in classical
liquid chromatography but only a few examples of separations have

been reported in H.P.L.C. These results are summarized in Tablell.



18:16 24 January 2011

Downl oaded At:

238 HEYRAUD AND RINAUDO

TABLE 11

Separation of Neutral Saccharides by H.P.L.C. on Polycationic Resins

ARABINOSE GALACTOSE | FRUCTOSE FUCQSE GLUCOSE LACTOSE
Arabinose x 157 157 157 157
157
Galactose 157 x 157 ter | 157 15337 157
7
Fructose 157 15%5531 x 157 15%5Zer
Fucose 157 157 157 x 157 157
157 157 157 7
Glucose 157 157 ter 157 ter x 1S
Lactose 157 157 157 157 X
157 157 157
Mannose 157 tar | 157 ter | 137 157 ter 137
157
7 157
Raffinose 157 15 157 bis
Rhamncse 157 157 157 157 157
Ribose 157 157 157 157 187 157
2-deoxy-
riboge 157 157 157 157 157 157
Sucrose 157 157 155°01s 157
Xylose 157 ter 157 ter 157 ter

Supports : CDR-10 (5-7u) sulfate form (Mitsubishi, Tokyo, Japan) -{157)
eluent : ethanol/water (80/10 - 90/10)

Bondapak AX/Corasil(37-50u) (Waters Ass.Milford Mass.U.S.A. (157 bis)
eluent : water/ethylacetate/isopropanol (25/50/35)
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TABLE 1] Continued

239

eluent :

acetonitrile/water (80/20)

2~DEOXY -~
MANNOSE RAFF INOSE RHAMNOSE RIBOSE D SUCROSE XYLOSE
RIBOSE
187 157 157 187
137 157 157 157 157 157 157 ter
157 ter
157
157 ver 157 157 157 157 ter
157 157 157 157 157 157
157 157 157
157 157 157 57 p 157 ter
157 ter 157 bis 157 bis
157 157 157 157 157
X 157 157 157 157 157 ter
157
157 x 157 157 157 bis
x 157 157
157 157 157 x 157 157
157 157 157 157 X 157
157
157 157
157 157 bis 3 *
157 ter x
Hitachi 3013 N (phosphate form) (157 ter)
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Oshima (157) obtained interesting separations on the form

504 of a macroreticular anion-exchange resin (CDR-10 Mitsubishi,
Tokyo) . At 20°C using aqueous ethanol of high ethanol content (80%
and 90 % ethanol) as eluent a mixture of 2-deoxy-ribose, rhamnose,
fucose, ribose, arabinose, fructose, galactose, glucose, lactose,
sucrose was resolved within 60 min. This chromatogram was compli-
cated by the presence of anomers of saccharides. Linden (157 bis)
also separated gluccse, sucrose, raffinose on a Bondapak AX/Cora-
8il column in water/ethyl acetate/isopropancl (25/50/35). High
speed separation of monosaccharides (xylose, fructose, mannocse)
has been achieved by Noel (157 ter) on a Hitachi 3013 N anion ex-
change resin in the phosphate form ; the chromatogram is shown in
Figure 24.

glucosse

|

()

fructose

(8)

«— xylose
mannose

¢

' L (A)

galactiose
e i Lo

30 20 10 o
Retention Time (min)

.

Figure 24. Separation of various monosaccharides on Hitachi 3013N
anion exchange resin. Column : 25 cm x 0.43 cm i.d. Elution : iso-

cratic, 80 % acetonitrile in water at 1.0 ml mi.n-1 (157 ter).
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Cation exchange chromatography has been found to give better re-
sults. This method which requires only water as eluent, has been
widely used for rapid fractionation of saccharide mixtures. The
resins were utjlized in the potassium (158), calcium (159-164) and
silver (159) forms. As back as 1974, Palmer (158) separated, within
30 min., sucrose, glucose and fructose on a Aminex Q-1508 (X+) co-
lunn. Separation was carried out at 60°C because the resolution

was markedly improved by increasing the temperature. With this sys-
tem giving rapid and high-resolution separations, liquid chromato-
graphy became a powerful tool in the sweetener industry and an auto-
mated method has been developed (159). An increase in the possibi-
lities of the process has been cobtained by the use of the calcium
form of a cation exchanger. Figure 25-A shows the separation of the
saccharides present in a medium invert syrup produced from beet
sugar on the Aminex Q15 § (Ca2+) column at 85°C ; this column is
also capable of separating melezitose, melibiose, dextrose, galac-
tose, arabinose and fructose (159). This procedure has been em-
ployed by Ladish (161) with an Aminex S50W-X4 (Ca2+) column in

order to study the kinetics of the enzyme-catalyzed degradation

of cellulose. A satisfactory separation of cellodextrins (DP 6
through glucose) has been performed within 35 min. (Figure 25-B).
The effects of resin cross-linking on both separation and speed

of analysis of corn syrup have investigated by Fitt (163). Aminex
50W - X4 at 80°C gives excellent results with linear oligosaccha-
rides but it is also a suitable method for the separation of cy-

clodextrins (164).

In the use of cation exchange resin for liquid chromatography of
sugars, an original procedure has been described by Kumanotani
(165,166) . On a Hitachi-gel 3019 S in the H' form eluted with 0.5%
formic acid, Kumanotani separated a mixture of raffinose, lactose,

galactose, 2-deoxy-ribose. Using 0.1 % orthophosphoric acid as the

+
eluent on a TSK-gel LS 212 (H ) column, neutral saccharides such
as raffinose, maltose, glucose, galactose, arabinose, ribose were

well separated. On these two supports, glucuronic and galacturo-
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Figure 25. Separation of oligosaccharides on cation exchange resins

Ca2+ form. Eluent : Hzo

(A) Chromatogram of medium invert sugar syrup on Aminex Q 158
at 85° C (159).

(B) Cellodextrin separation. Chromatogram : G2 = cellobio-
se ; G3 = cellotricse ; G4 = cellotetracse ; G5 = cellopentaose ;
G, = cellohexaocse ; G7 = celloheptaose.

<]
AMINEX AG SOW-X, at 85° C (16l).
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nic acids can also be isolated. The elutions were conducted at
room temperature., The separationse of neutral compounds are based
on differences in molecular size ; with uronic acids, electrosta-
tic repulsion has to be taken into account. Table 12 lists scme

separations achieved on cation exchange resins.

Adsorption chromatography, or liquid-solid chromatography (L.S.C.)
is not a convenient method for the separation of neutral saccha-
rides. On the other hand it seems well adapted to separations of

some sugars derivatives. Lehrfeld (167) analyzed a complex mixture
of mono~ and disaccharides by conversion int® benzoate esters using
a Corasil II column with a gradient of diethyl ether in hexane
(Figure 26). Nachtmann (168) obtained similar results with nitro-
benzoates of sugars and sugar alcohols on silica gel (Lichrosorb

SI 60) or alumina (Alox T), eluted isocgatically at room tempera-
ture with n-hexane/ethyl acetate/dioxane or n-hexane/chloroform/
acetonitrile/tetrahydrofuran mixtures. In the same way, the benzy-
loxime-perbenzoyl derivatives of sugars have been separated by Thomp-
son (169) on a y-Porasil column with a hexane/dioxane mixture as the

eluting solvent.

Another application has been described by Lee (170). Products obtai-
ned by the enzymatic degradation of chondroitin sulfates can be re-
solved on silica gel (Partisil PXS or Lichrosorb SI-100) with the
ternary solvent dichloromethane/methanol/0.5 M ammonium formate
buffer (pH 4.8). We classify these separations as liquid-solid
chromatography but it is often difficult to distinguish between
adsorption chromatography and liquid-liquid partition chromatogra-

phy.

Indeed, n-~hexane is saturated with water, the stationary solid sur-

face can be coated by this water and the separation process be-

comes a partition between the moving phase and the stationary li-

quid. Such phencmenon seems to occur in the separation of a glu-
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TABLE 12

HEYRAUD AND RINAUDO

Separation of Neutral Saccharides by H.P.L.C. on Polyanionic Resins

ARABINOSE FRUCTOSE | GALACTOSE GLUCOSE | LACTOSE MALTOSE
_ 159-161 166
Arabinose / 159-166 166
Fructose / 15?;59
159-~161
Galactose 159-166 / 16é 161-165%5 166
159~-161 158-159 159~-161
Glucose 166 161 166 / 161 160-166
Lactose 161-165 161 /
Maltose 166 166 160~166 /
Mannose 161 161
Malibiose 159 159 159
Melezitose 159 159 159
Raffinose 166 159 166-165 159-166 165 166
Ribose 166 166 166 166
2-deoxy-~-
ribose. 165 165
Sucrose 158-159 158-159
161 161
Xylose 161 161
Su rts
Aminex Q 150-5(k)20-35, (Bio-Rad-Richmond-Calif. U.S.A.)Eluent : water(158)

Aminex Q 15-S(Ca2*)19-25u (Blo-Rad-Richmond-Calif. U.5.A.)Eluent: water (159-160)

Aminex A-5 {Ca2*) 11-1S. (Bio-Rad-Richmond-Calif, U.S.A.)Eluent: water {159)
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TABLE 12 Continued
(]
MANNOSE | MELIBIOSE | 21TOSE | RAFFINOSE | RIBOSE 1,1?58;‘}2' SUCROSE | XYLOSE
159 159 166 166 161
161 159 ‘5$;§59
159 159 | 166-165 166 165
161 159 159 | 159-166 166 15‘13;:59 161
165 165
166 166
/
/ 159
159 /
/ 166 165 159
166 /
165 /
159 /
/
AG-50W x 4 (Caz') 20-30u (Bio-Rad-Griffin-Calif. U.S.A.} Eluent : water (lé6l)

TSK-Gel LS 212(H) 12u (Toyo Soda,Tokyo-Japan)
Eluent : orthophosphoric acid 0.1%(166)
Hitachi-gel 3019 § (H*) 30-40u
Eluent : formic acid 0.5 % (169)
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Figure 26. Separation of 16 perbenzoylated hydroxy compounds on
Corasil II (37-50 um ; Waters Assoc.) by HPLC. Temperature, ambient.
Benzcates of : 1,l-butanol ; 2,methanol ; 3,ethylene glycol ; 4,gly-
cerol ; S,a-D-xylose ; 6,B8-D-xylose ; 7,a-D-mannose ; 8,a-D-glucose,
a-D-galactose ; 9,B8-D-glucose,D-galactose ; 10, D-galactose ; 11,
8-D-mannose ; 12, sucrose ; 13, a- and 3-maltose ; 14, lactose ;

15, maltotriose ; 16, lactose oligosaccharides impurities (167).

cose, fructose, mannose mixture on silica (Lichrosorb SI 60) with
acetonitrile containing 0.! % of water as the mobile phase (170
bis).

Partition chromatography, or liquid-liquid chromatography (L.L.C.)

is the most frequently used system in analysis of sugars by H.P.L.C.
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The compounds are separated based on their relative solubilities
in the mobile phase and the immiscible phase which is cocated or
chemically bonded on a solid support. If the stationary phase is
polar and the mobile phase non-polar, the technique is termed nor-
mal phase ; with a non-polar packing surface and a polar mobile

liquid, the affinity mode is termed reverse phase.

a/ Partition chromatography in the normal phase

We have to distinguish between covalently bonded supports and sup=

ports coated with a component of the eluent.

- Chemically bonded phase

In 1975, Palmer (171) published some very interesting separations
on a u-Bondapak/Carbohydrate column. The support, consisting of
U-silica with bonded amine functional groups, seems able to resolve
the most complex mixtures in a short time (Figure 27). The separa-
tions are performed with acetonitrile/water as the mobile phase and
the retention times of the saccharides depend on their respective
concentration. Generally, monosaccharides are separated in aceto-
nitrile/water mixture (85/15) and oligosaccharides with a 65/35
ratio. This system appears a rapid and versatile method for sugar
analysis and it has been widely utilized, particularly in the food
industry. The u-Bondapak/Carbchydrate column has been found also
suitable for a rapid separation of cyclodextrins (172) and for the
analysis of the disaccharides obtained after chondroitinase diges-
tion (173). In the last case, the column was eluted with 0.2 M
sodium acetate or 0.02 M sodium sulphate solution containing 0.01 M
acetate buffer. A combination of cyano- and amino-bonded phases has
been developed. This polar support, available under the name Parti-

sil-10 PAC,. has been used successfull by Rabel (174) and Lee (175-

176). Rabel separated mono- and oligo-saccharides using acetoni-
trile/water as the eluent, and to avoid the disadvantage of peak
tailing, acids or salts were added. Additions of various anions
to the mobile phase and adjustment of pH allow optimization of the

separations.
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Like the p-Bondapak/Carbohydrate column, the Partisil~10 PAC column
has been used by Lee for separations of unsatured disaccharides de-
rived from chondroitin sulfates (175), heparan sulfate and heparin
(176) ; the mobile phase was the ternary solvent system acetonitri-
le/methancol 0.5 M ammonium acetate (pH 6.5). Similar separations
have also been achieved on Altex Lichrosorb NH, columns (175). In
view of the great interest in chemically bonded phases, certain

authors prepared their own supports. By bonding an aminopropyltri-

ethoxysilane group to the surface of a silica gel (Lichrosphere SI 100)

Schwarzenbach (177) obtained a support which gave separations
similar to those reported by Palmer (171). The factors affecting
support bonding have been investigated by Jones (178). He found
that with Partisil 5 as chromatographic support a support bonding
of 7 % in aminocalkyl substituents led to a packing with excellent
fractionation capabilities. This packing can be prepared in 5-10
min. by shaking silica gel and y-aminopropyltriethoxysilane in
hexane at room temperature. According to the specific surface area
of silica particles (Silasorb) Kahle (179) adapted the support ei-
ther for the separation of monosaccharides or of oligosaccharides.
Moreover, anomers of monosaccharides could be separated at 0°C on
aminopropyl silica gel, converted into the sulphate form, with

acetonitrile/water (80/20) as eluent.

Figure 27. Separation of oligosaccharides by HPLC on u-Bondapak/car-
bohydrates column. Eluents : water/acetonitrile with different com-
position (171).

A - Separation of monosaccharides. Flow rate 2.5 ml.mn.1 (wa~-
ter/acetonitrile 15/85).

B - Separation of disaccharides. Flow rate 1.5 m]..mn.l (water/
acetonitrile 20/80).

C - Separation of £ 1 + 4 linked glucose oligomers. Flow rate

lm.l..min-1 (water/acetonitrile 35/65).
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(A) (8)

o

V“il ‘
—LA—A__Ai T o2 4 6mmn
2 4 6mn

Figure 2B. Separation of oligosaccharides on Lichrosorb SI 60 (S

um) column. Eluent : ethylformate/methanol/water (55:25:10) (180).
(A) a = fructose b = sorbitol c¢ = saccharose d = lactose

{B) e = maltose and cellobiose d = lactose.
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- Chromatographic support coated with a component of the eluent.

A typical example of this system was given by Rocca (180) : within
20 min., a fructose, sorbitol, sucrose and.lactose mixture was re-
solved (Figure 28) on a silica (Lichrosorb SI-60 Si) column eluted
with a three components system : ethyl formate/methanol/water (60/
20/10) . Similar results have been obtained with alumina gel (Alox

T - Su).

The separation process has a mechanism of partition between the
mobile phase and the statiocnary phase formed by silica impregnated
with water. It has been shown that small changes in the methanol
concentration has a great influence upon the retention time but
that the resolution was little affected. An increased methanol con-
centration resulted in decreased separation factors ; on the other
hand by increasing the water concentration the differences were
small. The mechanism was based on a competition between methanol
and solute molecules ; methanol stationary phase interactions
played a leading part compared to methanol solute interactions.
However, monosaccharide mixtures are often not resolved and low
water concentrations lead to solubility problem with oligosaccha-
rides. In 1978, Aitzetmuller (181) perfected a rapid and simple
method. Polyfunctional amines have a great affinity for the si-
lica, so if a small amount of polyamine (0.01 to 0.1 %) is ad-

ded to the eluent (acetonitrile/water) it is possible to impregna-
te a silica column in situ., The separating performances are simi-
lar to those of permanently bonded phases. In the presence of the
amine modifier the separation factors are greatly increased and

a much higher percentage of water can be used. At 30 or 40 & of
water, Aitzetmuller obtained good results in such separations as
fructose, glucose, sucrose, lactose and raffinose (Figure 29),
glucose, maltose, maltotriose etc... and even &, 8 and Y cyclo-
dextrins (182). Thus an ordipary silica column can be transformed
into a powerful column for carbohydrate analysis ; it was interes-
ting therefore to study the influence of the amine modifier struc-

ture, Primary, secondary and tertiary butylamine, an homologous
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Figure 29. Chromatograms showing increase of retention times after
addition of amine modifier to HPLC solvent. Steel column (240 x

7 mm I.D.) slurry-packed with Lichrosorb SI 60 (5 um), flow rate

(2 ml/min ; ca. 30 bar) and an RI detector at X16. Temperature
ambient.

Separation of fructose, glucose, sucrose, maltose and lactose with
25 % of water in acetonitrile as mobile phase : A, without, and

B, with, 0.01 % of amine modifier. At this water content, fructose
and glucose appear &s one peak, and sucrose and maltose as overlap-
ping peaks, on the plain silica column without amine medifier.

After in situ impregnation, all are well resolved (181!).
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series of n-alkylamines, a diamino n-alkyl series and a polyamine
series have been investigated by Wheals (183). The best results
in the separation of fructose, glucose, sucrose, maltose and lac-
tose have been observed with polyamines. Silica dynamically modi-
fied provided a particularly excellent method of separating oligo-
saccharides. Indeed, 50 % aqueous acetonitrile containing 0.01 %
of amine modifier has been found to be a suitable eluent for the
separation of maltodextrins up to DP 20 (Figure 30) under 40 min.
(184), when a separation up to DP 10 was achieved in acetonitrile/
water (65/35) on a u-Bondapak carbohydrate column.

In general the retentions were lower than those obtained with the
chemically bonded amino phase but the amine layer being continual-
ly regenerated by the eluent, this coated support proved to be

very stable and to give reproducible results.

In the same way, the modification in situ may be carried out on
cartridge Radial-Pak Silica (185). The use of this radially com-
pressed cartridge leads to a highly efficient homogeneous column
and its principal advantage is to give resolutions comparable with

those of traditional columns with an appreciable decrease of the

analysis time.

Partition chromatography on bonded or modified silica gel is a
rapid and versatile method for analysis of sugars. Thé most common
separations are summarized in Tables 13 and 14. However, aqueous
organic eluents are not convenient solvents for oligosaccharide
mixtures. Free sugars are readily scluble in water but an increase
in the water percentage corresponds to an increase in the polarity
of the mobile phase, and higher concentrations of water give no

resolution.

Therefore separations of various carbohydrates have been investi-

gated on reverse phase supports.



18:16 24 January 2011

Downl oaded At:

254

Ge

a7

8

HEYRAUD AND RINAUDO

(a)

100
Gl
781 9l e
<
504
g
L]
c
2
.
3
294
a1
° IFJ
Inject

Clution time (min)

Figure 30a. Fractionation of D-gluco-oligosaccharides present in a

sample of hydrolysed starch. Chromatographic conditions : silica

(5 um) column (200 mm x 8 mmi.d.) eluted at 2.0 ml/min with

SO % aqueous acetonitrile containing 0.01 % of polyamine modifier ;

the upper trace in shows the signal-to-noise ratio at twice the

normal sensitivity (184).
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Figure 30b. Fractionation of D-gluco-oligosaccharides present in a
sample of hydrolysed starch. Chromatographic conditions: silica
(S um) column (200 mm x 8 mmi.d.) eluted to 2.0 ml/min with 50%

aqueous acetonitrile containing 0.01% of 1,4,-diaminobutane.
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Separation of Neutral Saccharides by Liquid-liquid Partition H.P.L.C.

TABLE 13

on Bonded Supports.

HEYRAUD AND RINAUDO

Arabi-

Cello-

Galac-

nose. biose. Fructose tose. Slucose Maltose i }
Arabinose / 171 171177 177
]
!
Cellobiose / 171 i
171~1575 :
Fructose / 174-177- 178 ;
178-179 !
Galactose 171 / 171 l
171 171-157b 1 71-1575 !
Glucose 177 171 174-177-| 171 / 177-178 i
178-179
Lactose 177 174-178 171-174 i71 ‘
177-178 177-1 ,
Maltose 177 178 171-157p ; !
177-178 :
Malto- 177 177 177
triose.
Mannose 171 171 171
i
MeliblLose
Raffinose
Rhamnose 171 177 171 171-177
«ibose 177 177 177 4 177 177
1
otachyose !
)
171-i57b | i71-157b 4 -1 |
Sucrose 177 N
174-178 174-177- 178 |
178 ;
Xylose 1 171 174-177 171 | 171-174 |
179 177-179 ,
|
Suggorts H

u-Bondapak/Carbohydrate
Partisil 1U-PAC

‘PXS

with H3P04 (174)

Lichrosphére SI
Eluent

100 Su
acetonitrile/water

10/25

(Waters Ass.)
(Whatman)

Eluent:acetonitrile/water
Eiuent:acetonitrile/water pH

(171=-1%

(Merck)+l-aminopropyltriethoxysilane (Aldrich)
(177N,
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TABLE 13 Continued

257

Mannose | Melibiosef Raffinose| Rhamnose | Ribose Stachyose Sucrose Xylose
N 171 177 177 171
171
171-157bis| 174-177~
177 177 174-178 179
171 171 171
171-157bis{ 171-174
171 171177 177 174-177- 177-179
178
171-174 174
77 177-178
171-177
177 178
177 177
/ 171 17
/ 157bis
/ 174
17 / 177 174 171=-177
177 / 177 177
174 / 174
157bts 174 177 174 / 174
7 171-177 177 174 /
Partisil S5 (Whatman) + y-aminopropyltriethoxysilane (Aldrich)

Eluent

: acetonitrile/ water

(178)

Silasorb (Lachema, Brno, Czechoslovakia)iQu+3-aminopropyltriethoxysilane

Eluent

: acetonitrile/water

(179
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TABLE

14

HEYRAUD AND RINAUDO

Separation of Neutral Saccharides by Liquid-liquid Partition H.P.L.C.

on Coated Supports

CELLOBIOSE | FRUCTOSE GALACTOSE GLUCOSE LACTCSE
Cellobiose 180
180-181 180-181
Fructose 180 182-183 182-183
185 185
Galactose 180 180
180-181 181-182
Glucose 182-183 180 183-185
185
180-181 181-182
Lactose 180
182-183 -185%
18€ 183-18
180-181
Maltose 181-182 181-182 182-183
183-185 183-185 185
Raffinocse 181-182 181-182 181-182
Ribose 180
Sorbose
Stachyose 182 182 182
180~ 181-182 181-182-180
Sucrose 18?5£35 183-185 183-185
Xylose 180 180 180
Supports
Lichrosozd SI 60-5u (Merck) eluent ethyle formate/methanol/water (!80
Alox T Su (Merck)
Lichrosorb SI 60-5yu eluent : acetonitrile/water + 0.0l% amine(181-182)

\
l
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TABLE 14 Continued

259

MALTOSE | RAFFINOSE |RIBOSE SORBOSE STACHYOSE SUCROSE XYLCSE
180-181
181-182 181 180 182 182-183 180
183-185 182 185
180
1 -
181-182 181 182 12;:22 t8o
183-185 182
180-181 181 182 180-184
-1 =
18%8583 182 185
181-182
182 182 183-185
182 182 181-182
180 180
180 180
182 182 182
181-182 181
8 182
183-185 182 160 160

Radial PAK B (Waters Ass.)

eluent

: acetonitrile/water e O.1%
tetraethylenepentamine (185)
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b/ Reverse phase liguid chrcmatography.

One of the first separations was reported by Noel (157 ter) on a
Chromosorb LCY9 column. On this reverse phase support, eluted with
acetonitrile/water on linear gradient (70 % to ©2.5 % acetonitrile
in water), oligosaccharides contained in a wood extract were frac-
tionated up to DP 30 in 30 min. Under these conditions no separa-
tions of DP lower than 5 can be considered and moreover there is
the solubility problem. Recently, it has been found that a reverse
phase column with pure water as the eluent provided a high perfor-
mance system for the separation of certain neutral free saccharides
or methylated sugars. Cheetham (186) separated mono-, di- and tri-
O-methyl-glucose on a u-Bondapak Cl!8 column using water with 1 %
ammonium acetate as the mobile phase. Addition of salt has little
effect on the chromatographic behaviour of the sugar and similar
results are obtained in pure water. The more highly methylated com-
pounds are only eluted in the presence of alcohol (5 to 30 ).
Indeed the retention time of all saccharides is decreased by in-
creasing the alcohol concentration. The capabilities of the column
in separating partially methylated sugars have been adapted

with good results (Figure 31) to structural polysaccharide inves-

tigations (187).

By eluting water, several separations of mono- and oligo-sacchari-
des are possible "(188) ; the elution volumes increase with increase
in DP and depend on the type of oligomer. Likewise, the resolution

is temperature dependent (189) and i{s markedly increased with de-

crease in temperature., The method is not very efficient with mono-

Fig. 31. Structural analysis of a scleroglucan-HPLC of methylglucose
derivatives after total hydrolysis on C18 p-Bondpak column. A =
2,4 dimethylglucose., B = 2,4,6 trimethylglucose. C = 2,3,4,6-tetra-

methylglucose (upper chromatogram = eluent HZO; flow rate 2 ml/min;
lower chromatogram = eluent HZO/methanol (85/15); flow rate
2 ml/ min (181).
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A) Separation of monosaccharides

-

e

il »)

¢

a - LF_, JU —

2)

-
e

———

a) separation of glu:ou(” from urnb'nou(
b) separation of glucose(l) from rhamncse(?) and fucose(3)

¢) separation of Qlucos&l)lrwa(z) ands (J)'b-qlucostdo.

Flow-rate : 0.1 ml/mn | temperature : 3.5°C ; detector

attenuation x 4 concentration : 10mg/ml | sample volume : 1

Sul | chart-speed : 2.5 mm/mn.

I
B) Separation of trisaccharides : maltotriosetl) from cello-
triose(?) and raffinosel3)
Flow-rate : 02mi/mn ; temperature : 15°C , detector
attenvation : x 4 ; concentration : 10 mg/ml , sample

volume : Sul ; chart-speed : 2.5 mm/mn.

Figure 32. Separation of monosaccharides (A) and trisaccharides

{B) by HPLC on C-18 u-bondapak (Waters). Eluent : HZO (188).
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and di-sacchérides but a glucose, rhamnose, fucose mixture as well
as a cellobiose,.sucrose mixture may be resolved (Figure 32). On
the other hand separations of trisaccharides or series of homolo-
gous oligosaccharides are more attractive. Within 35 min., cello-
dextrins have been fractionated up to DP S and maltodextrins up to
DP 8.

As found by Cheetham (186) with methylated sugars, certain carbohy-
drates yielded a chromatogram with two peaks corresponding to the
@ and B anomeric forms. Obviously the reduced form gives one peak

and is readily distinguished from the corresponding free sugar,

The separation process can be discussed in terms of solubility
parameters (&) of the solvent, stationary phase and solute : with
monosaccharides bearing five hydroxyl groups, the solute-eluent
interactions are prevalent and no separation occurs. If methyl or
O-methyl groups are substituted for hydroxyl groups or if the DP
increases, the polarity and solubility of the solute decrease and
solute-stationary phase interactions increase, resulting in an

increased retention time.

The u-Bondapak C-18 is now available in cartridge for the radial
compression system called the radial PAK A cartridge. The results
are similar but with better resolution. From this support, Waters
Associates recently developed a new cartridge, the "Dextropak",
aimed at providing a rapid analysis of oligosaccharides (190).
Maltodextrins are separated up to DP 10 in less than 20 min. (Fi-
gure 33). Various separations performed in pure water on j-Bonda-
pak C18 column or Cl18 radial PAK A cartridge have been listed on
Table 15 but most of them can be obtained on the Dextropak cartrid-
ge. It is interesting to note that the resolution of monosaccharides

1s improved on a C8 radial PAK cartridge by increasing the polarity
of the stationary phase.

Another application of the reverse phase chromatography has been

given by Wells (191). Acetylated oligosaccharides of amylose have
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TABLE 15

HEYRAUD AND RINAUDO

Separation of Neutral Oligosaccharides by Reverse Phase H.P.L.C.(C-18

li-Bondapak, Dextropak, Radial Pack A from Waters ; eluent HZO)
Aldo-~ Aldo- Keto- 6~deoxyaldo- Cello- Gentio-
pentoses | hexoses| hexoses hexoses biose biose

Aldopentoses / / / ° o o
Aldohexoses / / / o} o o]
Ketohexoses / / / o] o] o
6~-deoxyaldo-
hexoses. o o 0 / / /
Cellobicse &) 0 o] / / /
Gentiobiose e} o] o} / / /
Isomaltose [} o} [} / 7 /
Lactose / o Sorbose Fucose o ©
Maltose o} 0 o} / / /
Sucrose 0 0o 0 Rhamnose 0 0
Trehalose o 0 o / / /
Cellotricse (e} 0] 0 0] o] (o]
Maltotriocse Q o] o] o] ] o]
Raffincse o] o] o] o] o] o]

Aldopentoses : Arabinose, ribose, xylose,

Aldohexoses : Galactose, glucose, mannose,

O = gseparated

/ = impossible separation
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TABLE 15 Continued
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Isomal- Tre- Cello- Malto-
tose Lactose Maltose Sucrose halose.| triose | triose | narfinose
o] / [e] 0 o] [e] (@] o]
o] o] (0] o] ] Q 0] 0]
o] Sorpose Q o 0 o] o] o]
/ Fucose / Rhamnose / o o >
/ o / o] / o] o o]
/ o / 0] / Q o] o]
/ Q / 0] / o] o] [¢]
o] / o] o] / 0] (@) 0]
/ o / o) / [¢) o o]
o] o o) / o) Q (o} o]
/ / / (o} / (o} o) Q
o] o] (o] (o] 0 / 0] o]
0 0 o) o] o o / 0
o] o] 0] o] o] o] o} /
Ketchexoses : Fructose, sorbose .

6~deoxyaldohexoses

fucose, rhamnose .
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Figure 33. Separation of maltodextrins (A) and cellodextrins (B)

by HPLC on Dextropak cartridge (waters). Eluent : H20.
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Figure 34. Chromatography of partially hydrolyzed amylose. Oligo-

saccharides from a 15-min acid hydrolysate of amylose were acetyla-
ted and chromatographed. The degree of polymerization is indicated
by numbers over the peaks. About 3.5 peq of hexose was injected in

60 ul (191).

been separated up to DP 30 on two columns connected in series and
packed with Vydac reverse phase octadecyl support (Figure 34). The
experiment was carried out at 65°C and an exponential gradient of
acetonitrile in water (10-70 % acetonitrile) has been required.
Supports for reverse phase chromatography have been found of great
interest in the separation of hydroxy acids ; this procedure has

been designed as an ion-pair reversed-phase method.

c/ Paired-ion chromatography (P.I.C.)

Acid or basic compounds are dissociated in water solution. Owing

to the equilibrium
(non-ionic form) €———3 ionic form ()

in the mobile phase, the solutes are eluted in one broad peak and

no separation occurs. With pH adjustments the equilibrium can be
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modified towards the non-ionic form but the stationary phase has
to be used within a solvent pH range of 2-8. In gel permeation
system nydroxy acids were well separated with 5.10_2M any bufrfer
as the mobile phase ;a sharppeak is also obtained (cn a reverse
phase support) but the separation process is not based upon inter-
actions stationary phase-solute but on a simply sieve effect and
the differences in the elution volumes do not enable to obtain

even partial separations.

In the paired-ion chrematography method (192), the ionic form cf
the solute is suppressed by addition of an appropriate counterion
to the eluent following the equilibria

sugar ¢—— sugar (2)
+
Counterion ¢——;, Counterion (3)
- . +
Sugar + counterion &« ——,complex (4}

With an adequate pH of the mcbile phase to provide maximum ioniza-
tion of both sugar acid and counterion and an excess of this ccun-
terion, the equilibrium (4) lies to the right. Hydroxy acids will
be separated as neutral complexes. It 1s obvious that complex sta-
bility and thus the retention time depend on the pH of the mobile

phase and the nature and the concentration of the counterion used.

Actually, this method has not been frequently utilized for sepa-
rations of sugar acids. Ototani (193) isolated disaccharides pro-
duced by the enzymic degradation chondroitin sulfate on a C-18
y~-Bondapak column eluted with 0.035 M tetrabutylammonium phosphate
(pH 7.54) . More recently, Lee (176), using a Partisil 10 ODS co-
lumn, separated sulfated sugars too. This separation of unsatura-
ted disaccharides derived from heparan sulfate and neparin has
been performed with a methanol/water mixture (10/90) containing

0.005 M tetrabutylammonium (pH 7.0) as the eluent.
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G/ CARBCHYDRATE DETECTION IN LIQUID CHROMATOGRAPHY.

A few years ago, when the separation of saccharides was performed
on a carbon-celite column, the eluent was collected in several
fractions and the optical rotating power of eAch was measured.
Then, the monitoring of the carbohydrate content of the effluent

has been automated by using variocus continuous recording system.

In these systems, separated constituents are identified by conti-
nuously adding chemical reagents to the column effluent to produce

a color or an electrochemical reaction that can be detected and

quantified.

- Colorimetric method

Many processes are available ; the produced color is detected with
a continuous flow colorimeter that measures the absorbance of the
reaction mixture at a given wavelength. Anthrone colorimetry offers
carbohydrate specificity (194-195) but absorxption maxima vary some-
what for each sugar and maximal color development times also de-
pend on the nature of the sugar. In contrast, phenol-sulfuric acid
reagent is more suitable and has been extensively used in varicus
carbohydrate analyzers (196~198). The absorbance of the reaction
mixture is monitored at 480 and/or 490 nm. The reactions with or-
cinol (199-201) or cysteine (202), with an absorption maximum at
420 nm, give also satisfactory results. Another interesting system
consists of mixing the carbohydrate eluted from the column only
with sulfuric acid to produce UV - absorbing chromophores in the
290-310 nm region (203). The aniline/ acetic, orthophosphoric acid
reagent can also be used (204). However, these systems are corro-
sive, so other procedures have been investigated. Non-corrosive dye .
reagents for detection of reducing sugars based on the formation of
a deep lavender copper (I) complex of 2, 2' bicinchoninate (205-
205 bis) or the reaction with an alkaline solution of tetrazolium-
blue (87) have been applied. The absorbances are measured at 562

nm and 520 nm, respectively. These methods are well adapted for the
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analysis of neutral sugars but for the colorimetric determination
of sugar alcohols a periodate oxidation of the eluate 1s necessary
(79) . The oxidized polyols give rise to formaldehyde which is de-
termined by the color reaction with pentane -2, 4 dione at 420 nm.

As for acid sugars, the carbazole method has proved to be very

efficient (206).

- Electrochemical reaction
A method based on constant potential coulometry has also been
developed (206). Sugars in the effluent are oxidized by basic

ferricyanide and the produced ferrocyanide is detected by elec-

trochemical oxidation.

- Fluorescence monitoring by an oxidative .detector
The reagent, cerium (IV), can be reduced to the fluorescent cerium
(III) by reducing carbohydrates. The fluorescence generated is
detected by a miniature flow fluorometer (208-209) ; the sensivity
is better and the resolution is more effective than with a flow

colorimeter but the detection is less specific.

All these methods are very sensitive but the post-column deriva-
tization results in peak broadening and the reacticns are time
consuming. So, except for the reaction using blue tetrazolium
which has been improved (210), colorimetric methods are unsuitable
for high pressure liquid chromatography.

2) Flame ionization detector (F.I.D.)

The detection is based on a direct combustion of sugar. The solute
continucusly wets a transport system, the solvent is evaporated and
the sugar passes intc the F.I.D. where it is burned and ionized
(211-212) . This system possesses high sensitivity, universal res-
ponse, independence from the chromatographic process and a wide
linear range, but, due to degradation of noble metal carriers by
caramelized and carbonized sugars, it is not recommended for the

continuous detection of carbohydrates.
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Another system of sugar combustion has been investigated, a carbon

analyzer (213), but it has never been used in a continuous process.

These previously described systems although often very sensitive
are destructive methods and in most cases are not convenient for
high-speed liquid chromatography. So continuous monitoring methods
including the use of a differential refractometer and an ultra-

violet detection system have been tried.

3) Differential refractometers.

Thigs detector is the most widely used in H.P.L.C.of carbohydrates.
The process is based on continuously monitoring the difference in
refractive index between the pure mobile phase and the eluent plus
solute. This method, although less sensitive than colorimetric de-
tection, is well adapted to analysis of sugar chromatography (214)
and has the advantage of being reproducible and easy to run. How-
ever, important disadvantage of refractive index detectors are that
they are difficult to use with gradient elution and they suffer

from a total lack of specificity for sugars

Sugars, sugar alcohols and sugar acids can be directly detected at
A v 192 nm (215). This system is often more sensitive than detec-
tion by refractive index but the intensity depends strongly on the
type of eluent and above all on its purity (216). This detection
can be markedly improved by a pre-column derivatization (167-169).
The derivatives are detected at either 230 or 254 nm with higher
sensitivity. However there is the inconvenience of chromatographing
the sample in its medified form, and secondary products can cause

difficulties.

In conclusion, in modern liquid chromatography systems, the detec-
tion requires a continucus sensitive and rapid process. The typi-

cal characteristics of the most widely used systems are given in

Table 16, Derivatization being unsuitable, it is a choice between



“UOTIPZTIPATIID YIIM ¥

HEYRAUD AND RINAUDO

{(satouw)
o1°s saydues aeb

ot x _o1 ot ol 01 - _ ot -ns 031 A3
L or- 9 ot- 9- ~TATIISUDS

uorInya

Sax Sax ON sax SIX sax Juatpexh
yITm asn

o13122dg 513109dsg teaxausn 1raauan o2131oads oT13103ds asuodsay

FONAISHOM I “ATN "1y ‘a‘r-4g TYITIWAHOOU.LOTTII | OTYLIWDIOTOD NOILOALIC

272

s1sATeuy aprieyooes Ul pasQ UOTIDIIBA JO SPOYIIW
91 J14YL

1102 Alenuer $z 9T :8T @IV Papeo |uwog




18:16 24 January 2011

Downl oaded At:

OLIGOSACCHARIDE FRACTIONATION 273

A)

[~

N

B)

N A TN A

Figure 35. Maltodextrins detection by coupling (ifferential

refractometry (A) and optical rotation (B) at 350 nm.

refractometer and ultraviolet spectrometry. The latter is more sen-
sitive but actually refractometry remains the most used method in
the analysis of carbohydrates. By coupling two different systems,
improvements can be obtained not in sensitivity but in specificity.
For example, a refractometer and a polarimeter in series (187)
allow the identification of sugar and non-sugar entities and, by
addition of an internal standard, ease of recognition of the chro-

matogramm peaks (Figure 35).
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H/ APPLICATIONS

Liquid chromatography has for some years been applied in research
work. It is becoming an important analytical tool for following
preparative steps and to analyze the purity of the final product.
Liquid chromatography can be used to separate, characterize, and
identify reactants or products of almost any chemical reaction and
is valuable in every area where carbohydrates are present. One

recalls some of the main fields investigated.

- Wood chemistry

wood, one of the few renewable natural resources, 1s the chierf
source of industrial cellulose. Pulping and purificaticn processes
produce wood pulp which becomes the raw material for the manufac-
ture of paper and paperboard, regenerated cellulose and cellulose
derivatives. Cellulose, in the form of wood pulp, is separated from
the digestion liquors, but these liquors contain about 20 % of car-

bohydrates (xylose, mannose, arabinose, galactose, fructose, aldo-

nic and uronic acids) which are lost.

Chromatography on ion exchange resins has been extensively used in
wood industry and the chemistry of pulping processes. Classical
applications are the determination of sugars in sulfite waste li-
quor (217-223) and the determination of the sugar units present in
polysaccharides in wood, wood pulp (224-227) and various types of
hemicellulose (228-230). Lixewise, action of chlorous acid on hydro-
cellulose (231) and the effect of alkaline nhypochlorite in the
bleaching of cellulose (232) have been investigated by ion-exchange

chromatography.

Cellulose sources produce wood pulp, and wood pulp can be transfor-
med into news papers. An enzymic hydrolysis cf newspapers to reccver
carbohydrates can be performed and the produced sugars have been

analyzed by H.P.L.C. on a u-Bondapak carbohydrate column (233).
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The kinetic data are rapidly available and allow improvements to the
process for converting cellulosic wastes to usable end products
(glucose) . So the high pressure liquid chromatography system pro-
vides an interesting tool for chemical or enzymic kinetic studies.
Hydrolysis of cellodextrins by cellobiohydrolase has been investi-
gated by Tsao (234), and we have studied acid hydrolysis of oligo-

saccharides by polyelectrolytes and ion exchangers (189-235).

Carbohydrate is the major component of most human diets, therefore
the analysis and characterization of food carbohydrates are impor-
tant, particularly with the increased concern about nutrition and,

consequently, nutritional labeling.

This sweetener market is a multi-product and multi-industry complex.
Among the applications are the following : beverage industry (soft
drinks, malt, malt liquors, distilled ligquors, flavouring), baking
industry, dairy industry (ice cream, frozen desserts, sweetened
condensed milk and sweetened milk products), canning industry (can-
ned food, bottled or frozen foods, jams, jellies, pickles and pre-
serves), confecticonery industry (candy, chewing-gum and chocolate).
The principal products generally included in this market are
sucrose sweeteners (careand beet sugar), starch sweeteners (dex-
trose, conventional corn syrup, high levulose corn syrup), other
calorific sweeteners (honey, maple syrup and sugar molasses, sugar
cane syrup, refiners syrups) and non-caloric sweeteners (saccharin
and others). Classical liguid chromatography, such as ion exchange
resin, has been used for estimation of sugars in beet molasses (236)

or in wort and beer (237) and gel permeation chromatography has
proved to be a useful method for analysis of glucose syrups (238).

Meanwhile, the advent of H.P.L.C. in recent years now allows the
rapid characterization of sugars in variety of food matrices (239~
243) . This method has been applied with success in the brewing

laboratory (244-245), for the analysis of dairy products (246-248)



18:16 24 January 2011

Downl oaded At:

276 HEYRAUD AND RINAUDO

and for the determination of simple sugars and/or sugar alcochols

in fruit (249-250) or in sugar cane (251-25! bis) ; even the guan-
titative analysis of the sugar composition of starch nydrolyzates
can be performed (252). These separations have been achieved either
with u-Bondapak/carbohydrate column with acetonitrile/water mixture
as the eluent or on cation exchange columns at high temperature witn

water as the mobile phase.

Another field of food chemistry is the cereal chemistry. Legumi-
nous seeds are important potential protein sources for both human
consumption and animal feed. These seeds contain consideranle amounts
of carbchydrates which are the flatus-producing factor. Thus, the

carbohydrate composition of various legume seeds has been studied,
first by G.P.C. on Bio-Gel (253-254) and now by H.P.L.C. using

different supports (255-258).

The quantities of the constituents of all physiologic fluids repre-
sent potentially useful diagnostic information. Therefore, carbo-
hydrates present in blood and urine of humans (259~261) and animals
(262) have bean investigated. It has been shown that normal and pa-
thological states could be -differenciated. Body fluids of normal
subjects have a definable normal spectrum of chemical constituents
whereas various pathologic states can be assoclated with abnormal

values of one or more of the constituents.

The structure of a polysaccharide is generally established atter
methylation and complete hydrolysis ; the monosaccharides obtained
are di-, tri- or tetra-methylated derivatives depending on its
position in the chain and existence of branching position. Up to
now, the separation and identification of these derivatives were
performed by gas chromatography after derivatization (preparation

of alditol acetate for example).
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Now, H.P.L.C. allows the direct separation of the monosaccharides
partially methylated in water or waterfethanol eluent (187). The
anomers give two peaks and it is generally convenient to reduce
the anomeric position before chromatography (Figure 31). H.P.L.C.
is a more rapid technique which can be adapted to every problem

of saccharide separation and identification,

- Other applications

Ion exchange chromatography has been also adapted to analysis of
sugars and urconic acids extracted from marine sediment and sea-
water by various hydrolysis techniques (263). Hydrolysis efficien-
cies of the acids used can give insights into the sources and the

environment of the organic deposit.

Recently, with the shortage of conventional sources of energy, the
world turns towards the biomass, and liquid chromatography seems

to be an important trumpcard for improvements in the fermentation

process using sugar juice and molasses.

CONCLUSION

This work is a review on liquid chromatography applied to mono- and
oliqo-saccharide>separations. The principles and main applications
of gel permeation chromatography (G.P.C.), ion exchange chromato-
graphy solid-liquid and liquid-liquid partition chromatography have
been successively recalled and separations of neutral and ionic

saccharides or their derivatives have been described.

Gel permeation is an useful method to fractionate neutral cligo-
saccharides in water or charged oligosaccharides in presence of an
excess of a neutral salt. Ion exchange chromatography, especially
in presence of borate, allows the separation of monosaccharides
with good selecrivity. Partition chromatography neglected a little,
becomes again an attractive method with the advent of high perfor-

mance liquid chromatography (H.P.L.C.). H.P.L.C. provides a fast
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method and with the recent improvements in column technology very

interesting separations are obtained in a few minutes. The great
advantage of this method is the avoidance of derivatization and
direct operation with soluticns of mono- or oligo-saccharides,
especially:reverse phase liquid-liquid partition chromatography
has proved to be very suitable for oligosaccharide fractionations
using water as eluent, methylated derivative quantitative analy-
sis or/and normal phase for monosaccharide separations in water/

acetonitrile mixtures.

In the last part of the review, the methods of detection used are
given and fields of application of the liquid chromatography have
been summarized. Certainly new column packings and new detectors
will further be developed to extend the use of H.P.L.C. in the

saccharide field.

This report is not concerned with the analysis of polysaccharides

the only method appreciable is the gel permeation chromatography

under classical or high pressure mode. For water soluble polymers,

silicagels or bonded silica may be used but adsorption exists (6 bis).

In addition, no support is quite convenient for high pres-

sure chromatography so far. In organic solvents both methods are
suitable but often the chromatographic analysis cannot be perfor-
med unless a viscosimetric detector is adapted in the absence of
available standards of the same polymers to calibrate the columns
a development in this field is now necessary to complete our tool

in saccharide analysis by chromatographic methods.
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