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LIQUID CHROMATOGRAPHY APPLIED TO OLIGOSACCHARIDE FRACTIONATION 

Alain HEYRAUD and Marguerite RINAUDO 

Centre de Recherches s u r  les Macromol6cules Wgdta l e s ,  
Laboratoire propre du C.N.R.S., a s soc ie  l ' U n i v e r s i t 6  
Sc ien t i f ique  e t  Medicale de Grenoble, 53 X - 38041 

Grenoble Cedex, France. 

ABSTRACT 

This review dea l s  with the  separa t ion  of monosaccharides and o l igo-  
saccharides by l i q u i d  chromatography. The p r i n c i p l e s  of t h e  d i f f e -  
r e n t  methods a r e  r eca l l ed  : success ive ly ,  g e l  permeation chromato- 
graphy, ion  exchange chromatography, so l id - l iqu id  and l i qu id -  
l i q u i d  p a r t i t i o n  chromatograpnies a r e  described. Then, f o r  each 
method, the  main r e s u l t s  obtained i n  the  f i e l d  of sacchar ides  are 
l i s t e d  f o r  na tu ra l  o r  chemically modified forms. 

The la tes t  technique developed i s  the  high performance chromatogra- 
phy which  allows t o  perform separa t ions  o f t e n  i n  a mat te r  of a few 
minutes with b e t t e r  se lec tAvi ty  due t o  t h e  improvements i n  column 
packing technology. 

Some cons idera t ion  of t h e  de t ec to r s  adapted for sacchar ide  ana lys i s  
a r e  given a t  t he  end with a l i s t  of t h e  p r i n c i p a l  types of appl ica-  
t i ons  inves t iga t ed .  

I NTMW CTION 

This review i s  concerned w i t h  t he  app l i ca t ion  of l i q u i d  column 

chromatography t o  t h e  separa t ion  of monosaccharides and oligosac- 

char ides .  Much i n t e r e s t  e x i s t s  now i n  this problem due to  the  oc- 

currence of these  subs t r a t e s  i n  various f i e l d s  such a s  foods, natu- 

ra l  products ana lys i s ,  s t r u c t u r a l  i nves t iga t ions  on polysaccharides.  

Recently, a new method has appeared, more r ap id  and more s e l e c t i v e  
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176  HEYRAUD AND RINAUDO 

(High Performance Liquid Chromatography) and i t  seems t o  b e  i n t e -  

r e s t i n g  t o  review t h i s  more e f f i c i e n t  method of a n a l y s i s  a s  p u b l i -  

shed i n  t h e  l i t e ra ture  up t o  d a t e .  

The main chromatographic  techniques  f o r  o l i g o s a c c h a r i d e s  f r a c z i o n a -  

t z o n  a r e  : 

- paper  chromatography, cor responding  t o  a l r q u i d - l i q u i d  p a r t i t i o n  ; 

t h e  s t a t i o n a r y  phase  is adsorbed on c e l l u l o s e .  I t  w a s  a u s e f u l  ne- 

thod  b u t  i t  p r e s e n t s  d i s a d v a n t a g e s  : long  t i m e  f o r  e l u t i o n ,  d i f f i -  

c u l t i e s  of  d e t e c t i o n  and q u a n t i t a t i v e  d e t e r m i n a t i o n .  

- t h i n  l a y e r  chromatography (CCM) us ing  c e l l u l o s e ,  s i l i c a ,  K i e s e l -  

guhr  as s o r b e n t s .  Mechanisms for f r a c t i o n a t i o n  are a d s o r p t i o n ,  p a r -  

t i t i o n  o r  i o n  exchange. J u s t  as i n  t h e  p r e v i o u s  method, i t  is d i f -  

f i c u l t  t o  perform a q u a n t i t a t i v e  d e t e r m i n a t i o n .  

- g a s  chromatography (CPG) is a r a p i d  method which a l l o w s  q u a n t i t a -  

t i v e  d e t e r m i n a t i o n .  N e v e r t h e l e s s ,  i t  needs d e r i v a t i z a t i o n  to  vola-  

t i l i ze  d e r i v a t i v e s .  T r i m e t h y l s i l y l  d e r i v a t i v e s ,  o r  b e t t e r  a l d i t o l  

a c e t a t e s  a r e  g e n e r a l l y  used for monosaccharide a n a l y s i s .  

- l i q u i d  column chromatography which, w i t h  the r e c e n t  improvements 

and e s p e c i a l l y  packings ,  h a s  been developed under t h e  name o f  h i g h  

performance or high  p r e s s u r e  l i q u i d  chromatography (H.P .L .C . )  

T h i s  review w i l l  l ist r e s u l t s  o b t a i n e d  by t h i s  l a s t  type  of method 

on o l i g o s a c c h a r i d e s  or t h e i r  d e r i v a t i v e s .  S u c c e s s i v e l y ,  

- g e l  permeat ion chromatography 

- i o n  exchange chromatography 

- a d s o r p t i o n  or s o l i d - l i q u i d  p a r t i t i o n  chromatography 

- l i q u i d - l i q u i d  p a r t i t i o n  chromatography 

w i l l  b e  d i s c u s s e d .  F i n a l l y ,  some t e c h n i c a l  equipment such as d e t e c -  

tors w i l l  be  mentionned and some a p p l i c a t i o n s  f o r  o l i g o s a c c h a r i d e  

s e p a r a t i o n s  g i v e n .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OLICOSACCHARIDE FRACTIONATION 177 

A/ GENERAL CHARACTEFUSTICS OF LIQUID CHROMATOGRAPHY 

The f r a c t i o n a t i o n  i s  based on the d i f f e r e n c e  i n  t h e  e q u i l i b r i u m  

d i s t r i b u t i o n  c o e f f i c i e n t s  of t h e  s o l u t e s  between t h e  mobile  and 

t h e  s t a t i o n a r y  phases .  The solutes  Bass through a column f lowing  

w i t n  a rnobiie e l u e n t  b u t  t h e i r  rate of m o b i l i t y  depends on t h e i r  

r e l a t i v e  a f f i n i t y  f o r  t h e  s t a t i o n a r y  and t h e  mobile p n a s e s .  

ReLe__n_tE-" 
G e n e r a l l y ,  t h e  e l u t i o n  of a pure  s o l u t e  g i v e s  a symmetr ical  Gaus- 

s i a n  peak c h a r a c t e r i z e d  by t h e  e l u t i o n  volume ( V ' ) ,  r e t e n t l o n  vo- 

lume (V 1 or t i m e  of r e t e n t i o n  (T ) ; T is d i r e c t l y  r e l a t e d  t o  V 
R R R R 

and depends on t h e  flow r a t e  of t h e  e l u e n t  ( F i g u r e  1 ) .  The charac-  

ter is t ics  V , V o r  T a r e  a d i r e c t  f u n c t i o n  of t h e  d i s t r i b u t i o n  

c o e f f i c i e n t  K between t h e  t w o  phases  a s  follows : 
e R  R 

V = V  C K V  
R m  9 

V i s  t h e  volume of t h e  mobile  phase or "dead" volume of t h e  column, 

v i s  t h e  volume of t h e  s t a t i o n a r y  phase .  
m 

S 

Figure  1 .  Parameters  c h a r a c t e r i z i n q  t h e  e l u t i o n  o f  two s o l u t e s  

and ( 2 ) .  

( 1 )  
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178 HEYRAUD AND RIXAUDO 

R e t e n t i o n  can be expressed  i n  terms of  a c a p a c i t y  f a c t o r  k' : 

vs 

Vm 

number of molecules  of  s o l u t e  i n  t h e  s t a t i o n a r y  phase 
number of molecules  of  s o l u t e  i n  t h e  mobile  phase 

k ' = K -  = 

I t  f o l l o w s  : 

V = V ( 1  + k ' )  
R m  

o r  : 

v - v  T - T  
k l r  O .  I R m  

TO v, 
The term k '  is  d i r e c t l y  de te rmined  on t h e  chromatogram ; i t  depends 

on the exper imenta l  c o n d i t i o n s  ( V  , V ) and mainly on K. 
m s  

Re  s o h  ti on _--------- 
The column r e s o l u t i o n  R c h a r a c t e r i z e s  the q u a l i t y  o f  a s e p a r a t i o n  

between two so lu tes  1 and 2 ( s e e  F igure  1 )  ; i t  i s  g i v e n  by : 
S 

2 (TR1 - T R 2 )  2 ("R1 - 'R2) 
R =  
s w l  + w 2  wl + w 2  

where w is t h e  chromatogram peak width formed by i n t e r s e c t i o n  cf 

t h e  t a n g e n t s  t o  t h e  curve  i n f l e c t i o n  p o i n t s  w i t h  t h e  b a s e l i n e  i n  

units of r e t e n t i o n  volume or t i n e .  The s u b s c r i p t s  r e f e r  t o  s o l u t e  

1 and 2 ,  r e s p e c t i v e l y .  

R may also be w r i t t e n  as : s 

where u i s  t h e  peak s t a n d a r d  d e v i a t i o n  ( t o  a f i r s t  approximation 

u1 - a 2 ) .  

When 5 
r e l a t e  % t o  the f r a c t i o n a t i o n  parameters .  For  t w o  neighbourrng 

peaks  ( w i t h  w z w 1 ,  one proposes  : 

0.8, t h e  s e p a r a t i o n  i s  g e n e r a l l y  bad.  I t  i s  p o s s i b l e  t o  

1 -  2 
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OLIGOSACCHARIDE FRXCTIONATION 179 (e) (+) (N2) 1 / 2  
Rs = - 

4 k 2 +  1 

where a i s  the  r e l a t i v e  r e t e n t i o n ,  N t he  number of t h e o r e t i c a l  

p l a t e s .  The parameter a is defined a s  : 

k ' 2  K 2  - a- R 2  - To T 
a=- = 

k ' l  K1 R1 - To T 

and r e f l e c t s  the separa t ion  of s o l u t e s  1 and 2 due t o  d i f f e rences  

of i n t e rac t ions  with the  mobile and s t a t i o n a r y  phases ( s e l e c t i v i t y  

of the  p r o c e s s ) .  

The number of t h e o r e t i c a l  p l a t e s  N i s  given by : 

TR 2 T 2  
N a 1 6  (-) = (A) 

W U 

N i s  r e l a t e d  t o  the  e f f i c a c i t y  of a column and is  propor t iona l  t o  

i t s  length .  

For s impl i f i ca t ion  one introduces the d e f i n i t i o n  of the number of 

e f f e c t i v e  t h e o r e t i c a l  p l a t e s  N * e f f  * 

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

One l i m i t s  t h i s  d i scuss ion  t o  the  most usefu l  d e f i n i t i o n s  f o r  li- 

quid chromatography needed i n  t he  following. 

S 

B/ GEL PERMEATION CHROMATOGRAPHY (GPC)  

Gel permeation chromatography i s  based on a s t c r i c  process of ex- 

c lus ion  depending on the molecular weight, o r  r a t h e r  the hydrodyna- 

m i c  volume, of t h e  so lu t e s .  
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1 a0 HEYRAUD AND RINALDO 

The s u p p o r t  is a t r i d i m e n s i o n n a l  c r o s s l i n k e d  g e l ,  and t h e  e l u t i o n  

volume i n c r e a s e s  when the  molecular  weight  d e c r e a s e s .  

1 .  P r i n c i p l e  of t h e  nethod ____-----__-_-_---_____ 
GPC i s  a p a r t i t i o n  between t h e  l i q u i d  mobile  phase o u t s i d e  t h e  g e l  

and t h e  s o l v e n t  i n s i d e  t h e  p o r e s .  

High molecular  weight  s o l u t e s  cannot  p e n e t r a t e  i n s i d e  t h e  p o r e s  ; 

they  are excluded a n d a r e  e l u t e d  in a volume V e q u a l  to  t h e  dead 

volume Vo. Very low molecular  weight  s o l u t e s  p e n e t r a t e  f r e e l y  i n t o  

the p o r e s  and are e l u t e d  i n  t h e  t o t a l  volume VT = Vo + V 

t h e  porous volume ; i t  i s  e q u a l  t o  t h e  volume of t h e  s t a t i o n a r y  p h a s e ) .  

e 

(V 1s  
P P  

The c o e f f i c i e n t  o f  p a r t i t i o n  Kd in t h i s  chromatographlc  p r o c e s s  i s  

d e f i n e d  a s  the r a t i o  between s o l u t e  c o n c e n t r a t i o n  in tne m o D i l e  

phase and t h a t  i n  t h e  s t a t i o n a r y  phase .  I t  r e f l e c t s  a l s o  t h e  f r a c -  

u o n  of p o r e s  a c c e s s l b l e  to d i f f u s i o n  o f  t h e  s o l u t e s  ( 1 )  

V = V  + K  V 
e o d p  

v - v  e o  

V 
P 

Kd = 

F r a c t i o n a t i o n  i s  o b t a i n e d  f o r  0 < K < I ; when K = 0,  t h e  s o l u t e  

is exc luded  and when K = 1 ;  t h e  s o l u t e  p e n e t r a t e s  a l l  t'e p o r e s .  

Sometimes Kd is found l a r g e r  t h a n  1 when some a d s o r p t i o n  modi f ies  

t h e  p r o c e s s  of d i s t r i b u t i o n .  

d d 

d 

Some a u t h o r s  ( 2 )  p r e f e r  to  i n t r o d u c e  a n o t h e r  c o e f f i c l e n t  Kav : 

ve - vo 
K -  

dV v'T - vo 

where V '  is t h e  t o t a l  volume of  t h e  column, V '  V + V + V 
T T o P g  

(V is  t h e  volume occupied  by t h e  g e l  i t s e l f ) .  

T h i s  K is no l o n g e r  in u s e .  

9 

a v  
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OLICOSACCMRIDE FRACTIONATION 181 

Molecular-weight d e t e r m i n a t i o n .  Cons ider ing  t h e  p r o c e s s  o f  s te-  

r i c  e x c l u s i o n ,  t h e  volume of e l u t i o n  used  t o  be  r e l a t e d  t o  tne mo- 

l e c u l a r  weights  of t h e  s o l u t e s  and GTC was used to  d e t e m n e  mole- 

c u l a r  weignts  a f t e r  c a l i b r a t i o n  of t h e  column. More r e c e n t l y  ( 3 )  

it  was demonstzated t h a t  t h e  s e p a r a t i o n  of polymers is based  on 

t n e  hydrodynamic volume p r o p o r t i o n a l  t o  t h e  p r o d u c t  [f)]M ([nJ i s  

t h e  i n t r i n s i c  v i s c o s i t y  i n  t h e  same s o l v e n t  ; M i s  t h e  molecular  

weight )  ( F i g u r e  2 ) .  

I n  F igure  2 ,  the u n i v e r s a l  c a l i b r a t i o n  curve is s c h e m a t i c a l l y  

drawn ; it  is  independent  of t h e  polymer, e l u e n t  ... when t h e  g e l  

i s  r i g i d .  For  each e l u t i o n  volume V , a peak i s  c h a r a c t e r i z e d  by 

a p r o d u c t  [q l i  M when [q], i s  known i n  a n  independent  

experiment .  

e i  
and then  M 

1 

When o l igomers  are f r a c t i o n a t e d ,  l a r g e  r e s o l u t i o n  i s  necessary  t o  

i s o l a t e  s o l u t e s  of a n  homologous s e r i e s .  

I I 
I I 

I 1 
\Ib-vp-\It 
Ud-0 Kd. 1 

VC 

F i g u r e  2 .  Universa l  c a l i b r a t i o n  c u r v e  i n  CPC experiment  
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182 HEYRAUD ANTI RINAUDO 

G e n e r a l l y ,  i t  i s  necessary  t o  i n c r e a s e  t h e  l e n g t h  of  t h e  column or 

r e c y c l e  t h e  e f f l u e n t  t o  avoid  t o o  h igh  column back p r e s s u r e .  Many 

d i f f i c u l t i e s  appear  when charged  molecules  a r e  chromatographed by 

comparison wi th  n e u t r a l  :elutes. These e f f e c t s  have been d e s c r i b e d  

by Neddermeyer e t  a l .  ( 4 ,  4 b i s )  and o u r s e l f .  An e lec t ros ta t ic  ex- 

c l u s i o n  e f f e c t  is combined w i t h  the steric e f f e c t  : the volume of 

e l u t i o n  d e c r e a s e s  more and more as t h e  s o l u t e  c o n c e n t r a t i o n  d e c r e a -  

ses, t h e  peaks a r e  d issymmetr ica l  ... ( 5 ,  S b i s ,  5 t e r ,  6 ,  6 b i s ) .  

To c o n t r o l  t h e  e l u t i o n  volume of  a n  i o n i c  s o l u t e  i t  is necessary  

t o  add an e l e c t r o l y t e  ( i n  a c o n c e n t r a t i o n  l a r g e r  than  5 .  10-2M) t o  

the  e l u e n t .  

2 .  rhe___bp?~~,ca,t~on_of_ge_l_E_ermeaf~on__c_hf~~a,togEa?hy__to_~he_ 
ssEar9_tlon_of-caEb_o~Y~~~~~~ * 

Gel permeat ion chromatography, known s i n c e  1956 ( 7 1 ,  w a s  t h e  sub- 

j e c t  o f  a p r e v i o u s  b i b l i o g r a p h y  by Churms (8). I n  a gel p e r n e a t i o n  

system, t h e  most impor tan t  p a r t  i s  the g e l  i t s e l f ,  so t h e  s e p a r a -  

t i o n  of  carbohydra tes  i s  i n v e s t i g a t e d  w i t h  r e g a r d  t o  t h e  chromato- 

g r a p h i c  s u p p o r t s .  P r i n c i p a l  f r a c t i o n a t i o n s  a r e  g iven  and t h e  mecha- 

n i s m  which modify t h e  f i l t r a t i o n  are b r i e f l y  d i s c u s s e d .  

a )  Gels formed by c r o s s - l i n k e d  d e x t r a n s .  

The use  of  d e x t r a n  g e l s ,  commercially a v a i l a b l e  under  t h e  name of 

Sephadex (Pharmacia Fine Chemicals ,  Uppsala ,  Sweden) w a s  f i r s t  re- 

p o r t e d  by Pora th  and Flodin  ( 9 ,  9 b i s ) .  T h i s  t e c h n i q u e ,  a l s o  known 

be g e l  f i l t r a t i o n ,  has  been employed to  f r a c t i o n a t e  s e r i e s  of  cel-  

l o d e x t r i n s  (9 t e r ,  10) and a f t e r w a r d s  many homoloquous series of 

n e u t r a l  (11 ,  13) or a c i d i c  o l l g o s a c c h a r i d e s  ( 1 4 ,  1 7 ) .  Brown h a s  

r e p o r t e d  t h e  s e p a r a t i o n  o f  x y l o d e x t r i n s  (12 ,  12brs) and mannodex- 

t r i n s  (13)  on columns of Sephadex G15. With a c i d i c  s u g a r s ,  charge  

e f f e c t s  have t o  be  taken  i n t o  account  and s o l u t i o n  o f  e l e c t r o l y t e s  

are used as e l u e n t s .  With 0.05 M phosphate  b u f f e r  a t  pH 7 as t h e  

e l u e n t ,  Rexova-Benkova ( 1 4 )  s e p a r a t e d ,  on Sephadex (2-25, t h e  f i r s t  

f i v e  homologues of D-ga lac turonic  a c i d  o b t a i n e d  by p a r t i a l  a c i d  

h y d r o l y s i s  or by enzymatic d i g e s t i o n  o f  p e c t i c  a c i d .  Kohn (15)  
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OLIGOSACCHARIDE FRACTIONATION 183 

r e s o l v e d  mono, d i ,  t r i  and t e t r a - s a c c h a r i d e s  o f  t h e  g a l a c t u r o n i c  

a c i d  ser ies  on Sephadex G-15. F l o d i n  (16)  used Sephadex G-25 f o r  

s e p a r a t i n g  t h e  o l i g o s a c c h a r i d e s  produced oy enzymic d i g e s t i o n  o f  

n y a l u r o n i c  a c i d  and c h o n d r o i t i n  & s u l f a t e ,  and D i e t r i c h  ( 1 7 )  f r a c -  

t i o n a t e d  t h e  p r o d u c t s  o b t a i n e d  on enzymic d e g r a d a t i o n  o f  h e p a r i n  

on Sephadex G-25, w i t h  0.01 M a c e t i c  a c i d  as t h e  e l u e n t .  

4 

Water i s  g e n e r a l l y  used i n  t h e  f r a c t i o n a t i o n  o f  n e u t r a l  s u g a r s  

b u t  there a r e  a few e x c e p t i o n s  ( 1 8 ,  19, 20). H e l t i n g  (18)  used 

Sephadex G-25 wi th  9 /1  (V/V) water -e thanol  a s  t h e  e l u e n t  t o  f r a c -  

t i o n a t e  t h e  o l i g o s a c c h a r i d e s  o b t a i n e d  on a c i d  h y d r o l y s i s  o f  chon- 

d r o i t i n  6 - s u l f a t e  from u m b i l i c a l  c o r d ,  and t h e  s i a l i c  a c i d  o l i g o -  

s a c c h a r i d e s  have been s e p a r a t e d  by Ohman (19)  on Sephadex G-25 

wi th  99 /1  w a t e r / b u t y l  a l c o h o l .  Ze lesn ick  (20)  has  a l s o  r e p o r t e d  

t h e  s e p a r a t i o n  of  Glucose and Rhamnose us ing  Sephadex G-25 w i t h  

60/15/25 (V/V) b u t y l  alcohol-M a c e t i c  ac id-water .  

Gel f i l t r a t i o n  may b e  a lso used t o  f r a c t i o n a t e  methyla ted  and ace- 

t y l a t e d  o l i g o s a c c h a r i d e s  on t h e  l i p o p h i l i c  g e l  Sephadex LH-20 w i t h  

methanol a s  t h e  e l u e n t  (21,  2 2 ) .  

The n a t u r e  o f  t h e  s e p a r a t i o n  has  been e x t e n s i v e l y  i n v e s t i g a t e d  by 

Brown (23 ,  2 4 ) .  Temperature and s o l v e n t  dependences of t h e  p a r t i -  

t i o n  c o e f f i c i e n t  s u g g e s t  weak s o r p t i o n  on t h e  d e x t r a n  g e l  w i t h  t h e  

homloguous  series of  o l i g o s a c c h a r i d e s  : c e l l o d e x t r i n s ,  xylodex- 

t r i n s  and mannodextr ins .  The s p e c i f i c  s o l u t e - g e l  i n t e r a c t i o n s  a r e  

r e l a t e d  to  t h e i r  r e l a t i v e  s o l u b i l i t i e s .  G e l  permeat ion on d e x t r a n  

g e l s  is n o t  a s imple  s i e v e  e f f e c t ,  a d s o r p t i o n  can p lay  a r o l e  (251, 

and t h e  anomalous chromatographic  behaviour  o f  Schard inger  d e x t r i n s  

on Sephadex G-15 ( 2 6 )  is a good example ; both  a and 6 S c h a r d i n g c r  

d e x t r i n s  are r e t a r d e d  and e l u t e d  a f t e r  g l u c o s e .  T h i s  c o m p e t i t i o n  

between molecular  s i z e  p a r t i t i o n  and a d s o r p t i o n  has  been i n v e s t i -  

ga ted  by B e r t o n i e r e  (27)  on Sephadex G-15 w i t h  s u g a r s  and s u g a r  

d e r i v a t i v e s .  
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184 HEYRAUD AND RINXUDO 

Figure  3 .  E l u t i o n  p r o f i l e s  of  o l i g o q a l a c t u r o n i c  a c i d s  on a aio-Ge, 

7-2 column ( 2 0 3  x 2 an). A ,  0 . 1  M a c e t a t e  b u f f e r  pH 5 a t  65" C , 

amount i n j e c t e d ,  3 0  u1 of  a 2 0  m q / m l  o l igomer s o l u t i o n .  3, 0.1 Y 

a c e t a t e  b u f f e r  pH 3.6 a t  25O C ; amount i n j e c t e d ,  50 ul of a 

2 0  mg/ml oligomer s o l u t i o n .  C ,  0 . 1  M a c e t a t e  b u f f e r  pH 2.6 a t  

65' C ; amount i n j e c t e d ,  60 u1 of  d 2 0  mg/ml o l igomer  s o l u t i o n .  

The numbers 1 , 2 , 3 ,  ... 10 r e f e r  to  t h e  d e g r e e  o f  po lymer iza t ion  ( 4 0 ' .  

b) Polyacrylamide G e l  Chromatography. 

Many a u t h o r s  have r e p o r t e d  t h e  s u c c e s s f u l  u s e  of t h e  p o l y a c r y l a -  

mide g e l  Bio-Gel P (Biorad-Labora tor ies  U . S . A . )  t o  s e p a r a t e  a l l g o -  

s a c c h a r i d e s .  T r e n e l  ( 2 8 ,  31) s e p a r a t e d  m a l t o d e x t r i n s  c o n t a i n i n g  up 

t o  t h i r t e e n  g l u c o s e  u n i t s  w i t h i n  f o u r  to  seven  hours  on  a Bio-Gel 

P2 column. The r e s o l v i n g  power was markedly improved by high tem- 

p e r a t u r e  ( 2 8 ) ,  and maltose and i s o m a l t o s e ,  and m a i t o t r i o s e  and 

i s o m a l t o t r i o s e  were r e s o l v e d  ( 2 9 ) .  G e l  f i l t r a t i o n  h a s  been used 

by Enevoldsen t o  s e p a r a t e  s e r i e s  of  homoloquous o l i g o s a c c h a r i d e s  
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L J n  

Salt exclusion 

*li 

F i g u r e  4 .  S e p a r a t i o n  of <-carrageenan o l igomers  ( n  = 1 , 2  ... ) a f t e r  

enzymic h y d r o l y s i s .  Biogel  P-G ; e l u e n t  : N a N 0 3  5 . 1 0  

25' C ( 4 1 ) .  

- 2  
M.  To = . 

and t h e i r  cor responding  a l d i t o l s  ( 3 2 ) .  The f r a c t i o n a t i o n  of  malto- 

o l i g o s a c c h a r i d e s  of v a r i o u s  s t r u c t u r e s  ( l i n e a r ,  s i n g l y  branched,  

m u l t i p l y  branched and c y c l i c )  on Bio-Gel  P 2  ( 3 3 )  and P6 ( 3 4 )  o r  

P4 ( 3 5 )  r e v e a l e d  c h a r a c t e r i s t i c  d i f f e r e n c e s  and t n e  f i n e  s t r u c t u r e  

o f  t h e  o l i g o s a c c h a r i d e  seems to de termine  i t s  p o s i t i o n  i n  t h e  e lu-  

t i o n  p r o f i l e .  P o n t i s  ( 3 6 )  r e p o r t e d  t h e  complete s e p a r a t i o n  o f  t h e  

lower members o f  t h e  f r u c t o s a n  s e r i e s  (up t o  DP = 10) u s i n g  Bio-Gel 

P2, and t h e  o l i g o s a c c h a r i d e s  o b t a i n e d  on a c i d  h y d r o l y s i s  of c h i t i n  

have been s e p a r a t e d  by R a f t e r y  ( 3 7 ) .  As w i t h  d e x t r a n  g e l s ,  ion-  

e x c l u s i o n  of a c i d i c  s u g a r s  o c c u r s  when t h e  column is  e l u t e d  by water; 

t h i s  i n t e r a c t i o n  is avoided by i n c r e a s i n g  t h e  i o n i c  s t r e n g t h  of t h e  

e l u e n t .  Kohn (38)  used a column of B i o - G e l  P4 t o  s e p a r a t e  o l igomers  

of g u l u r o n i c  a c i d ,  Van Houdenhoven (39)  and T h i b a u l t  (40) have re- 

p o r t e d  t h e  isolat ion of o l i g o g a l a c t u r o n i c  a c i d s  ( F i g u r e  3 ) .  We f r a c -  

t i o n a t e d  a l s o  t h e  o l i g o s a c c h a r i d e s  produced by enzymic h y d r o l y s i s  of 

K-Carrageenans on Bio-Gel P6 ( 4 1 )  (F igure  4 ) .  
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186 HEYRAUD AND RZNAUDO 

Figure 5. Partition coefficient Kd as a function of the degree of 

polymerization N for different oligosaccharide series at 2 5 "  C (-1 

and 6 5 O  C (. . ... ) 
i3 gentiodextrins x cellpdextrins 

0 maltodextrins + cyclodextrins 

Siogel P - 2  ; eluent H 2 0  ( 4 5 ) .  
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Figure  6. GPC chromatogram o b t a i n e d  on c e l l o d e x t r i n s . B i o g e 1  '2-2; 

e l u e n t  H20 ; To = 6 5 O  C. 

P a r t i a l l y  methyla ted  mono- and o l i g o s a c c h a r i d e s  can a lso be charac-  

t e r i z e d  by g e l  f i l t r a t i o n  on Bio-Gel P2 or P4, and an e x c e l l e n t  se- 

p a r a t i o n  of  g l u c o s e  and i t s  mono-, d i - ,  t r i -  and t e t r a m e t h y l  ethers 

was o b t a i n e d  by Grel ler t  ( 4 2 ) .  

The s e p a r a t i o n  p r o c e s s  has  been i n v e s t i g a t e d  by Brown (10 ,  12, 1 2  

b i s ,  13,  2 3 ,  24) and t h e  o p e r a t i o n a l  parameters  ( s o l u t e  concent ra -  

t i o n ,  column l e n g t h ,  f low-ra te  and tempera ture)  have been d i s c u s s e d  

by Sabbagh (43,  4 3  b i s ) .  I n  view o f  t h e  p r i n c i p a l  d a t a  o b t a i n e d  on 

t h e  scope of g e l  permeat ion of s a c c h a r i d e s  (44)  and of o u r  r e s u l t s  

o b t a i n e d  on Bio-Gel P2 (45, 4 5 b i s )  , i t  seems t h a t  a d s o r p t i o n  is of 
less importance on B i o - G e l  t h a n  on Sephadex. We have t e s t e d  f o u r  

ser ies  of o l i g o s a c c h a r i d e s  whose monomeric u n i t  is D-glucose and 

have d i s c u s s e d  steric e x c l u s i o n  a s  a r e s u l t  of hydrodynamic i n -  

v e s t i g a t i o n s .  A t  lower tempera ture  t h e r e  is  a s o l u t e - g e l  i n t e r a c t i o n  

c h a r a c t e r i s t i c  of t h e  ol igomer series b u t  a t  6 5 O C  t h e  f r a c t i o n a t i o r .  

can b e  i n t e r p r e t e d  on t h e  b a s i s  o f  an e x c l u s i o n  mechanism t a k i n g  

i n t o  account  t h e  hydrodynamic volume e x p r e s s e d  by t h e  p r o d u c t  ~ J M .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



188 HEYRAUD AND RLNAUDO 

Figure 7 .  GPC chromatoqram obtained on maltodextrins Bioge1.P-2 ; 

e luen t  H20 ; To = 65 '  C. 

The a f f i n i t y  follows the  sequence : cyclo-oligosaccharides > a a l t o -  

oligosaccharides > cello-oligosaccharides > gentio-oligosaccharides 

(Figure 5 ) .  

'Qpica l  f r ac t iona t ions  of ce l lo -  and rna1todext:ins a r e  given i n  
Figures 6 and 7.  From a genera l  po in t  of view, the  values of -Log 

Kd and molecular weight (o r  t he  degree of polymerization) a re  i n  

good agreement w i t h  a l i n e a r  function i n  the  temperature range of 

25-65O (Figure 8 ) .  These r e s u l t s  expressed i n  terms of log [ ~ J M  

l i e  p r a t i c a l l y  on  the same curve a t  6S°C and then s t e r l c  exclusion 

i s  proved t o  be the only mechanism for f r ac t iona t ion  (Figure 91 .  

c) Other supports : 

- Decrys ta l l i sed  co t ton  c e l l u l o s e  has permeation p rope r t i e s  compa- 

rable t o  those of cross-linked dextran and polyacrylamide g e l  ( 4 6 ) .  
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. Msltodextrine . Cellodextrinr 

T = 65OC 

Figure 8. Dependence of the partition coefficient Kd on the de- 

gree of polymerization N of maltodextrins and cellodextrlns (ex- 

perimental results Figures 6 and 7 ) .  
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190 HEYRAUD AND RINAUDO 

I Maltodextnns 
9 Cellodetrins 

T = 65'C 

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

lar weight (A)  and hydrodynamic volume [n]M ( 8 )  dependences on 

the partition coefficient Kd. 
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I t  is  permeable t o  compounds of  molecular  w e i g h t s  below 1500 and a 

p a r t i a l  s e p a r a t i o n  of  r a f f i n o s e  or s t a c n y o s e  from f r u c t o s e  or e r y -  

t h r o s e  has  been o b t a i n e d  by Mart in .  R e l a t i v e  r e t e n t i o n s  d o  n o t  d i f -  

f e r  s u f f i c i e n t l y  t o  g i v e  e f f i c i e n t  s e p a r a t i o n s  and c r o s s - l i n k e d  

c e l l u l o s e  has  been found t o  be  a more convenient  s u p p o r t  ( 4 7 ) .  

x y l o d e x t r i n s ,  c e l l o d e x t r i n s ,  mannodextr ins  have been s e p a r a t e d  by 

Brown (48) on r e g e n e r a t e d  c e l l u l o s e  o b t a i n e d  by t h e  c r o s s - l i n k i n g  

of v i s c o s e  w i t h  e p i c h l o r o h y d r i n .  Chemisorpt ion was found w i t h  t h e  

c e l l o d e x t r i n s  a t  c h a i n  l e n g t h s  g r e a t e r  t h a n  t h r e e  u n i t s ,  and weak 

a d s o r p t i o n  for t h e  x y l o d e x t r i n s  and mannodextr ins .  The r e s u l t s  sug- 

g e s t  t h a t  i d e n t i c a l  conformation of  t h e  g e l  s u r f a c e  and t h e  s o l u t e  

i s  r e q u i r e d  for a d s o r p t i o n .  

- S t a r c h  g e l  prepared  by c r o s s - l i n k i n g  p o t a t o  s t a r c h  under a l k a l i -  

ne c o n d i t i o n s  h a s  been used f o r  g e l  permeat ion  chromatography o f  

o l i g o s a c c h a r i d e s .  A mixture  of r a f f i n o s e ,  c e l l o b i o s e  and g l u c o s e  

has  been r e s o l v e d  by Luby ( 4 9 1 ,  u s i n g  w a t e r  a s  t h e  mobile  phase  ; 

b u t  t h e  chromatographic  p r o p e r t i e s  of  t h i s  s u p p o r t  a r e  n o t  compara- 

b l e  with t h o s e  of Sephadex or Bio-Gel .  

Gel penneat ion  is a convenient  method for f r a c t i o n a t i o n  of  o l i g o -  

s a c c h a r i d e s  b u t  a good s e p a r a t i o n  of  monosaccharides  is v e r y  d i f -  

f i c u l t  t o  o b t a i n  w i t h  water  a s  t h e  e l u e n t ,  e x c e p t  f o r  g l u c o s e  and 

r i b o s e  or methyl g l y c o s i d e s .  The main r e s u l t s  of t h e  l i t e r a t u r e  

on the a p p l i c a t i o n  of g e l  permeat ion  chromatography t o  carbohydra-  

t e s  a r e  summarized i n  Table  1 .  Dextran g e l  and polyacry lamide  g e l  

a r e  the most wide ly  used s u p p o r t s  i n  g e l  Chromatography. These g e l s  

are h y d r o p h i l i c  and swell  i n  water : water is also used as the 

mobile  phase and t h e r e  is no problem w i t h  w a t e r - s o l u b l e  materials 

such as o l i g o s a c c h a r i d e s .  

However, t h e  long  time of t h e  a n a l y s i s  i s  an s u b s t a n t i a l  disadvan-  

t a g e  ; as d e x t r a n  and polyacry lamide  g e l s  have poor  mechanica l  

s t r e n g t h ,  they w i l l  n o t  w i t h s t a n d  the h i g h e r  p r e s s u r e  r e q u i r e d  f o r  

f a s t e r  a n a l y s i s .  
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TABLE 1 

L i s t  of Experimental  O l i g o s a c c h a r i d e  S e p a r a t i o n s  Obtained by Gel 
Permeat ion Chromatoqraphy . 

Fructosan  ser ie  

13,23,24 24, 45 

36 

G e n t i o d e x t r i n s  1 1 4 5  

Q- 1,4/a- 1,6 l i n  
ked o l i g o s a c c h a  
r i d e s .  

I s o m a l t o d e x t r i n d  

Ma1 todex t r  i n s  

I 23 ! 32.,3jI 

28,29,30,31,33 3 2 ,  1 
34,45,43,43b~s 3 5 , J j  j 

I 3 s  

I 

Mannodex t r i n s  13 

Xy lodex  tr i n s  I \5,.12b1s,13 
'- 

I 13 

12,12bis,l3 1 

i I 

I I II I I 

38 Oligoguluronic  
a c i d s  

C h i t i n  o l i g o s a c -  
c h a r i d e s .  

Mal todext r ins  
a l d i  t o l s  

( 

I 
37 i 

32 

! s a1 o l i g o s a c -  
cAarYA,, . 

I somal todext r ins  
a l d i  t o l s  

O l i g 0  a a c t u r o -  
n i c  a o i h  14 I 

I l3 ii 

32 

39,40 33 

Oligohyaluronic  
a c i d s  16 

~~ ~ - 

16,18 Chondroi t i n  Su 1- 
f a t e  o l igosaccha-  
r i d e s .  

He a r i n  Oligosaq- 1 7  c h g r i d e s .  

Carrageenan 011 o- 
s a c c h a r i d e s  7 

I 
1 

I 

11 
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OLICOSACCHARIDE FRACTIONATION 193 

Ion exchange chrana tography h a s  proved very  u s e f u l  i n  carbohydra te  

a n a l y s i s .  T h i s  method has been e x t e n s i v e l y  reviewed by Samuelson 

( S O ) ,  J a n d e r a  (S;, 521, Kennedy (53) and Lawrence ( 5 4 ) .  Our survey  

is d i v i d e d  i n t o  t h e  fo l lowing  s e c t i o n s  : anion-exchange r e s i n s  and 

cat ion-exchange r e s i n s .  The chemical  a s p e c t s  o f  the s e p a r a t i o n  pro-  

c e s s  a r e  d i s c u s s e d  and t h e  main r e s u l t s  a r e  summarized. 

When a n o n - e l e c t r o l y t e  s o l u t i o n  i s  i n  c o n t a c t  w i t h  i o n  exchangers ,  

t h e  s o l u t e  can e n t e r  t h e  r e s i n  p h a s e .  T h i s  s o r p t i o n  i s  a r e v e r s i b l e  

phenomenon. I f  t h e r e  i s  no i n t e r a c t i o n  o f  any k i n d ,  i t  s h o u l d  b e  

expec ted  t h a t  t h e  c o n c e n t r a t i o n s  of  the so lu t e  i n s i d e  t h e  r e s i n  and 

i n  t h e  e x t e r n a l  s o l u t i o n  are e q u a l .  This  behaviour  i s  r a r e l y  found 

and s e v e r a l  e f f e c t s  have t o  b e  c o n s i d e r e d  : 

- "Sal t ing-out"  e f f e c t s .  

The f i x e d  i o n i c  groups and c o u n t e r i o n s  form s o l v a t i o n  s h e l l s  and 

only  a f r a c t i o n  of t h e  t o t a l  i n t e r n a l  s o l v e n t  is f r e e .  As o n l y  a 

p a r t  o f  s o l v e n t  i n s i d e  t h e  r e s i n  i s  a v a i l a b l e  f o r  d i s s o l v i n g  t h e  

s o l u t e ,  t h e  c o n c e n t r a t i o n ,  which ' r e f e r s  t o  t h e  t o t a l  s o l v e n t ,  is 
lower i n  t h e  r e s i n  t h a n  o u t s i d e .  This  e f f e c t  i s  most pronounced 

when t h e  r e s i n  i s  h i g h l y  c r o s s - l i n k e d  and t h e  c o u n t e r i o n s  are 

s t x o n g l y  h y d r a t e d .  

- I n t e r a c t i o n s  w i t h  c o u n t e r i o n s  ; " S a l t i n g - i n "  e f f e c t .  

The solubi l i t ies  of a number o f  o r g a n i c  compounds are i n c r e a s e d  by 

the a d b t i o n  of a c i d s .  With s t r o n g - a c i d  c a t i o n  exchangers ,  ana lo-  

guous e f f e c t s  a r e  observed .  T h i s  e f f e c t  i s  dependent  on t h e  r e s i n  

form ; s o r p t i o n  of a non-polar s o l u t e  is g r e a t l y  i n c r e a s e d  when 

i n o r g a n i c  c o u n t e r i o n s  are r e p l a c e d  by o r g a n i c  i o n s  such as N( 

b u t  s o r p t i o n  of s u g a r s  is reduced.  On t h e  o t h e r  hand, t h i s  

e f f e c t  becomes very i m p o r t a n t  when t h e  s o l u t e  forms s t r o n g  corn- 

5 d 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



194 HEYRAUD A\n RINAUDO 

p l e x e s  or even c h e l a t e s  w i t h  t h e  c o u n t e r i o n .  For example n e u t r a l  

s a c c h a r i d e s  are " s a l t e d  i n "  by anion-exchange r e s i n s  i n  t n e  s u l -  

p h i t e  form and i n  t h e  b o r a t e  form. 

- Swel l ing  P r e s s u r e  and " s i e v e  a c t i o n " .  

The i n t e r i o r  of t h e  swollen r e s i n  i s  under a h i g h e r  2 r e s s u r e  t h a n  

the e x t e r n a l  s o l u t i o n .  The p r e s s u r e  d i f f e r e n c e  is c a l l e d  the swel- 

l i n g  p r e s s u r e .  The s w e l l i n g  p r e s s u r e  a f f e c t s  t h e  s o l u t e  ap take  i n  

such  a way t h a c  t h e  l a r g e r  molecules  are more s t r o n g l y  a f f e c t e d .  

The r e l a t i o n s h i p  d e s c r i b i n g  t h i s  phenomenon is : 

where xN/aN 

s o l u t e  i n  t h e  r e s i n  phase t o  t h a t  i n  t h e  e x t e r n a l  s o l u t i o n ,  n t h e  

s w e l l i n g  p r e s s u r e ,  and vN t h e  p a r t i a l  molal volume of t h e  s o l u t e .  

is the r a t i o  between the a c t i v i t y  c o e f f i c i e n t s  of 

This s w e l l i n g  p r e s s u r e  i s  h i g h  i f  t h e  r e s i n  i s  h i g h l y  c r o s s - l i n k e d ,  

t h e r e f o r e  with i n c r e a s i n g  s i z e  o f  t h e  s o l u t e  molecule  and i n c r e a s i n g  

d e g r e e  o f  c r o s s - l i n k i n g ,  t h e  e f f e c t  becomes i m p o r t a n t .  

I n  a d d i t i o n ,  s o r p t i o n  of  l a r g e r  molecules  can b e  l i n i t e d  by t h e  

p u r e l y  mechanical  s i e v e  a c t i o n  of  t h e  m a t r i x .  S o r p t i o n  e q u i l i b r i u m ,  

and i n  consequence t h e  e l u t i o n  volume, w i l l  be  dependent  on : 

- s p e c i f i c  i n t e r a c t i o n s  between t h e  n e u t r a l  s o l u t e  and t n e  

m a t r i x ,  f i x e d  i o n i c  groups ,  or c o u n t e r i o n s ,  

- molecular  s i z e  of t h e  s o l u t e  and degree  o f  c r o s s - l i n k i n g  of 

the ion-exchangers .  

With s o l u t i o n s  of e l e c t r o l y t e s ,  t h e  e f f e c t s  arc mare complex. I n  

c o n t r a s t  t o  n o n - e l e c t r o l y t e s ,  t h e  e l e c t r o l y t e s  are exc luded  by i o n -  

exchangers  ; t h i s  e x c l u s i o n  i s  favoured by h i g h  c a p a c i t y  and cross- 

l i n k i n g  of  t h e  r e s i n .  On t h e  o t h e r  hand,  complex f o r m a t i o n ,  i n t e r -  
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OLIGOSACCHARIDE FRACTIONATION 195 

a c t i o n s  between t h e  i o n s  o f  t h e  e l e c t r o l y t e  and t h e  f i x e d  i o n i c  

groups or the m a t r i x  can o f f s e t  t h e  i o n i c  e x c l u s i o n .  The e l u t i o n  

volume of i o n i c  s o l u t e s  depends on  the n a t u r e  o f  t h e  e l u e n t ,  b u f f e r  

composi t ion and pH. 

2 .  Ion exchange chromatography o f  carbohydra tes  : ............................................ 
From a p r a t i c a l  p o i n t  of  view t h r e e  p r o c e s s e s  can b e  e n v i s a g e d  : 

- The s u g a r ,  e l u t e d  w i t h  water or aqueous s o l u t i o n s  of non- 

complexing a g e n t s ,  i n t e r a c t s  by i t s  weakly a c i d i c  alcoholic groups  

w i t h  t h e  r e s i n .  

- I n  mixture  of  water and e t h a n o l ,  t h e  chromatography o f  s u g a r s  

i s  a p a r t i t i o n  between t h e  phase i n s i d e  t h e  r e s i n  and the e x t e r n a l  

s o l u t i o n .  

- The e l u e n t  reacts w i t h  s u g a r s  t o  produce n e g a t i v e l y  charged 

complexes ; t h e  d i f f e r e n c e s  i n  t h e  s t a b i l i t y  and t h e  a f f i n i t y  of  

t h e  v a r i o u s  complexes can be  used f o r  t h e  s e p a r a t i o n .  

a )  S e p a r a t i o n  of s a c c h a r i d e s  on anion-exchange r e s i n s  u s i n 3  

water or aqueous s o l u t i o n s  o f  non-complexing a g e n t s  as t h e  e l u e n t .  

I n  1960, Hough (55) i n v e s t i g a t e d  t h e  use o f  a n i o n  exchange r e s i n s  

i n  C03 

He found t h a t  a column o f  P e r m u t i t  could  b e  used for the s e p a r a t i o n  
of  a m i x t u r e  o f  r a f f i n o s e ,  s u c r o s e ,  and g l u c o s e  i n  36 hours  u s i n g  

water  as e l u e n t .  On t h e  hydroxide form o f  Dowex-1 r e s i n ,  A u s t i n  e t  

al. (56 )  s e p a r a t e d  : methyl  a-D-galactopyranoside,  methyl  8 - D  
g a l a c t o p y r a n o s i d e ,  methyl  a-D g a l a c t o f u r a n o s i d e ,  methyl  0-0 g a l a c -  

t o f u r a n o s i d e  i n  t h a t  o r d e r .  I n  a s i m i l a r  exper iment ,  a m i x t u r e  o f  

anomeric D-glucopyranosides and D-glucofuranosides  could  b e  sepa-  

r a t e d .  T h i s  t e c h n i q u e  is a u s e f u l  method f o r  t h e  s e p a r a t i o n  o f  

isomeric g l u c o s i d e s  ; i n  g e n e r a l ,  f u r a n o s i d e s  are adsorbed  more 

s t r o n g l y  t h a n  p y r a n o s i d e s  and B-anomers are adsorbed more s t r o n g -  

l y  t h a n  t h e  cor responding  a-anorners. The f r e e  s u g a r s  a r e  n o t  e l u -  

t e d  from t h e  r e s i n .  Evans a t  a l .  (57) have shown t h a t  on columns 

-- 
and HCO - fo rm f o r  t h e  s e p a r a t i o n  o f  c a r b o h y d r a t e s .  
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196 HEYRAUD AND RINAUDO 

of anion-exchange r e s i n  i n  t h e  c h l o r i d e  and hydroxide forms wi th  

water a s  e l u e n t  t h e  o r d e r  of e l u t r o n  depends on the n a t u r e  Df t h e  

r e s i n  c o u n t e r i o n .  

I n  g e n e r a l ,  t h e  h i g h e r  t h e  number of nydroxyl  groups i n  t h e  s u g a r ,  

t h e  more t h e  aqueous phase i s  p r e f e r r e d ,  t h e r e f o r e  t h e  s u g a r s  a r e  

e l u t e d  i n  o r d e r  of  d e c r e a s i n g  molecular  s i z e .  The s u b s t i t u t i o n  of  

a hydroxyl  group by a n  alkoxy group causes a d e c r e a s e  i n  p o l a r i t y  

and the d i s t r i b u t i o n  c o e f f i c i e n t  becomes h i g h e r .  The degree  of 

c r o s s - l i n k i n g  o f  t h e  r e s i n  is a l s o  o f  importance as s t e r i c  e x c l u s i o n  

may c o n t r o l  t h e  s o r p t i o n  p r o c e s s .  

Only a few s imple  s e p a r a t i o n s  o f  n e u t r a l  s a c c n a r i d e s  have been e f -  

f e c t e d  by t h i s  method (Table  2 1 ,  probably  owing to the p o s s i b i l i t y  

of  i n t e r - c o n v e r s i o n s  of  t h e  s u g a r s  on t h e  hydroxyl  form of  anion-  

exchange r e s i n s .  I n  t h e  o t h e r  hand,  t h e r e  a r e  many examples of t h e  

f r a c t i o n a t i o n  of c a r b o x y l i c  a c i d s .  

I n  t h e  s o r p t i o n  of  hydroxyacids  on an ion  exchangers  both  i o n i c  

s o r p t i o n  and molecular  s o r p t i o n  a r e  i n v o l v e d .  The i o n i c  a d s o r p t i o n  

depends on t h e  d i s s o c i a t i o n  o f  t h e  a c i d  and when this type of  ad- 

s o r p t i o n  predominates ,  s e p a r a t i o n  of o r g a n i c  a c i d s  w i t h  s u f f i c i e n t -  

l y  d z f f e r e n t  d i s s o c i a t i o n  c o n s t a n t s  is p o s s i b l e .  Larsen (58) sepa-  

r a t e d  u r o n i c  a c i d s  on column of Dowex l x 6 w i t h  a l i n e a r  g r a d i e n t  

of acet ic  a c i d  (0.5 N to  0 . 2  N ) .  Glucuronic  and mannuror.ic a c i d s  

have been s e p a r a t e d  from each o t h e r  and from g u l u r o n i c  and g a l a c -  

t u r o n i c  a c i d s .  I n  t h i s  sys tem,  f r e e  s u g a r s  a r e  n o t  adsorbed  and 

can be i s o l a t e d  from u r o n i c  a c i d s .  S e p a r a t i o n  of  g a l a c t u r o n i c  and 

g l u c u r o n i c  a c i d s  i n  presence  of  a r a b i n o s e  and g a l a c t o s e  has  Been 

o b t a i n e d  by Khym ( 5 9 ) .  I o n  exchange chromatography w i t h  a c e t i c  

a c i d  a s  e l u e n t  h a s  been ex tended  t o  i n c l u d e  a l a r g e  number of 

o t h e r  a c i d s  ( F i g u r e  10) such a s  a l d o n i c  and s a c c h a r i n i c  a c i d s  

(60 -62 b i s )  ; t h e  main r e s u l t s  a r e  g i v e n  i n  T a b l e s  3 and 4 .  Sepa- 

r a t i o n  w i t h  fo rmic  a c i d  has  been u t i l i z e d  by Fransson (63) t o  

f r a c t i o n a t e  u r o n i c  a c i d s  and a l d o b i o u r o n i c  a c i d s  b u t  h y a l u r o n i c  

a c i d  o l i g o s a c c h a r i d e s  and c h o n d r o i t i n  s u l f a t e  o l i g o s a c c h a r i d e s  were 
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198 HEYRAUD AND RINAUDO 

F igure  10. Separation of l e v u l i n i c  ( I ) ,  melibionic ( 1 1 1 ,  ce l lob io-  

n i c  ( I I I ) ,  maltobionic ( I V ) ,  D-ribonic ( V ) ,  D-glycero-D-gulo-hep- 

t o n i c  ( V I ) ,  D-gluconic ( V I I ) ,  l a c t i c  ( V I I I )  , L-rhamnoic (IX) and 

D-galacturonic ac id  ( X I .  Detection methods : chromic ac id  - ; car- 

bazole ---- ; per ioda te  ---.-.-. E l u a n t  : 0.5 H a c e t i c  ac id  ; flow 

r a t e  : 7 . 7  ml min cm ; r e s i n  bed : 6 x 7 6 0  mm, Dowex I-X8, 24- 

2 7  u m ( 6 2 ) .  

-1 -2  

b e t t e r  resolved by e l u t i o n  w i t h  LiC1. Anion-exchange chromatogra- 

phy i n  a c e t a t e  media is a use fu l  t oo l  f o r  t h e  ana lys i s  of mixtures 

containing seve ra l  hydroxy ac ids  ; most experiments have been 

c a r r i e d  ou t  with the sodium a c e t a t e  system. I n  t h i s  regard,  the 

works of Samuelson (60-62 b i s ,  64-69 )  have the  g r e a t e s t  i n t e r e s t  

i n  the separa t ion  of various carboxylic ac ids  (Tables 5 and 6 ) .  

Sodium ace ta t e  has a l s o  been used by Dirkx (70 )  f o r  t he  ana lys i s  

of mixture of glucose,  g luconic  ac id  and glucuronic a c i d .  Sodium 

formate was found to  be a b e t t e r  e luen t  than sodium a c e t a t e ,  and 

Nagel ( 7 1 )  i s o l a t e d  a s e r i e s  of o l igogalac turonic  ac ids  (up to 

octa-galacturonic ac id )  and unsatured d i -  t r i -  t e t r a -  and penta- 

ga lac turonic  ac ids  b u t  Samuelson ( 6 7  b i s )  used sodium a c e t a t e  t o  

separa te  a ldonic  ac ids  of t he  xylonic o r  g luconic  ac id  s e r i e s  

(Figure 11) .  
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OLIGOSACCHARIDE FRACTIONATION 203 

F i g u r e  11. S e p a r a t i o n  of  d m i x t u r e  ( 1 0 0  mg) o f  a l d o n i c  a c i d s  o f  

the x y l o n i c  a c i d  series which w a s  p repared  from a h y d r o l y z a t e  o f  

b i r c h  xylan .  Column ( 1 3 2 0  mm x 6 mm I.D.) packed w i t h  Dowex 1-X2, 

20-40 M. E l u e n t  0 . 0 2  M sodium acetate ; nominal l i n e a r  f l o w - r a t e ,  

2 . 5  cm/min. Detec t ion : -chromic  a c i d  ; -----. , per ioda te- formal -  

dehyde ; --- , c a r b a z o l e .  Peak numbers r e f e r  to t h e  numbers o f  mo- 

momeric u n i t s  ( 6 7 ) .  

Obviously,  a l a r g e  number o f  parameters  i n f l u e n c e  t h e  s e p a r a t i o n  

p r o c e s s  and t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  depend on t h e  n a t u r e ,  

c o n c e n t r a t i o n  and pH o f  t h e  mobile  phase ,  and on  the tempera ture .  

I n  e l u t i o n  w i t h  s a l t  s o l u t i o n s ,  t h e  s e p a r a t i o n  f a c t o r  is determr-  

ned by t h e  s e l e c t i v i t y  c o e f f i c i e n t  o f  t h e  i o n i c  species t o  be  se- 
p a r a t e d  whereas i n  a c i d  medium t h e  d i s s o c i a t i o n  c o n s t a n t s  o f  the 

a c i d s  a l s o  have an i n f l u e n c e  ; with  sodium acetate as e l u e n t  mst 
hydroxy a c i d s  are e l u t e d  i n  t h e  o r d e r  o f  d e c r e a s i n g  molecular  

weight  (65)  and a complex mixture  c o n t a i n i n g  b o t h  u r o n i c  a c i d  

b i o u r o n i c  a c i d s  can  be  s a t i s f a c t o r i l y  r e s o l v e d  us ing  g r a d i e n t  
e l u t i o n .  Hydroxy a c i d s  c o n t a i n i n g  a l a r g e  number o f  hydroxyl  groups  

appear  b e f o r e  t h o s e  w i t h  a lower number ; t h i s  r u l e  h o l d s  t r u e  
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204 HEYRAUD AND RINAUDO 

w i t h  most of  t h e  a c i d s  w i t h i n  t h e  a l d o n i c  a c i d  s e r i e s  b u t  among 

o r g a n i c  a c i d s  i n v e s t i g a t e d  by Samuelson ( 6 ; )  t h e r e  a r e  t w o  excep- , 

t i o n s  : mannonic a c i d  and 3-glycero-L-manno-heptonic a c i d .  

As t h e  non-ionic  i n t e r a c t i o n s  w i t h  t h e  m a t r i x  are small ,  t h e  above 

mentioned r u l e  can be e x p l a i n e d  by t h e  assumption t h a t  t h e  hydra-  

t e d  i o n i c  volumes have a predominant  i n f l u e n c e .  Thus the i n t r o d u c -  

t i o n  o f  0-methyl groups i n c r e a s e s  t h e  h y d r a t e d  i o n i c  volume and a 

l a r g e  decrease  i n  t h e  d i s t r i b u t i o n  C o e f f i c i e n t  v a l u e  o c c u r s  ; i n  

c o n t r a s t ,  s u b s t i t u t i o n  of a hydroxyl  group f o r  an a ldehyde  or  k e t o  

group r e s u l t s  i n  a l a r g e  i n c r e a s e  i n  the d i s t r i b u t i o n  c o e f f i c i e n t  

v a l u e ,  a t t r i b u t e d  t o  the s p e c i f i c  i n t e r a c t i o n  f o r c e s  between the 

anions  and t h e  r e s i n .  

The i n f l u e n c e  of  tempera ture  on t h e  s e p a r a t i o n s  w a s  a l so  s t u d i e d  

( 6 7  b i s ) .  The s e p a r a t i o n  f a c t o r s  were a f f e c t e d  o n l y  t o  a s l i g h t  

e x t e n t  and very l i t t l e  could  be  ga ined  by working a t  e l e v a t e d  t e m -  

p e r a t u r e s .  On t h e  o t h e r  hand ,  a t  h igh  tempera ture  t h e  e l u t i o n  

peaks  a r e  s h a r p e r  and t h e  c o u n t e r  p r e s s u r e  lower ,  t h e r e f o r e  a 

more r a p i d  s e p a r a t i o n  can be achieved .  

b )  P a r t i t i o n  chromatography of  c a r b o h y d r a t e  on a n i o n  exchange 

r e s i n s  i n  mixtures  o f  water and e t h a n o l .  Anion exchange chromato- 

graphy wi th  aqueous e t h a n o l  s o l u t i o n s  has proved v e r y  u s e f u l  i n  

carbohydra te  a n a l y s i s  and very  good r e s u l t s  were o b t a i n e d .  Wi th in  

t h e  range  o f  s o l v e n t  composi t ion  o f  i n t e r e s t ,  t h e  r a t i o  o f  water 

t o  a l c o h o l  is h i g h e r  i n s i d e  t h e  r e s i n  phase t h a n  i n  t h e  e x t e r n a l  

s o l u t i o n ,  and t h e  s u g a r s  which are s t r o n g l y  p o l a r  s o l u t e s  have a 

g r e a t e r  a f f i n i t y  f o r  t h e  s o l u t i o n  i n s i d e  t h e  r e s i n .  I n  a d d i t i o n ,  

i n t e r a c t i o n  f o r c e s  between t h e  r e s i n  and t h e  p o l a r  s o l u t e  and 

i n t e r a c t i o n s  between s u g a r s  and c o u n t e r i o n s  have t o  b e  c o n s i d e r e d .  

The s o r p t i o n  behaviour  and t h e  p o s s i b i l i t i e s  f o r  t h e  s e p a r a t i o n s  

of  s u g a r s  have been s t u d i e d  by Samuelson (72, 86) and more r e c e n t -  

l y  by Mopper (87 ,  8 8 ) .  A t y p i c a l  chromatogram o b t a i n e d  w i t h  a 

s t a n d a r d  c o n t a i n i n g  18 s u g a r s  is reproduced i n  F i g u r e  12 (88). The 
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OLIGOSACCHARIDE FRACTIONATION 205 

SUGAR STANDARO MIXTURE 
MOST PEAKS 15 M O L E  

180 sa 0 
lminl ...- 

F i g u r e  12. S e p a r a t i o n  o f  a s t a n d a r d  c o n t a i n i n g  18 s u g a r s  by p a r t i -  

t i o n  chromatography on an anion-exchange r e s i n  i n  e thanol -water .  

Most peaks a r e  15 nmol. 3-0-Methylglucose and 2-deoxygalactose are 

7 n m o l .  The r e s i n  was r e g e n e r a t e d  w i t h  N a C l  fo l lowed by N a  SO (88). 
2 4  

2- e a r l y  i n v e s t i g a t i o n s  of Samuelson (72-76) w i t h  r e s i n  i n  t h e  SO4 

form shaved t h e  remarkable  c a p a b i l i t i e s  o f  t h i s  system. I n  65 0 

e t h a n o l ,  it was p o s s i b l e  t o  s e p a r a t e  s a t i s f a c t o r i l y  a mixture  of 

t h e  monosaccharide g lucose  and t h e  p e n t a s a c c h a r i d e  verbascose  o r  

a m i x t u r e  of  t h e  monosaccharide g l u c o s e ,  t h e  t r i s a c c h a r i d e  r a f f i -  

nose and t h e  t e t r a s a c c h a r i d e  s t a c h y o s e  us ing  a column o f  Dowex 1 x 

8. As d i s t r i b u t i o n  c o e f f i c i e n t s  i n c r e a s e  when t h e  e t h a n o l  concen- 

t r a t i o n  i s  i n c r e a s e d ,  s e p a r a t i o n s  o f  monosaccharides and/or  d i -  

s a c c h a r i d e s  can be performed.  T h e r e f o r e ,  i t  was p o s s i b l e  t o  resol- 

ve a mixture  o f  s e v e r a l  mono-, d i  and t r i s a c c h a r i d e s  u s i n g  s t e p -  

wise o r  g r a d i e n t  e l u t i o n s .  One f a c t o r  which l i m i t s  t h e  a p p l i c a b i -  

l i t y  o f  t h i s  t echnique  i s  t h e  ex t remely  low rate of  d i f f u s i o n  i n -  

s i d e  t h e  r e s i n  p a r t i c l e s .  In  p r i n c i p l e  i t  is  advantageous t o  use  

macroporous r e s i n s  and small r e s i n  p a r t i c l e s  ; i t  is n o t  t h e  

average p o r o s i t y  which is t h e  ra te  de termining  f a c t o r  b u t  t h e  

spectrum of  p o r e s ,  and g r e a t  d i f f e r e n c e s  can be  observed  among 

porous r e s i n s  ( 7 3 , 7 5 1 .  The r a t e  of s o r p t i o n  d e c r e a s e s  r a p i d l y  w i t h  
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206 HEYRAUD AM) RINAUDO 

i n c r e a s e d  e t h a n o l  c o n c e n t r a t i o n  whereas t h e  d i s t r i b u t i o n  c o e f f i -  

c i e n t s  are i n c r e a s e d ,  b u t  w i t h  small  r e s i n  p a r t i c l e s  and a d e c r e a -  

se i n  the flow rate  ( 7 4 )  a complete  s e p a r a t i o n  o f  a r a b i n o s e ,  xy- 

lose ,  mannose, galactose and g l u c o s e  can  be achieved  i n  88 0 e t h a -  

n o l .  A marked improvement o c c u r s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  ; the  

e l u t i o n  curves  are much s h a r p e r  a t  e l e v a t e d  t e m p e r a t u r e  b u t  t h e  

d i s t r i b u t i o n  c o e f f i c i e n t  i s  found t o  d e c r e a s e  and e x c e s s i v e l y  h i g h  

tempera tures  s h o u l d  b e  avoided .  

I n  c o n t r a s t  t o  ion-exchange chromatography i n  p u r e  wdter, d i s t r r -  

b u t i o n  c o e f f i c i e n t s  are e x p e c t e d  t o  i n c r e a s e  w i t h  an i n c r e a s e  i n  

the number o f  hydroxyl  groups .  Thus, monosaccharides  are e l u t e d  

ahead o f  the d i s a c c h a r i d e s  and h i g h e r  o l i g o s a c c h d r i d e s  t h e n  fo l low.  

The d i s t r i b u t i o n  c o e f f i c i e n t s  depend on the c o n c e n t r a t i o n  o f  

e t h a n o l  b u t  as a r u l e  t h e  o r d e r  o f  e l u t i o n  from i n d i v i d u a l  r e s i n s  

is u n a f f e c t e s  w i t h i n  t h e  range  of  i n t e r e s t  i n  chromatographic  w o r k  

(76 ,77 ) .  Consider ing  the a l d i t o l s ,  most o f  t h e s e  compounds e x h i b i t  

lower d i s t r i b u t i o n  c o e f f i c i e n t s  t h a n  the cor responding  a l d o s e s  
( 7 9 ) .  R l b i t o l  and n a n n i t o l  are e x c e p t i o n s  and no simple r u l e  seems 

t o  be  v a l i d  s i n c e  t h e  p a r t i t i o n  o f  t h e  s o l u t e s  i s  de termined  n o t  

o n l y  by t h e  d i f f e r e n c e s  i n  s o l u b i l i t y  b u t  a l s o  by i n t e r a c t i o n  f o r -  

ces w i t h  t h e  r e s i n .  

Most s e p a r a t i o n s  have been c a r r i e d  o u t  w i t h  t h e  s u l f a t e  form of 

s t y r e n e - d i v i n y l b e n z e n e  anion-exchange r e s i n s  b u t  c r o s s - l i n k e d  dex- 

t r a n s  c o n t a i n i n g  q u a t e r n a r y  groups have a l s o  been used  ( 8 1 ) .  With 

a more p o l a r  r e s i n  m a t r i x ,  s u g a r s  were h e l d  more s t r o n g l y  b u t  t h e  

o r d e r  of  e l u t i o n  was the same w i t h  b o t h  r e s i n s .  Except ions  a r e  t h e  

k e t o s e s  and mannose ; t h e s e  monosaccharides  are s t r o n g l y  p o l a r  

s o l u t e s  and t h e  i n t e r a c t i o n  f o r c e s  w i t h  the r e s i n  m a t r i x  have a 

marked i n f l u e n c e  upon t h e  S e p a r a t i o n .  

The s u l f a t e  form of t h e  exchanger  is o f t e n  p r e f e r r e d  b u t  t h e  chlo- 

r i d e  form o f  t h e  d e x t r a n  a n i o n  exchanger  has  been used  for c e r t a i n  

s e p a r a t i o n s .  AS a r u l e ,  t h e  s e p a r a t i o n  f a c t o r s  were less f a v o r a b l e  
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OLIGOSACCHARIDE FRACTIONATION 207 

w i t h  the c h l o r i d e  form b u t  the s e p a r a t i o n  x y l o s e  and mannose i s  an 

i n t e r e s t i n g  e x c e p t i o n  ( 8 1 ) .  

Analyses  of  complex mixtures  o f  s u g a r s  a r e  g e n e r a l l y  performed a t  

e l e v a t e d  tempera tures .  When t h e  tempera ture  is lowered,  a mono- 

s a c c h a r i d e  such as g l u c o s e  can be  r e s o l v e d  i n t o  t w o  o v e r l a p p i n g  
peaks .  A t  - l O ° C ,  i n  75 0 e t h a n o l  a good r e s o l u t i o n  i s  o b t a i n e d  

and the ci and 6 f o r m  can be  s e p a r a t e d  ( 8 6 ) .  

Anion exchange chromatography u s i n g  aqueous e t h a n o l  s o l u t i o n s  as 

e l u e n t  c a n  be  a v e r y  i n t e r e s t i n g  method i n  the f r a c t i o n a t i o n  of 

o l i g o s a c c h a r i d e s .  A chromatogram o b t a i n e d  on e l u t i o n  of a sample 

c o n t a i n i n g  x y l a n  o l i g o s a c c h a r i d e s  i n  a r u n  on Technicon TSC, 

SOq’- i n  75 % e t h a n o l  is g i v e n  i n  F i g u r e  13 ( 8 4 ) .  With a h i g h  con- 

6 

1 I I 

700 400 600 
Eluate volumo k m J )  

F i g u r e  13. P a r t i t i o n  chromatography of x y l a n  o l i g o s a c c h a r i d e s  i n  
7 5  0 aqueous e t h a n o l  a t  75‘. Resin bed : 4 x 600 mm, Technicon 

TSC, SO4 , 14-17 Urn.  Flow rate  : 2.8 cm.min . 1, D-xylose ( 5  ug) ; 

2,di-(5 ug) ; 3 , t r i - ( 6 . 5  pg) ; 4 , t e t r a - ( 9  ug) ; 5, p e n t a -  (13 Dg) ; 

6,hexa- (25 ug) ; 7,hepta-  (18 pg) : and 8 , o c t a - s a c c h a r i d e  ( 2 5  ug)(84) .  

2- -1 
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F i g u r e  14.  R e l a t i o n s h i p  between l o g  Dv and number of D-xylose re- 

s i d u e s  i n  t h e  o l i g o s a c c h a r i d e s  a t  v a r i o u s  c o n c e n t r a t i o n s  of etha- 

n o l .  S u l p h a t e  r e s i n  (TSC, 14-17 U r n ) ,  7 5 ' .  ( 8 4 ) .  Dv = y - E with  

x t h e  volume o f  t h e  chromatographic  bed and cl t h e  r e l a t i v e  in-' 

t e r s t i c i a l  volume ( c l  = 0 . 4 ) .  

V e  
1 

c e n t r a t i o n  o f  e t h a n o l  t h e  s u g a r s  a r e  e l u t e d  i n  o r d e r  of i n c r e a s i n g  

molecular  weight  b u t  t h i s  o r d e r  c a n  be  r e v e r s e d  a t  a low concent ra -  

t i o n .  I t  was found t h a t  a s t r a i g h t - l i n e  r e l a t i o n s h i p  e x i s t s  between 

t h e  logar i thm of the d i s t r i b u t i o n  c o e f f i c i e n t  and t h e  number of 

monomeric u n i t s  (DP) i n  t h e  o l i g o s a c c h a r i d e s .  As shown i n  F i g u r e  

14 ( 8 4 ) ,  t h i s  r u l e  h o l d s  t r u e  a t  b o t h  h i g h  c o n c e n t r a t i o n  of e t h a -  

n o l  and w i t h  pure water as e l u e n t  and a c r i t i c a l  e l u e n t  composi t ion  

e x i s t s  a t  which a l l  o l igomers  of t h e  same series e x h i b i t  t h e  same 

d i s t r i b u t i o n  c o e f f i c i e n t .  The dependence of the c r i t i c a l  e t h a n o l  
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c o n c e n t r a t i o n  on t h e  t y p e  of g l y c o s i d i c  l i n k a g e  c a n  b e  used  t o  

i s o l a t e  o l igomers  be longing  to  d i f f e r e n t  o l i g o s a c c h a r i d e  series (85) 

T h i s  t e c h n i q u e  h a s  n o t  been u t i l i z e d  f o r  t h e  s e p a r a t i o n  o f  a c i d i c  

s u g a r s  and  very  l i t t l e  w i t h  sugar  d e r i v a t i v e s  such  as methyl ,  e t h y l  

benzyl ,  hydroxyethyl  ethers and g l y c o s i d e s .  I n  agreement w i t h  t h e  

r e s u l t s  observed w i t h  s u g a r s  and p o l y o l s ,  t h e  d i s t r i b u t i o n  coef -  

f i c i e n t s  d e c r e a s e  w i t h  i n c r e a s i n g  number of non-polar s u b s t i t u e n t s ,  

and a l l  d e r i v a t i v e s  appear  earlier than  t h e  s u g a r  from which t h e y  

are d e r i v e d  (80) .The p o s i t i o n  and t h e  n a t u r e  of the s u b s t i t u e n t s  

have, however, a v e r y  g r e a t  i n f l u e n c e  ; t h e  h i g h  d i s t r i b u t i o n  coef- 
f i c i e n t  of  benzylg lucose  may be  due t o  s t r o n g  a t t r a c t i v e  f o r c e s  

between non-polar solutes and t h e  m a t r i x  of t h e  r e s i n .  Various 

s e p a r a t i o n s  performed w i t h  t h i s  technique  are g i v e n  i n  Table  7 .  

c)  Anion-exchancre ChrmatoaraDhv based  on s u a a r  comolexat ion 
~ ~~~ - ~ ~ ~ ~~ ~~~ ~~~~ ~~ ~~~ ~ 

w i t h  t h e  e l u e n t .  T h i s  technique  based on the o r i g i n a l  exper iments  

of Khym (89-92) i n v o l v e s  t h e  chromatography of  s u g a r - b o r a t e  com- 

p l e x e s  on b a s i c  ion-exchange r e s i n s  i n  t h e  b o r a t e  form. C e r t a i n  

polyhydroxy canpounds react w i t h  b o r a t e  i o n  (from b o r i c  a c i d  or 

i ts  sal ts)  t o  form complexes which are n e g a t i v e l y  charged  i o n s  

and may be  s e p a r a t e d  by i o n  exchangers .  A s e p a r a t i o n  of g l u c o s e ,  

g a l a c t o s e  and f r u c t o s e  was performed by Khym on Dowex-1 w i t h  sodium 

b o r a t e  s o l u t i o n  as the e l u e n t .  A f t e w a r d s  t h e  method h a s  been ex- 

tended t o  i n c l u d e  o t h e r  s a c c h a r i d e s .  I n  s o l u t i o n  t h r e e  types of 

complexes are p o s s i b l e  b u t  they are i n  e q u i l i b r i u m  and this equi -  

l i b r i u m  depends on t h e  pH, the r a t i o  of borate to s u g a r  and t h e  

a b s o l u t e  c o n c e n t r a t i o n  of t h e  la t ter .  Moreover, m u t a r o t a t i o n ,  

furanose-pyranose i n t e r c o n v e r s i o n  and t h e  p o s i t i o n  of  hydroxyl  

groups a r e  very  i m p o r t a n t  (90, 91). I t  was found t h a t  t h e  f u r a n o s e  

was the form most f a v o r a b l e  f o r  t h e  format ion  o f  a s u g a r - b o r a t e  

ccmplex : t h e  e l u t i o n  o r d e r  of c a r b o h y d r a t e s  is  t h e r e f o r e  c o n t r o l -  

l e d  by t h e  importance of furanose-pyranose i n t e r c o n v e r s i o n  and t h e  

ease of m u t a r o t a t i o n .  A f f i n i t y  of t h e  b o r a t e  complex f o r  t h e  resin 
changes w i t h  t h e  t y p e  of complex ; t h e  i n f l u e n c e  of the s t r u c t u r e  
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212 HEYRAUD AND RINALIDQ 

of t h e  carbohydra tes  on t h e  format ion  of t h e s e s  complexes h a s  been 

shown (91,  9 2 ) ,  and CQmpouds w i t h  t h e  g r e a t e s t  number o f - c l s - 1 ,  

2 g l y c o l s  i n  a furanose  system have t h e  h i g h e s t  dUtZOn,:VQhnS.  

When e l u t i o n  was performed w i t h  d i l u t e  b o r a t e  b u f f e d ,  $;hp ' e f t l u e n t  

volumes of  t h e  monosaccharides  were very la rgf?  ( 5 0 0 - k )  and t h e  

s e p a r a t i o n  time consuming (up t o  60 H.) . A m o d i f r c a t i o n  ilIVOlVlng 

e l u t i o n  a t  a h i g h e r  i o n i c  s t r e n g t h  has  peen i n t r o d u c e d  by Hal len  

(93) ; mannose, f u c o s e ,  g a l a c t o s e  and g l u c o s e  c a n  be s e p a r a t e d  

w i t h  150 ml of e l u e n t .  

I 

1 -  

-' 1 

' 

I 

Even w i t h  pH m o d i f i c a t i o n s  and s tep-changes i n  b o r a t e  b u f f e r  con- 

c e n t r a t i o n s ,  t h e  time r e q u i r e d  f o r  t h e s e  a n a l y s e s  was very long ; 

moreover, t h e  i s o m e r i s a t i o n s  of c e r t a i n  reducing  d i s a c c h a r i d e s  had 

t o  b e  taken  i n t o  account  ; i n  b o r a t e  medium under a l k a l i n e  condi-  

t i o n s ,  as d e s c r i b e d  by Khym, l a c t o s e ,  maltose and c e l l o b i o s e  were 

found t o  undergo chemical  changes (94)  ; t h e s e  r e a c t i o n s  were ne- 

g l i g i b l e  when o p e r a t i n g  a t  4'C. 

An i m p o r t a n t  d i sadvantage  o f  t h e  method is t h e  s lowness  o f  t h e  

s e p a r a t i o n ,  and improvements to  accelerate t h e  p r o c e s s  were i n t r o -  

duced. E l u t i n g  w i t h  a s o l u t i o n  of  a c o n s t a n t  b o r a t e  c o n c e n t r a t i o n  

(pH 8 . 0 )  upon which was superimposed a p o s i t i v e  c h l o r i d e  i o n  con- 

c e n t r a t i o n  g r a d i e n t ,  Syamananda (95)  reduced t h e  a n a l y s i s  time by 

a f a c t o r  of a t  Least t h r e e .  S i m i l a r l y ,  Hough (96) s e p a r a t e d  i n  7 

hours  t r e h a l o s e ,  rhamnose, r i b o s e ,  mannose, f u c o s e ,  d r a m n o s e ,  

g a l a c t o s e ,  x y l o s e  and g l u c o s e  w i t h  b o r i c  a c i d  b u f f e r s  of pH 7.0 ; 

t h e  e l u t i o n  t i m e s  o f  t h e  v a r i o u s  s u g a r s  were dependent  on t h e  ra te  
of i n c r e a s e  of bo th  bora te - ion  and chlor ide-Lon c o n c e n t r a t i o n  i n  

t h e  e l u e n t .  The use  of  c h l o r i d e  i o n  causes  shr inkage  of t h e  r e s i n ,  

b u t  Davies (97) d e s c r i b e d  a system of n e u t r a l  b o r a t e  b u f f e r  w i t h  

s u l f a t e  as t h e  e l u t i n g  c o u n t e r i o n .  The e f f e c t  of v a r i o u s  parame- 

ters such as column tempera ture  and t h e  n a t u r e  of t h e  r e s i n  have 

been r e p o r t e d .  Green (98) and Kesler (99) found tha t  r e s o l u t i o n  

was enhanced by i n c r e a s i n g  t h e  column tempera ture  and us ing  small 

p a r t i c l e  s i z e  r e s i n s  b u t  CornpQutlds e x h i b i t e d  longer  e l u t i o n  time 
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OLICOSACCHARIDE FRACTIONATION 213 

and, a t  a g i v e n  f low ra te ,  l i t t l e  advantage was ga ined  between 

5 5 O  and 70°C. The r e s o l u t i o n  of s u g a r s  h a s  a l so  been shown to  b e  

p r a t i c a l l y  independent  on t h e  f l o w - r a t e  ; l i t t l e  d i f f e r e n c e  w a s  . 
observed by i n c r e a s i n g  or d e c r e a s i n g  t h e  f low-ra te  by 50 % .  A 

r a p i d  procedure  f o r  t h e  a n a l y s i s  o f  mixtures  o f  g l u c o s e ,  f r u c t o s e  

and mannose has been i n v e s t i g a t e d  by Verhaar (100). Complete sepa-  

r a t i o n  c a n  be  c a r r i e d  out  i n  30 min. on a column of  Aminex A-27 

e l u t e d  w i t h  b o r i c  a c i d ,  sodium b o r a t e ,  sodium c h l o r i d e  and acet ic  

a c i d .  

I n  o r d e r  t o  minimize a l k a l i n e  rearrangement  r e a c t i o n s ,  e l u t i o n s  

have been performed a t  a n e u t r a l  pH. As t h e  pH i s  d e c r e a s e d ,  t h e  

i o n i c  s t r e n g t h  and consequent ly  t h e  b u f f e r i n g  c a p a c i t y  become 

lower. I n t r o d u c t i o n  o f  a l c o h o l  i n t o  t h e  e l u e n t  i n c r e a s e s  t h e  amount 

o f  i o n i z a b l e  b o r a t e  a t  low pH and a h i g h e r  c a p a c i t y  b u f f e r  is  ob- 

t a i n e d .  Walborg (101 - 103) o b t a i n e d  good s e p a r a t i o n s  employing 

b o r i c  a c i d / g l y c e r o l  o r  b o r i c  ac id /2 ,3-butanedio l  b u f f e r s  b u t  t h e  
method d e s c r i b e d  r e q u i r e s  e x c e s s i v e  e l u t i o n  times ( F i g u r e  1 5 )  . 

The r e s u l t s  of  Green (98) and K e s l e r  ( 9 9 )  demonstrated t h a t  t h e  use  

o f  c h l o r i d e  i o n s  i n  t h e  e l u e n t  was n o t  i n d i s p e n s a b l e .  Kesler sepa- 

r a t e d  multicomponent mixtures  of mono-, d i -  and t r i - s a c c h a r i d e s  i n  

4 - 6 H. With a combinat ion o f  i n c r e a s i n g  pH (from 7 to 10) and 

i n c r e a s i n g  b o r a t e  c o n c e n t r a t i o n  (from 0 .1  - 0 .2  to 0.6 MI. T h i s  

methodology developed by Green h a s  been also u t i l i z e d  by Ohms (104) 
on a s t r o n g l y  b a s i c  anion-exchange r e s i n ,  Beckman I-S. 

The method r e p o r t e d  by Lee, based  on t h i s  sys tem,  f o r  a n a l y s i s  of 
monosaccharides  i s  f a s t e r .  The column was e l u t e d  w i t h  a l i n e a r  

g r a d i e n t  g e n e r a t e d  w i t h  100 m l  each o f  0.15 M (pH 7.0)  sodium 

b o r a t e  and 0.40 M (pH 10.0) sodium b o r a t e  (105) or w i t h  70 m l  each  

of 0.40 M (pH 8.0) b u f f e r  and 0.40 M (pH 10.0) b u f f e r  ( 1 0 6 ) .  A me- 

thod for t h e  s e p a r a t i o n  of s e v e r a l  mono-,di- and t r i - s a c c h a r i d e s  

i s  d e s c r i b e d  by F l o r i d i  ( 1 0 7 ) .  The u t i l i z a t i o n  o f  a t h r e e  b u f f e r  

s tep-wise  e l u t i o n  system a l lowed a good chromatographic  r e s o l u t i o n  
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214 HEYRAUD AND RINAUDO 

of s e v e n t e e n  s u g a r s  i n  about  10 h .  ( F i g u r e  16) .  S e p a r a t i o n s  w i t h  

b o r a t e  b u f f e r  of f i x e d  b o r a t e  c o n c e n t r a t i o n  are more c o n v e n i e n t ,  n o  

r e - e q u i l i b r a t i o n  be ing  n e c e s s a r y  between r u n s .  Bauer (108, 109) 

s e p a r a t e d ,  u s i n g  r e s i n s  of small p a r t i c l e s  s i z e ,  i n  35 min. s u c r o s e ,  

r i b o s e ,  mannose, a r a b i n o s e ,  g a l a c t o s e ,  g l u c o s e ,  w i t h  H 3 B 0 3  b u f f e r  

TIME, HOURS 

0.0. I 2 3 4 5 6 7 8 9 I0 II I2  I3 
365 w .  I I 1 I 1 1 I I I I I I I 

RAFFINOSE - 

- 
- 
- 
- 

- 1  

0 
I I I I 

50 ,A0 I50 200 2 50 
EFFLUENT VOLUME, ml. 

F i g u r e  15. Chromatographic s e p a r a t i o n  of s a c c h a r i d e  m i x t u r e  u s i n g  

a two-borate  b u f f e r s  system on AMINEX-A14 a n i o n  exchange r e s i n  

(103) .  S a c c h a r i d e s  were p r e s e n t  i n  t h e  f o l l o w i n g  q u a n t i t i e s  : 

0.300 mole m e l e z i t o s e ,  0.500 p m o l e  r a f f i n o s e ,  0.800 p m o l e  malto- 

se, 2 . 0  moles rhamnose, 1.5 moles l y x o s e ,  1 . 5  moles r i b o s e ,  

1.0 mole mannose, 1 .5  moles f u c o s e ,  2.5 moles f r u c t o s e ,  2 . 0  

moles galactose, and 2 . 5  moles g l u c o s e .  

B u f f e r  A is fol lowed by b u f f e r  B a t  4 . 5  h r  ( b u f f e r s  are d e f i n e d  

i n  r e f .  102)  ; t empera ture  i s  changed from 40' t o  60' C a t  5.5 h r .  
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UNTREATED RESIN 

A 

Cdlobiose 

- 0.2 

- 0  
1 I I 1 

2 .5 2.0 1.5 1.0 0.5 3 i  
TIME [hrl 

0.0 

ETHANOL TREATED RESIN 

B - 

0.s =; 
I 

0.1 

0 
I 1 I 1 1 

2.5 2 .0  1s I. 0 0.5 0 
TIME Ihrl 

Figure 17. ( A )  Separation of 1 1  sugars ( 1 5  nmol each) on non-etha- 

nol-treated r e s i n .  (B) Separation of 15 sugars (15 nmol each) by 

borate-complex ion-exchange chromatography. The r e s i n  was t r e a t e d  

with ethanol  prior to packing. Resin DA-X4 (Durrum chem) ( 1 1 1 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1
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0.4 M (pH 9 .2 ) ,  and s e p a r a t i o n s  were performed by S i n n e r  (110) w i t h  

potass ium b o r a t e  b u f f e r  of pH 8.8 a t  v a r i o u s  b u f f e r  m o l a r i t y  (0 .1  

t o  1.0 M ) .  Ethanol  t r e a t m e n t  of  t h e  r e s i n  can i n c r e a s e  t h e  separa-  

t i o n  f a c t o r  and t o t a l  a n a l y s i s  t i m e  is c o n s i d e r a b l y  s h o r t e r  ( F i g u r e  17) 

On a n  e t h a n o l  t r e a t e d  r e s i n ,  15 s u g a r s  were w e l l  s e p a r a t e d  

by Mopper (111)  ; t h e  improved s e p a r a t i o n s  appear  t o  be  r e l a t e d  

t o  an e x c e l l e n t  package o f  t h e  column. 

Anion exchange chromatography in b o r a t e  medium is  n o t  l i m i t e d  t o  

a n a l y s i s  of  n e u t r a l  s a c c h a r i d e s .  This  system was found to  be  w e l l  

adapted  to  t h e  s e p a r a t i o n  of hydroxy a c i d s .  The p r i n c i p a l  r e s u l t s  

have been o b t a i n e d  by Samuelson ( 1 1 2 -  1 1 7 ) .  Xylonic ,  a r a b o n i c ,  

mannonic, g l u c o n i c  and g a l a c t o n i c  a c i d s  could  be s e p a r a t e d  on 

mwex 2 or  Dowex 1 w i t h  a sodium t e t r a b o r a t e  s o l u t i o n  ( 1 1 2 ) .  T h i s  

method was a lso used  f o r  s e p a r a t i o n  of s a c c h a r i n i c  a c i d  from lac t ic ,  

g l y c o l i c ,  a, 6-dihydroxyisobutyr ic  and 6 ,  y - d i h y d r o x i i s o b u t y r i c  

a c i d s  ( 1 1 3 ) .  I n  b o r a t e  medium, t h e  s e p a r a t i o n s  of a l d o b i o n i c  a c i d s  

were very d i f f i c u l t .  These s e p a r a t i o n s ,  as w e l l  as mutual  s e p a r a -  

t i o n s  of  some s imple  a l d o n i c  a c i d s  can be c a r r i e d  o u t  by e l u t i o n  

w i t h  sodium acetate (114). By c o n t r a s t ,  t h e  s e p a r a t i o n  f a c t o r s  of 

most a l d o b i o u r o n i c  a c i d s  ( F i g u r e  18) are more f a v o r a b l e  i n  sodium 

t e t r a b o r a t e  t h a n  i n  sodium a c e t a t e  and acetic a c i d  ( 1 1 5 ) .  T h i s  

h i g h e r  s e l e c t i v i t y  w i t h  b o r a t e  medium c a n  b e  a t t r i b u t e d  t o  t h e  

format ion  of complexes between b o r a t e  i o n s  and t h e  polyhydroxi -  

c a r b o x y l a t e  an ions  ; t h e  s t a b i l i t y  of  t h e s e  complexes t e n d s  to 

i n c r e a s e  w i t h  t h e  number of  v i c i n a l  hydroxyl  groups and w i t h  t h e i r  

d i s t a n c e  from t h e  c a r b o x y l a t e  group.  As w i t h  n e u t r a l  s a c c h a r i d e s ,  

t h e r e  is a c o r r e l a t i o n  between t h e  complex formation and t h e  e l u e n t  

c o n c e n t r a t i o n  and between complex format ion  and tempera ture  (116,  

117) .  

Ion  exchange chromatographic  s e p a r a t i o n  of  s u g a r s  based  on s u g a r  

b o r a t e  complexat ion has  been e x t e n s i v e l y  employed ; Table  8 summa- 

r i z e s  t h e  most i m p o r t a n t  r e s u l t s .  S t r o n g l y  b a s i c  anion-exchange 

columns i n  t h e  hydrogen s u l p h i t e  form have a l s o  been u t i l i z e d  (118, 
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kao5 .+- 0.12 M 

Eluate volume, ml 

F i g u r e  18. S e p a r a t i o n  of 2-0-(4-O-methyl-a-D-glucopyranosyluronic 

acid)-D-lyxose ( I ) ,  2-0-(3-0-methyl-a-D-qlucopyranosyluronic a c i d ) -  

D-xylose (111, 2-O-(a-D-galactopyranosyluronic acid)-L-rhamnose 

(1111, 6-O-(B-D-glucopyranosyluronic ac id) -D-galac tose  ( X V ) ,  0- 

g a l a c t u r o n i c  a c i d  (V), and D-glucuronic a c i d  (VI). Analyzed by t h e  

c a r b a z o l e  method ( - - - ) ,  and by t h e  d ichromate  method (-). Step-  

w i s e  e l u t i o n  w i t h  0.05 M and 0.12 M sodium t e t r a b o r a t e  on a Dowex- 

1 ,  X-8 column, a t  30" C ( 1 1 5 ) .  

119) w i t h  pure  water or e thanol -water  mixture  a s  e l u e n t s .  The s y s -  

tem is based upon t h e  formatron of  a -oxysul fonic  a c i d s  i n  t h e  

r e s i n  phase .  Ketoses  have n o t  tendency t o  form s t a b l e  complexes 

w h i l e  a l d o s e s  y i e l d  stable a-oxysulphonic  a c i d ,  and t h i s  method 

can t h e r e f o r e  b e  employed f o r  ke tose-a ldose  s e p a r a t i o n s .  Though 

s u g a r s  a r e  i s o l a t e d  i n  t h e  p u r e  s t a t e ,  t h i s  i s  a time-consuming 

process and t h i s  type  of s e p a r a t i o n  h a s  n o t  been f r e q u e n t l y  u t i -  

lized. I n  t h e  same way, t h e  use  of  copper  or z i n c  a c e t a t e  s o l u t i o n s  

as e l u e n t  in the s e p a r a t i o n  of v a r i o u s  a l d o n i c  and u r o n i c  a c i d s  can  

be s imply cons idered  a s  a complement to e x i s t i n g  procedures  ( 1 2 0 ) .  
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OLIGOSACCHARIDE FRACTIONATION 221 

d )  Cation-exchange chromatography of s a c c h a r i d e s .  

Cat ion exchange chromatography h a s  been performed for y e a r s .  R e -  

s u l t s  have been shown t o  be  s i m i l a r  t o  t h o s e  o b t a i n e d  w i t h  anion-  

exchange r e s i n s  b u t  t h e  e l u t i o n  systems a r e  less complex ( 1 2 1 ) .  TWO 

e l u t i o n  types  can be cons idered .  

- E l u t i o n  w i t h  pure  water  : i n  1960, Jones  s e p a r a t e d  on t h e  

l i t h i u m  (122, 1231 or barium (1241 forms o f  Dowex SO W a m i x t u r e  of  
....................... 

s a c c n a r i d e s  wi th  water as t h e  e luent .Wi th  t h e  l i t h i u m  form, su-  

crose, r a f f i n o s e  and g lucose  were r e s o l v e d  i n  24 h o u r s .  I t  h a s  been 

s h w n  t h a t  e l u t i o n  proceeds  i n  o r d e r  o f  d e c r e a s i n g  molecular  s i z e  ; 

with  methyla ted  s u g a r s  this o r d e r  was r e v e r s e d  so tha t  t h e  most 

h i g h l y  s u b s t i t u t e d  molecules  were e l u t e d  l a s t .  I n  w a t e r ,  t h e  f r a c -  

t i o n a t i o n  of n e u t r a l  s u g a r s  of d i f f e r e n t  s i z e  may be  regarded  as a 

p a r t i t i o n  chromatography whereas charged molecules  may be excluded 

from the m a t r i x .  Appl ica t ion  of t h e s e  p r i n c i p l e s  t o  t h e  s e p a r a t i o n  

of carbohydra tes  a l lowed Barker ( 1  25) t o  s e p a r a t e  o l i g o s a c c h a r i d e s  

on t h e  l i t h i u m  form of  AG-SOW x 2 r e s i n ,  s e p a r a t i o n s  b e i n g  n o t  a f -  

f e c t e d b y s a l t s  p r e s e n t  i n  t h e  sample. The potassium form o f  a Do- 

wex 50W x 4 has been used by Mc Cready ( 1 2 6 )  and Saunders  ( 1 2 7 ) .  

MC Cready d e s c r i b e d  t h e  p r e p a r a t i o n  of  1-kes tose  and n y s t o s e  and 

Saunders  r e p o r t e d  t h e  s e p a r a t i o n  o f  s t a c h y o s e ,  r a f f i n o s e ,  s u c r o s e ,  

g l u c o s e ,  x y l o s e  and f r u c t o s e .  

S e v e r a l  i o n i c  forms have been i n v e s t i g a t e d  (125,  128-130). I t  was 

found t h a t  v a r i a t i o n  of t h e  c o u n t e r i o n  a l t e r s  t h e  chromatographic  

behaviour  and s e p a r a t i o n  of many mixture  can be s i g n i f i c a n t l y  Am-  

proved by correct c h o i c e  (F igure  1 9 ) .  The r e s u l t s  may be e x p l a i n e d  

by exchanges between the p o l y o l  molecule ,  R (OH), , and t h e  water 

molecules  h e l d  i n  t h e  h y d r a t i o n  sphere  of t h e  c o u n t e r i o n  M aq .  

The s t a b i l i t y  of t h e  complex w i l l  depend on t h e  a v a i l a b i l i t y  for 

c o o r d i n a t i o n  and t h e  o r d e r  of e l u t i o n  i s  i n  d i r e c t  r e l a t i o n  t o  the 

s t e r e o c h e m i s t r y  o f  t h e  s u g a r  molecule ,  hydrogen t e n d i n g  p l a y i n g  

only  a minor r o l e  ( 1 2 9 ) .  A good example i s  g i v e n  by s e p a r a t i o n s  

O f  a l d i t o l s .  Bourne (128)  used t h e  Cu form of  a cat ion-exchange 
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222 HEYRAUD AND RINAUDO 

Figure 19. Behaviour of selected polyols on a 50 x 0.28 cm column 

of Aminex A-5 (MX+ aq.), eluting with deionised water at 0.10 

ml/mn. Composite chromatograms of sucrose ( l ) ,  glucose ( 2 ) ,  galac- 

tose ( 3 ) ,  mannose ( 4 ) ,  talose ( 5 ) ,  fructose (6), glycerol ( 7 ) ,  

mannitol (81, gulose (91, and galactitol (10). ( 1 2 9 ) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OLIGOSACCHARLDE FRACTIONATION 223 

r e s i n  b u t  P e t r u s  (130) has  shown t h a t  t h e  complexes w i t h  rare e a r t h  

metal  i o n s  were more s t a b l e  and e f f i c i e n t  separations were o b t a i n e d  

wi th  r e s i n s  i n  t h e  lanthanum form. 

- E l u t i o n  w i t h  mrxture  a l c o h o l / w a t e r  : p a r t i t i o n  chromatography .................................. 
of an ion  exchange r e s i n s  i n  water -a lcohol  h a s  been proved to  b e  a 

u s e f u l  tool i n  the s e p a r a t i o n  of v a r i o u s  c a r b o h y d r a t e s  ; Samuelson 

(131  - 1 3 4 )  a p p l i e d  t h i s  p r o c e s s  w i t h  ca t ion-exchangers  for t h e  

f r a c t l o n a t l o n  of s u g a r  a l c o h o l s  ( F i g u r e  2 0 ) .  The mechanism i s  s i m i -  

l a r  b u t  n e v e r t h e l e s s  t h e  a l c o h o l  c o n c e n t r a t i o n s  are h i g h e r .  The 

i n f l u e n c e  of  t h e  n a t u r e  o f  t h e  c o u n t e r i o n  upon t h e  chromatographic  

behaviour  is w e l l  marked and among t h e  s u g a r s  t h e r e  i s  i n  s e v e r a l  

Churl 

F- o 

hng. cm 

clyc II 0 

GO-I 

30 E l d r  rolumr. ml 50 

Figure  2 0 .  P a r t i t i o n  chromatography i n  85 % ( w / w )  e t h a n o l  a t  7 5 O .  

Resin bed : 2 . 6  x 1310 nun, Dowex 5 0  W-X 8,  Li', 14-17 um.Flow 

rate : 3.0 ml cm min . F-a = Formaldehyde, 20 ug ; E t  = Ethylene  

g l y c o l ,  5 0  ug ; Glyc = G l y c e r o l ,  50 Ug ; E-1 = E r y t h r i t o l ,  20 p g  ; 

R-1  = R i b i t o l ,  1 0 0  ug ; A - 1  = A r a b i n i t o l ,  50 pg : X - 1  = X y l i t o l ,  

50  U g  ; M-1 = Manni to l ,  60 p q  ; G-1 = G l u c i t o l ,  60 uq ; Ga-1 = 

G a l a c t i t o l ,  1 0 0  ug ( 1 3 2 ) .  
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OLIGOSACCHARIDE FRACTIONATION 227 

i n s t a n c e s  a r e v e r s e d  o r d e r  of e l u t i o n  when t h e  c o u n t e r i o n  i n  t h e  

r e s i n  i s  changed ( 1 3 1 ) .  

The u t i l i z a t i o n  of  o r g a n i c  base  c o u n t e r i o n s  h a s  been d e s c r i b e d  by 

Lawrence ( 1 3 5 ) .  I n  c o n t r a s t  t o  t h e  i n o r g a n i c  c a t i o n s  e f f e c t ,  a n  

i n c r e a s e  i n  t h e  s i z e  of t h e  c o u n t e r i o n  d e c r e a s e s  t h e  c a p a c i t y  ra- 

t i o s  for  t h e  carbohydra tes .  I n c r e a s i n g  hydrophobic  c h a r a c t e r  is 

p o s s i b l e  with s u b s t i t u t i o n  o f  methyl  or e t h y l  groups f o r  t h e  hydro- 

gen,  b u t  i n t e r a c t i o n s  tend  to  be reduced. The t r imethylammoniw 

form of t h e  r e s i n  g i v e s  t h e  b e s t  s e p a r a t i o n s  and a mixture  of 

t e t r a m e t h y l g l u c o s e ,  rhamnose, r i b o s e ,  x y l o s e ,  a r a b i n o s e ,  mannose, 

g l u c o s e ,  g a l a c t o s e ,  mal tose ,  lactose can be s e p a r a t e d  i n  4 hours  

on a column of  Aminex A-6 i n  85 0 e t h a n o l  a t  65°C ( F i g u r e  2 1 ) .  I n  

f a c t  us ing  n-propanol/water ( 8 9 / l l )  a s  t h e  e l u t i n g  s o l v e n t  w i t h  

the l i t h i u m  form of  r e s i n  M71 a t  90°C, 11 monosaccharides  have been 

r e s o l v e d  i n  140 mn. ( 1 3 6 ) .  Complex format ion  i s  enhanced by h igh  

c o n c e n t r a t i o n s  of  e t h a n o l .  Angyal ( 1 3 7 ) ,  o p e r a t i n g  on a calcium form 

column a t  O°C, has  found t h a t ,  w i t h  30 0 methanol ,  improvments i n  

t h e  s e p a r a t i o n  of many polyhydroxyl  compounds were observed .  Main 

chromatographic  s e p a r a t i o n s  performed on c a t i o n  exchangers  a r e  

g iven  i n  Table 9 .  Cat ion  exchangers  and a n i o n  exchangers  have been 

used s u c c e s s f u l l y  i n  t h e  s e p a r a t i o n  of v a r i o u s  m i x t u r e s  and it is 
o f t e n  d i f f i c u l t  t o  g i v e  p r e f e r e n c e  t o  one method. The t w o  methods 

should  be  c o n s i d e r e d  a s  complementary and w i t h  mixtures  of seve-  

r a l  mono- and d i - s a c c h a r i d e s  i t m a y  be p r e f e r a b l e  to  s t a r t  w i t h  

the a n i o n  exchanger  and re-chromatograph f r a c t i o n s  c o n t a i n i n g  d i -  

s a c c h a r i d e s  on the c a t i o n  exchanger .  

D/ ADSORPTION CHROMATOGRAPHY 

1 )  Genera l  -----_- 
The s e p a r a t i o n  i s  based  on a f f i n i t y  o f  a s o l u t e  f o r  t h e  s u p p o r t  

compared w i t h  its s o l u b i l i t y  i n  the e l u e n t .  The a d s o r b e n t s  mainly 

used a r e  : alumina,  s i l i c a ,  carbon.  
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228 HEYRAUD AND RINAUDO 

The g e n e r a l  term " p o l a r i t y "  a l l o w s  t n e  i n t e r p r e t a t ~ o n  o f  t h e  a d s o r -  

p t i o n  and s o l u b i l i t y  p r o c e s s  and to e x p l a i n  +-he p a r t i t i o n  : a 

p o l a r  s o l u t e  i s  p r e f e r e n t i a l l y  adsorbed on a p o l a r  adsorbent  and 

i\ i s  necessary  t o  e l u t e  w i t h  a s o l v e n t  much more s t r o n g l y  adsor -  

bed on t h e  s u p p o r t  than  t h e  s o l u t e .  A consequence is t h a t  t h e  p o l a r  

s u b s t a n c e s  cannot  be s e p a r a t e d  by a d s o r p t i o n .  G e n e r a l l y ,  t h e  b e t t e r  

t h e  s o l v e n t ,  t h e  less a s o l u t e  is adsorbed .  The r e t e n t i o n  volume 

vR is given  by : 

V = V  + K W  
R m  

where W i s  t h e  weight  of  a d s o r b e n t  i n  t h e  column. The p a r t i t i o n  Coef- 

f i c i e n t  K is a f u n c t i o n  of t h e  s o l v e n t ,  o f  t h e  a d s o r b e n t  and o f  t h e  

s o l u t e  ; i n  a d s o r p t i o n  p a r t i c u l a r l y ,  t h e  c o n f i g u r a t i o n  of t h e  so- 

l u t e  ls an impor tan t  f a c t o r .  

I n  the a d s o r p t i o n  p r o c e s s ,  t h e r e  i s  c o m p e t i t i o n  f o r  t h e  a c t i v e  

si tes between the solute  and s o l v e n t  molecules .  F i r s t  t h e  e f f e c t i -  

veness  i n  d i s p l a c i n g  s o l u t e s  from a n  a d s o r b e n t ,  cor responding  t o  

t h e  e l u t i o n  power of  t h e  s o l v e n t ,  was r e l a t e d  to its d i e l e c t r i c  

c o n s t a n t .  Then an ordered  p r e s e n t a t i o n  of  s o l v e n t s ,  c a l l e d  t h e  

e l u o t r o p i c  series,  was g iven  by Snyder ; t h e  e l u e n t  s t r e n g t h  func-  

t i o n  i s  d e f i n e d  as the a d s o r p t i o n  energy p e r  u n i t  a r e a  of t h e  sol-  

v e n t  : 

where V 

which is p r o p o r t i o n a l  t o  t h e  average  s u r f a c e  energy o f  t h e  adsor-  

b e n t  ; S o  i s  t h e  a d s o r p t i o n  energy of  t h e  s o l u t e ,  As is t h e  a r e a  of  

the s o l i d  occupied by t h e  adsorbed s o l u t e .  

i s  t h e  a d s o r b e n t  s u r f a c e ,  Ea t h e  a d s o r b e n t  energy func t ion ,  

When K i s  determined for t h e  same s o l u t e  on t h e  same adsorbent  w i t h  

t w o  d i f f e r e n t  mobile  phases  ( 1  and 2 )  t h e  e q u a t i o n  becomes : 
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Ethylene g l y c o l  

Acetic a c i d  

EA1203 Snyder's e l u e n t  strenqth €unction 
6 Hildebrand s o l u b i l i  ty parameter (cal/cm3) ''* 
P' P o l a r i t y  lndex c a l c u l a t e d  from Rohrschneider's data 

(Anal. Chem. 5 1241 ( 1 9 7 3 )  ) 

1 . 1 1  1 4 . 7  5 . 4  

1 2 . 4  6 . 2  
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230 HEYRAUD AND RINALQO 

As a r e s u l t  o f  this t r e a t m e n t  i t  was p o s s i b l e  t o  g i v e  numerical  

v a l u e s  t o  t h e  term " p o l a r i t y "  and t o  a r r a n g e  t h e  s o l v e n t  i n  o r d e r :  

the r e f e r e n c e  i s  E o  = 0 on alumina when n-pentdne i s  used a s  t h e  

s o l v e n t  (Table  1 0 ) .  

The p r e v i o u s  r e l a t i o n  a l lows  t h e  p r e d i c t i o n  o f  t h e  r e t e n t i o n  volume 

a s  a f u n c t i o n  of t h e  e l u e n t  and p r e d i c t s  t h e  s e p a r a t i o n  of s o l u t e s  

of d i f f e r e n t  s i z e  by A S .  

2 )  A p p l i c a t i o n  t o  o l i q o s a c c h a r i d e  f r a c t i o n a t i o n  ............................................ 
Adsorpt ion was t h e  f i rs t  chromatographic  system a p p l i e d  t o  o l i g o -  

s a c c h a r i d e  f r a c t i o n a t i o n .  Reich (138)  h a s  found i n  1939 t h a t  a 

mixture  of t h e  p-phenylazobenzoate  d e r i v a t i v e s  of g l u c o s e  and 

f r u c t o s e  were s e p a r a t e d  i n t o  two c o l o u r e d  bands on a n  alumina or 

s i l i c a g e l  column. Many o t h e r  s e p a r a t i o n s  were then p u b l i s n e d  and 

new s u p p o r t s  appeared (139,  1 4 0 ) .  The s e p a r a t i o n  on a column is  

g e n e r a l l y  performed by e l ? J t i o n  b u t  was f i r s t  done by e x t r u s i o n .  

Many compounds have been s e p a r a t e d  on d i f f e r e n t  a d s o r b e n t s .  I t  is 

clear t h a t  o f t e n  i t  is d i f f i c u l t  t o  know i f  i t  i s  a s o l i d - l i q u i d  

p a r t i t i o n  or a l i q u i d - L i q u i d  p a r t i t i o n ,  e s p e c i a l l y  w i t h  c e l l u l o s e  

as t h e  s u p p o r t .  

Carbon - 
The method was proposed by Durso (141)  i n  1950. A mixture  of monD-, 

d i -  and t r i - s a c c h a r i d e s  i n  water was adsorbed on carbon ; t h e  mono- 

s a c c h a r i d e  was e l u t e d  w i t h  water  and f o r  t h e  d i -  and t r i - s a c c h a r i -  

d e s  a g r a d i e n t  of  e t h a n o l  w a s  a p p l i e d .  Then t h e  x y l o d e x t r i n s  were 

s e p a r a t e d  up t o  DP = 6 by W h i s t l e r  (1421,  t h e  i s o m a l t o d e x t r i n s  

(DP 6 8 )  and l a m i n a r i d e x t r i n s  by Whelan (143) , t h e  ce l lodex-  

t r i n s  (DP 6 71 by Miller (144)  and t h e  m a l t o d e x t r i n s  (DP & 121 by 

French (145) ( F i g u r e  2 2 ) .  I n  t h i s  l a s t  c a s e ,  French r e p l a c e d  e t h a -  

n o l  by n-butanol  or t e r t - b u t a n o l  r e s u l t i n g  i n  b e t t e r  s e l e c t i v i t y  

w i t h  a lower a l c o h o l  c o n t e n t .  F i n a l l y ,  mention should  b e  made of  

t h e  s e p a r a t i o n  of  n y s t o s e  from t h e  f u n g a l  a-amylase h y d r o l y s i s  of  

s u c r o s e  (146)  , 
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OLIGOSACCHARIDE FRACTIONATION 23 1 

20ml tube fractions 

F i g u r e  2 2 .  E l u t i o n  diagram of l i n e a r  m a l t o d e x t r i n s  on a charcoal- 

c e l i t e  column w i t h  n-butyl  a l c o h o l  g r a d i e n t  e l u t i o n .  Column : 

100 g charcoa l -75  g ce l i te .  Sample : 700 mg m a l t o d e x t r i n  (G2-GI0). 

E l u t i o n  g r a d i e n t  : 61 3 % n-butyl  a l c o h o l  i n t o  5 1 water, fo l lowed 

by 61 3.5 % n-butyl  a l c o h o l .  Flow r a t e  : c a .  2 . 5  ml/min ( 1 4 5 ) .  

G e n e r a l l y ,  i t  i s  necessary  t o  d e a c t i v a t e  t h e  carbon by a c i d  treat- 

ment ; t h e  a d s o r p t i o n  c a p a c i t y  o f  carbon is l o w  and a h i g h  p r e s s u r e  

d r o p  i s  observed,  t h e r e f o r e  i t  is  u s u a l l y  mixed w i t h  c e l i t e  t o  

a c c e l e r a t e  t h e  f low.  

P o l y s a c c n a r i d e  

Powders of s t a r c h  and c e l l u l o s e  were used ,  b u t  p r e f e r e n t i a l l y  cel-  
l u l o s e  wnich allows a l a r g e r  flow ra te  through t h e  column. 

( 1 4 7 )  s e p a r a t e d  a mixture  of  L-rhamnose, D-ribose, L-arabinose and 

D-galactose i n  n-butanol /water .  The technique  was a l s o  a p p l i e d  i n  

t h e  s t r u c t u r a l  a n a l y s i s  of  p o l y s a c c h a r i d e s  a f t e r  m e t h y l a t i o n  and 

Hough 
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2 3 2  H E Y U U D  iLUD RINAUDO 

complete h y d r o l y s i s  ; t h e  methyla ted  s u g a r s  were s e p a r a t e 3  w i  t n  

n -butanol ,  l i g h t  p e t r o l  ; most of t h i s  -work was done by Sough 

around 1950 and was reviewed DY Binkley ( 1 3 9 ) .  

S t a r c h  columns were used f o r  monosaccnarides ( 1 4 8 )  ; t n e  colunn 

was prepared  i n  1-butanol ,  and L-rnamnose, L-fucose, D-r iaose,  3- 

x y l o s e ,  D-mannose, D-glucose and D-galactose were s e p a r a t e d  r n  

1-butanol / l -propanol /H 0 ( 4 /  1/ 1 )  . 
2 

S i l i c a  

T h i s  adsorbent  was p r i n c i p a l l y  used f o r  e x t r u s i o n  w i t n  c o l s u r e d  

s o l u t e s .  Binkley (139)  gave some i n s t a n c e s  e l u t i n g  w i t h  alconol l '  

water, Dut t h e  c a p a c i t y  of t h e  columns i s  l o w .  Modified s i l i c a  

g i v e s  b e t t e r  r e s u l t s  ; on calcium and s i l i c a t e  column ( S i l e n e  EF) 

Wolfrom (149)  f r a c t i o n a t e d  a c e t y l a t e d  o l i g o s a c c h a r i d e s  !up t o  CP 1) 

from the  a c e t o l y s i s  of the  c e l l u l o s e .  S i n i l a r  r e s u l t s  a r e  ODtalned 

w i t n  a column of  hydra ted  magnesium and s i l i c a t e  :Maqnesol) .  

Other  a d s o r b e n t s  

Alumina forms complexes w l t h  s a c c h a r i d e s  and t h e  r e t e n t i o n  depends 

on t h e  c o n f i g u r a t i o n  ( 1 5 0 ) .  Mal todext r ins  were s e p a r a t e d  '3n hydro- 

x y l a p a t i  te  ( 15 1 ) . 

A g e l  of b o r i c  a c i d  (152) and a r e s i n  of poly(4-vinylbenzene3Or3nic~ 

a c i d  (1953) were also used ; i n  bo th  cases, a s p e c i f i c  complexe is 

formed whose s t a b i l i t y  depends on t h e  pH of t h e  e l u e n t  and t h e  p o s r -  

t i o n  of t h e  hydroxyl  groups .  

The b o r i c  a c i d  g e l  a l l o w e d ' t h e  s e p a r a t i o n  o f  L-rhamnose, D-mannose, 

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

T h i s  c l a s s r c a l  a d s o r p t i o n  chromatography i s  no l a r g e r  used owing 

t o  i ts  low s e l e c t i v i t y  and slow s e p a r a t i o n .  

Modern developments a l low much more r a p i d  s e p a r a t i o n s  w i t h  tlPLC 

and many new s u p p o r t s  for t h i s  method a r e  now a v a i l a b l e .  However, 
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OLICOSACCHARIDE FRACTIONATION 233 

i n  HPLC the  mechanism a p p l i e d  i s  more g e n e r a l l y  l i q u i d - l i q u i d  p a r -  

t i t i o n  which w i l l  be  reviewed i n  t h e  n e x t  p a r t .  

E/ L I Q U I D - L I Q U I D  PAFTITION CHROMATOGRAPHY 

The s e p a r a t i o n  i s  based on a p a r t i t i o n ,  between two l i q u i d  immis- 

c i b l e  phases ,  c h a r a c t e r i z e d  by a n  e q u i l i b r i u m  c o n s t a n t  K ; f o r  a 

s o l u t e  X : 

where [XI, are  t h e  c o n c e n t r a t i o n s  i n  t h e  s t a t i o n a r y  phase 

( s )  and i n  t h e  mobile phase  (m) ; n is  t h e  number of molecules  d i s -  

so lved  i n  t h e  r e s p e c t i v e  phase of  volume V .  

and [XI, 

The r e t e n t i o n  volume VR is  : 

V = V  + K V  
R m  

Genera l ly ,  t h e  c a p a c i t y  f a c t o r  k '  i s  expressed  as : 

The c o e f f i c i e n t  k' is determined by t h e  r e l a t i v e  i n t e r a c t i o n s  o f  X 

w i t h  t h e  t w o  phases  ; it  depends on t h e  p o l a r i t y  of  t h e s e  p h a s e s ,  

and i t  is usual  t o  vary  k '  (and  R ) by changing t h e  s o l v e n t .  Gene- 

r a l l y  K 1 s  r e l a t e d  t o  t h e  Hi ldebrand  s o l u b i l i t y  parameter  6 ,  which 

i s  a q u a n t i t a t i v e  measure of  t h e  q u a l i t y  o f  t h e  s o l v e n t  and c a n  be  

used t o  e s t a b l i s h  t h e  e l u o t r o p i c  series (Table  1 0 ) .  The s o l u b i l i t y  

parameter  wnich i n d i c a t e s  t h e  r e l a t i v e  p o s i t i o n  o f  a s o l v e n t  h e l p s  

i n  t h e  s o l v e n t  s e l e c t s o n .  

The e l u o t r o p i c  series fo l lowing  6 is n o t  s t r i c t l y  i d e n t i c a l  w i t h  

t h a t  o b t a i n e d  i n  a d s o r p t i o n  w i t h  E ' ,  b u t  n e a r e r  t o  t h a t  of P' e s t a -  

b l i s h e d  by r e f e r e n c e  t o  s o l u b i l i t y  measurement (Table  10) .  
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234 HEYRAUD Ah'D RINAUDO 

I n  f a c t ,  i t  i s  n o t  d i r e c t l y  6 whicn measures the s o l v e n t  s t r e n g u l  

b u t  one of t h e  f o u r  c o n t r i b u t i o n s  concerned w i t h  s p e c i f i c  i n t e r -  

moiecular  i n t e r a c t i o n s  (6 = 6, + 6 0  + 6d + 6,, d i s p e r s i o n ,  d q o l e  

o r i e n t a t i o n  and hydrogen bonding,  r e s p e c t i v e l y )  

I n  connec t ion  w i t h  t h e  s o l u b i l i t y  parameters  of t h e  s o l u t e  and both 

phases ,  a d i r e c t  r e l a t i o n  w i t h  t h e  p a r t i t i o n  c o e f f i c i e n t  is gene- 

r a l l y  adopted : 

i n  which is t h e  molar volume of  X .  The 6 v a l u e s  f o r  u s u a l  so l -  

v e n t s  are g i v e n  i n  the l i t e ra ture  ; f o r  a g i v e n  s o l u t e  X ,  i t  i s  

p o s s i b l e  t o  approximate 6 u s i n g  t h e  Small  method based  on an a d d i -  

t i v i t y  r u l e  of i n d i v i d u a l  f u n c t i o n s  of t h e  s o l u t e .  

I t  i s  assumed t h a t  good s e p a r a t i o n s  a r e  o b t a i n e d  when 16s - sn! 3 3 

and 6 i s  l o c a t e d  between 6 and 5 . 
X S m 

When 6 are too f a r  s e p a r a t e d ,  i t  is p o s s i b l e  t o  g e t  sdsorp- 

t i o n .  The d i f f e r e n t  types  of  l i q u i d - l i q u i d  p a r t i t i o n  a r e  t h e  fol low- 

i n g  : 

and b m  
S 

- normal phase .  The s t a t i o n a r y  phase i s  p o l a r  ( g e n e r a l l y  H 0 2 
adsorbed on s i l i c a ) .  An o r g a n i c  s o l v e n t  w i t h  medium p o l a r i t y  i s  

used f o r  e l u t i o n  and t h e  less p o l a r  s o l u t e  i s  e l u t e d  f i r s t .  m.e 

r e t e n t i o n  volume d e c r e a s e s  as the p o l a r i t y  of t h e  s o l v e n t  i n c r e a s e s .  

When t h e  re ten tLon is too h i g h ,  it is necessary  t o  choose a more 

p o l a r  s o l v e n t  o r  d e c r e a s e  t h e  p o l a r i t y  o f  t h e  s t a t i o n a r y  pnase .  

Genera l ly  p o l a r  s o l u t e s  cannot  be s e p a r a t e d  by normal phase p a r t i -  

t i o n  and i t  i s  necessary  t o  adopte  t h e  r e v e r s e  phase ( F i g u r e  2 3 ) .  

-- _..- _. 

Figure  23 .  General  i n t e r a c t i o n s  between sample and s o l v e n t  as a 

f u n c t i o n  of p o l a r i t y  (Waters  A s s . ) .  
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236 HEYRALJD AliD RINXL'DO 

- r e v e r s e  phase.Low p o l a r i t y  packings a r e  used m d  t h e  e l u t i o n  i s  

performed w i t h  aqueous s o l u t i o n  o r  medium p o i a r i t y  s o l v e n t s .  The 

moze p o l a r  s o l u t e  i s  e l u t e d  f i r s t  and t h e  t i m e  o f  r e t e n t i o n  i n -  

c r e a s e s  a s  t h e  p o l a r i t y  of t h e  s o l v e n t  i n c r e a s e s .  

- P a i r e d  i o n  p a r t i t i o n  chromatography ( P I C ) .  This  i s  a method 

used f o r  i o n i c  s o l u t e  s e p a r a t i o n  ; i t  seems t o  be a more g e n e r a l  

method compet i t ive  w i t h  i o n  exchange chromatograpny. A r e v e r s e  

phase i s  used and a s a l t  of i o n  p a i r  type i s  formed between t h e  

i o n l c  s o l u t e  and a l a r g e  hydropnobic  c o u n t e r i o n  ( w i t h  c a r b o x y l i c  

a c i d ,  e l u t i o n  i s  performed in presence  of  a q u a t e r n a r y  arnine on 

pH 7-8 ; w i t h  b a s i c  samples ,  an alkyl su lphonate  i s  used a t  ,sH 3 - 4 ) .  

The e l u e n t  i s  a s o l v e n t  w i t h  medium p o l a r i t y  ( f o r  example,  metha- 

no i /water )  . 
Genera l ly ,  t h e  p o l a r i t y  of  a s o l u t e  d e c r e a s e s  when the molecular  

weight  i n c r e a s e s  and when i t s  f u n c t i o n a l i t y  d e c r e a s e s  ; the  s o l u -  
b i l i t y  is t h e  b e s t  when 6 is  e q u a l  t o  the s o l u b i l i t y  parameter  of 

t h e  s o l v e n t .  These remarks a l low t o  s e l e c t  t h e  chromatographic  

method . 
X 

Appl ica t ion  t o  s a c c h a r i d e  f r a c t i o n a t i o n .  

Liquid- l iqu id  p a r t i t i o n  chromatography was mainly used f o r  paper  

chromatography i n  t h e  f i e l d  of s a c c h a r i d e s .  Recent ly  i t  has  deve- 

loped l a r g e l y  as a p p l i c a t i o n  o f  HPLC and w e  w i l l  now d i s c u s s  t h e s e  

r e s u l t s .  

F/ H I G H  PERFORMANCE LIQUID CHROMATOGRAPHY. 

C l a s s i c a l  l i q u i d  chromatography u t i l i z e d  l a r g e  d i a m e t e r  p a r t i c l e s ,  

porous column p a c k i n g s ,  l a r g e  bore  columns and low column-head 

pressures. On t h e  o t h e r  hand,  h igh  speed l i q u i d  chromatography i s  

c h a r a c t e r i z e d  by s m a l l  p a r t i c l e  d iameter  column p a c k i n q s ,  narrow- 

bore  columns and h igh  i n l e t  p r e s s u r e  b u t  g e n e r a l l y  t h e r e  i s  no &f- 
f e r e n c e  of p r i n c i p l e  and,  accord ing  t o  t h e  mechanisms involved ,  w e  
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OLICOSACCHARIDE FRACTIONATION 237 

w i l l  f i n d  a q a i n  t h e  f o u r  b a s l c  l i q u i d  chromatography modes. Carbohy- 

d r a t e  a n a l y s i s  by HPLC has  been p r e v i o u s l y  reviewed by Schwarzen- 

bach ( 1 5 4 )  b u t  i n  t h i s  f i e l d  p r o g r e s s  i s  r a p i d  and t h e  p r e s e n t  

r e p o r t  d e a l s  wi th  t h e  most r e c e n t  developments .  

1) Gel permeat ion chromatography (G.P.C. 1 

G e l  permeat ion chromatography has  been shown t o  be  w e l l  a d a p t e d  t o  

s e p a r a t i o n  of o l i g o s a c c h a r i d e s  b u t  the g e l s  used have poor  mecha- 

n i c a l  s t r e n g t h  and cannot  w i t h s t a n d  h i g h  p r e s s u r e s .  Meanwhile a 

procedure  f o r  t h e  s e p a r a t i o n  of  w a t e r - s o l u b l e  wood p o l y s a c c h a r i d e s  

on a B i o - G e l  P60 packed column w a s  d e s c r i b e d  by Belue ( 1 5 5 )  ; B i o -  

el P2 column h a s  a l s o  been used to s t u d y  t h e  p r o d u c t s  formed i n  

t h e  thermal  decomposi t ion of methyl  a-D-glucopyranoside. Low mole- 

cu lar -weignt  carbohydra tes  a r e  n o t  s e p a r a t e d  on  B i o - G e l  P60 b u t  

w i t h  methanol a s  t h e  mobile  phase and EM G e l  OR-PVA 500 ( v i n y l  

a c e t a t e  copolymer) , s t a c h y o s e ,  c e l l o b i o s e  and r i b o s e  can  b e  f r a c -  

t i o n a t e d  i n  l e s s  than  30 min. U t i l i z a t i o n  of non-aqueous s o l v e n t s  

l i m i t s  t h e  f i e l d  of a p p l i c a t i o n  o f  t h i s  p r o c e s s  owing to  solubili- 

t y  problems. On t h e  o t h e r  hand, s e p a r a t i o n s  of p a r t i a l l y  and com- 

p l e t e l y  s u b s t i t u t e d  monosaccharides  were achieved  on EM Gel OR-PVA 

500 column or a P o r a g e l  60 A column (polyacry lamide  g e l )  w i t h o u t  

problems,  t h e s e  compounds be ing  r e a d i l y  s o l u b l e  i n  o r g a n i c  sol- 

v e n t s  ( 1 5 6 ) .  The s e p a r a t i o n  by s i z e - e x c l u s i o n  of  mono-, d i - ,  tetra-, 
hexasacchar ides ,  h i g h e r  o l i g o s a c c h a r i d e s  and h y a l u r o n i c  a c i d  pro- 

duced by enzymic h y d r o l y s i s  of glycosaminoglycan h y a l u r o n i c  a c i d  

have also been o b t a i n e d  by Knudsen (156 b i s )  on  a u-Bondage1 E 
l i n e a r  column, fol lowed i n  series by t w o  u-Porasil  GPC 60 A CO- 

lumns, w i t h  20 m M sodium a c e t a t e  b u f f e r  (pH 4 . 0 )  c o n t a i n i n g  

1.5 mq/l o f  glycosaminoglycan h y a l u r o n i c  a c i d  as t h e  e l u e n t .  

..................................... 

0 

0 

Anion exchange r e s i n s  have been used e x t e n s i v e l y  i n  c l a s s i c a l  

l i q u i d  chromatography b u t  o n l y  a few examples o f  s e p a r a t i o n s  have 

been r e p o r t e d  i n  H.P.L.C. These r e s u l t s  are summarized r n  T a b l e l l .  
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Riboee 

2-deoxy- 
ribose 

Sucr 0s. 

Xylose 

HEYRAUD AND RINAL'DO 

157 157 157 157 157 157 

157 157 157 157 157 157 

157 
15' 157 bls l S 7  157 

157 tar 157 ter 157 ter I 
I 

I 1 

Support8 : CDR-10 ( 5 - Q )  s u l f a t e  form (Hltsublshl, Tokyo, Japan) -(157) 
eluent : ethanol/water (80/10 - 90/10) 
Bondapak AX/Coraail(37-SOu) (Waters Ass.Mflford Mas6.U.S.A. (157 brs) 
eluent : water/cthylacetate/isopropanol ( 2 5 / 5 0 / 3 5 )  
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TABLE 11 Continued 

Hitachi 3013 N (phosphate form) (157 ter) 
e l u e n t  : acetonitrile/water (80/20) 
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240 HEYRAUD AND RINAUDO 

Oshima ( 1 5 7 )  o b t a i n e d  i n t e r e s t i n g  s e p a r a t i o n s  on t h e  form 
2- 

SO4 
Tokyo). A t  20°C u s i n g  aqueous e t h a n o l  o f  h igh  e t h a n o l  c o n t e n t  (80% 

and 90 % e t h a n o l )  as e l u e n t  a mixture  of 2-deoxy-ribose, rhamnose, 

f u c o s e ,  ribose, a r a b i n o s e ,  f r u c t o s e ,  g a l a c t o s e ,  g l u c o s e ,  lactose,  

s u c r o s e  was r e s o l v e d  w i t h i n  60 min. This chromatogram was compli- 

c a t e d  by t h e  presence  of anomers of s a c c h a r i d e s .  Linden ( 1 5 7  b i s )  

a lso s e p a r a t e d  g l u c o s e ,  s u c r o s e ,  r a f f i n o s e  on a aondapak M/Cora- 

s i l  column i n  w a t e d e t h y l  a c e t a t e / i s o p r o p a n o l  (25/50/35). High 

speed s e p a r a t i o n  of monosaccharides ( x y l o s e ,  f r u c t o s e ,  mannose) 

has  been achieved  by Noel (157 t e r )  on a H i t a c h i  3013 N anion  ex-  

change r e s i n  in t h e  phosphate  form ; t he  chromatogram is shown in 

F i g u r e  2 4 .  

of a m a c r o r e t i c u l a r  anion-exchange r e s i n  (CDR-10 h t s u b r s h i ,  

glucor .  n 

30 2 0  10 0 
Rotent ion T ~ m o  (mln) 

F i g u r e  2 4 .  S e p a r a t i o n  of v a r i o u s  monosaccharides  on H i t a c h i  3013N 

a n i o n  exchange r e s i n .  Column : 25 crn x 0 . 4 3  cm i . d .  E l u t i o n  : iso- 

cra t ic ,  80 t a c e t o n i t r i l e  i n  water  a t  1 .0  m l  inin-' (157 t e r ) .  
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Cat ion  exchange chroniatography has  been found to g i v e  b e t t e r  re- 

s u l t s .  T h i s  method which r e q u i r e s  o n l y  water as e l u e n t ,  h a s  been 

widely used  f o r  r a p i d  f r a c t i o n a t i o n  o f  s a c c h a r i d e  mixtures .  The 

r e s i n s  were u t + l i z e d  i n  t h e  potassium (1581, calcium (159-164) and 

s i l v e r  (159 )  forms. As back a s  1974, P a l m e r  (158)  s e p a r a t e d ,  w i t h i n  

30 min., s u c r o s e ,  g l u c o s e  and f r u c t o s e  on a Aminex Q-150s (X+) co- 

lumn. S e p a r a t i o n  was c a r r i e d  o u t  a t  6OoC because t h e  r e s o l u t i o n  

was markedly improved by i n c r e a s i n g  t h e  tempera ture .  With this s y s -  

t e m  g i v i n g  r a p i d  and h i g h - r e s o l u t i o n  s e p a r a t i o n s ,  l i q u i d  chromato- 

graphy became a powerful  t o o l  i n  t h e  sweetcna : indus t ry  and a n  au to-  

mated method has  been developed (1591.  An i n c r e a s e  i n  t h e  p o s s i b i -  

l i t i e s  of t h e  p r o c e s s  has  been o b t a i n e d  by t h e  u s e  o f  t h e  ca lc ium 

form of a c a t i o n  exchanger .  F igure  2 5 - A  shows t h e  s e p a r a t i o n  of t h e  

s a c c h a r i d e s  p r e s e n t  in a medium i n v e r t  syrup  produced from b e e t  

sugar  on t h e  Aminex Q15 S ( C a 2 + )  column a t  85OC ; this column is 

a l s o  capable  of s e p a r a t i n g  m e l e z i t o s e ,  m e l i b i o s e ,  d e x t r o s e ,  g a l a c -  

t o s e ,  a r a b i n o s e  and f r u c t o s e  ( 1 5 9 ) .  T h i s  procedure  has  been em-  

p loyed by Ladish (161) wi th  an Aminex 50W-X4 ( = a 2 + )  column i n  

o r d e r  to s t u d y  the k i n e t i c s  o f  t h e  enzyme-catalyzed d e g r a d a t i o n  

of c e l l u l o s e .  A s a t i s f a c t o r y  s e p a r a t i o n  o f  c e l l o d e x t r i n s  (DP 6 

through g l u c o s e )  has  been performed w i t h i n  35 rnin. ( F i g u r e  25-81. 

The e f f e c t s  of r e s i n  c r o s s - l i n k i n g  o n  b o t h  s e p a r a t i o n  and speed  

o f  a n a l y s i s  of corn  syrup  have i n v e s t i g a t e d  by F i t t  ( 1 6 3 ) .  Aminex 

50W - X4 a t  80°C g i v e s  e x c e l l e n t  r e s u l t s  w i t h  l i n e a r  o l i g o s a c c h a -  

r i d e s  b u t  i t  is a l s o  a s u i t a b l e  method f o r  t h e  s e p a r a t l o n  o f  cy- 

c l o d e x t r i n s  (164)  . 

I n  t h e  use  of  c a t i o n  exchange r e s i n  f o r  l i q u i d  chromatography of 

s u g a r s ,  a n  o r i g i n a l  procedure  has  been d e s c r i b e d  by Kumanotani 

(165 ,166) .  On a H i t a c h i - g e l  3019 s Ln t h e  H+ form e l u t e d  w i t h  0.59 

formic  a c i d ,  Kumanotani s e p a r a t e d  a mixture  o f  r a f f i n o s e ,  l a c t o s e ,  

g a l a c t o s e ,  2-deoxy-ribose. Using 0.1 0 or thophosphor ic  a c i d  as t h e  

e l u e n t  on  a TSK-gel L S  212 (H+) column, n e u t r a l  s a c c h a r i d e s  such 

a s  r a f f i n o s e ,  maltose, g l u c o s e ,  g a l a c t o s e ,  a r a b i n o s e ,  r i b o s e  were 

w e l l  s e p a r a t e d .  On t h e s e  two s u p p o r t s ,  g l u c u r o n i c  and g a l a c t u r o -  
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Figure 25. Separation of oligosaccharides on cation exchange resins 

Ca form. Eluent : 
2+ 

2O 
( A )  Chromatogram of medium invert sugar syrup on Amrnex Q 15s 

at 850 c (159). 
(B) Cellodextrln separation. Chromatoqram ! G2 = cellobio- 

se ; G3 = cellotriose ; G4 - cellotetraose ; G5 = cellopentaose ; 

G6 = cellohexaose ; G, = celloheptaose. 

AMINEX AG 50W-X4 at 85’ C (161) .  
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OLIGOSACCHARIDE FRACTIONATION 24 3 

n i c  a c i d s  c a n  also be  i s o l a t e d .  The e l u t i o n s  were conducted a t  

room tempera ture .  The s e p a r a t i o n s .  o f  n e u t r a l  compounds are based  

on d i f f e r e n c e s  i n  molecular  s i z e  ; w i t h  u r o n i c  a c i d s ,  e l e c t r o s t a -  

t i c  r e p u l s i o n  has  t o  b e  taken  i n t o  account .  Table  12 lists some 

s e p a r a t i o n s  achieved  on c a t i o n  exchange r e s i n s .  

3 ) A d s _ ~ r e t l o n - E h r _ o r n a _ ~ ~ ~ ~ ~ ~ ~  
Adsorpt ion chromatography, or l i q u i d - s o l i d  chromatography (L.S.C.) 

i s  n o t  a convenient  method f o r  t h e  s e p a r a t i o n  o f  n e u t r a l  saccha-  

r i d e s .  On t h e  o t h e r  hand i t  seems w e l l  adapted  t o  s e p a r a t i o n s  o f  

some s u g a r s  d e r i v a t i v e s .  L e h r f e l d  (167) ana lyzed  a complex mixture  

of  mono- and d i s a c c h a r i d e s  by convers ion  i n t o  benzoate  esters us ing  

a Corasil I1 column w i t h  a g r a d i e n t  o f  d i e t h y l  e t h e r  i n  hexane 

( F i g u r e  2 6 ) .  Nachtmann (168) o b t a i n e d  s i m i l a r  r e s u l t s  wi th  n i t r o -  

benzoates  of s u g a r s  and s u g a r  a l c o h o l s  on s i l i c a  g e l  ( L i c h r o s o r b  

S I  60 )  or alumina (Alox T I ,  e l u t e d  r s o c r a t i c a l l y  a t  r o o m  tempera- 

t u r e  wi th  n-hexane/ethyl  a c e t a t e / d i o x a n e  or n-hexane/chloroform/ 

acetonltrile/tetrahydrofuran m i x t u r e s .  I n  t h e  same way, t h e  benzy- 

loxime-perbenzoyl d e r i v a t i v e s  o f  s u g a r s  have been s e p a r a t e d  by Thomp- 

son (169)  on a p - P o r a s i l  column w i t h  a hexane/dioxane mixture  as t h e  

e l u t i n g  s o l v e n t .  

Another a p p l i c a t i o n  h a s  been d e s c r i b e d  by Lee ( 1 7 0 ) .  P r o d u c t s  o b t a i -  

ned by t h e  enzymatic  d e g r a d a t i o n  of  c h o n d r o i t i n  s u l f a t e s  c a n  b e  re- 

so lved  on s i l i c a  g e l  ( P a r t i s i l  PXS or Lichrosorb  SI-100) w i t h  t h e  

t e r n a r y  s o l v e n t  dichloromethane/methanol/O. 5 M ammonium f ormate 

b u f f e r  (pH 4 . 8 ) .  We c l a s s i f y  t h e s e  s e p a r a t i o n s  as l i q u i d - s o l i d  

chromatography b u t  i t  is o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  between 

a d s o r p t i o n  chromatography and l i q u i d - l i q u i d  p a r t i t i o n  chromatogra- 

PhY * 

Indeed,  n-hexane i s  s a t u r a t e d  w i t h  w a t e r ,  t h e  s t a t i o n a r y  s o l i d  s u r -  

f a c e  c a n  be  c o a t e d  by t h i s  water and t h e  s e p a r a t i o n  p r o c e s s  be- 

comes a p a r t i t i o n  between t h e  moving phase and t h e  s t a t i o n a r y  li- 

q u i d .  Such phenomenon seems t o  occur  i n  t h e  s e p a r a t i o n  o f  a g lu-  
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Arab i nos e 

Fructose 

HEYRAUD AND RINAUDO 

/ 159- 166 159- 16 1 I 166 
166 

158-159 
161 / 

TABLE 12 
Separat ion  of Neutral Sacchar ides  by H.P.L.C. on Polyanionic Resins 

Galactose 

Glucose 

Lactome 

ARABINOSE FRUCTOSE GALACTOSE GLUCOSE i 

I 159- 166 / 159-161 161-165 I 166 166 

/ 161 160-166 
159-161 158-159 159-161 
166 161 166 

161- 165 161 / 

mannose 

Mslibios e 

Melezi toae 

Raf f inore 

Ribose 

2-deoxy- 
ribose. 

sucrose 

xy1os. 

161 161 

159 159 159 

159 159 159 

166 159 166-165 159-166 165 166 

166 166 166 166 

165 165 

158-159 158-159 
161 16 1 

161 16 1 

Maltose 166 I I 166 160-1661 

Supports : 

Amrnex Q 150-S(K+) 20-35p(Bio-R~d-R1chmond-Cal1f. U.S.A.)Eluent : water(l58) 
AmlnOX Q 15-S(Ca2+) 19-25p (Bio-Rad-FUchmond-Calif. U.S.A.)Eluent: water (159-160) 
Aminex A-5 (Ca2+) 11-15p (Bio-Rad-Richmond-Callf. U.S.A.)Eluent: water (159) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OLIGOSACCHARIDE FRACTIONATION 

MAN‘NOSE 

161 

245  

MELIBIOSE ,FmTi RAFFINOSE RIBOSE ‘gEEZ- SUCROSB XYLOSE 

159 159 166 166 16 1 

158-159 
161 159 

/ 

159 

159 I 

/ 

/ 166 I65 159 

166 / 

165 / 

159 / 

/ 
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246 HEYRAUD AND RINAUDO 

I I I 1 I I I 1 1 

0 1 16 20 32 40  41 56 64 I2 
Time [Min I 

Figure 26. Separation of 16 perbenzoylated hydroxy compounds on 

Corasil I1 (37-50 MI ; Waters Assoc.) by HPLC. Temperature, ambient. 

Benzcjates of : 1,l-butanol ; 2,methanol ; 3,ethylene glycol ; 4 , q l y -  

cerol ; S,a-D-xylose i 6,B-D-xylose ; 7,~-D-mannose ; 8,a-D-glucose, 

a-D-galactose ; 9,B-D-glucose,D-galactose ; 10, D-galactose ; 11, 

8-D-mannose ; 12,  sucrose i 13, a- and &maltose ; 14, lactose ; 

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

cose, fructose, mannose mixture on silica (Lichrosorb SI 6 0 )  with 

acetonitrile containing 0.1 t of water as the mobile phase (170 
bis). 

4 )  P ~ r ~ r _ ~ ~ ~ n - r h r ? m a _ r ~ ~ ~ ~ h Y  * 

Partition chrmatography, or liquid-liquid chromatography (L.L.C.) 
is the m s t  frequently used system in analysis of sugars by H.P.L.C. 
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OLIGOSACCHARIDE FRACTIONATION 247 

The compounds a r e  s e p a r a t e d  based on  t h e i r  r e l a t i v e  so lubi l i t i es  

i n  t h e  s o b i l e  phase and t h e  immiscible  phase which i s  c o a t e d  o r  

chemica l ly  bonded on a s o l i d  s u p p o r t .  I f  t h e  s t a t i o n a r y  phase  is 
p o l a r  and t h e  mobile phase non-polar ,  the t e c h n i q u e  is termed nor- 

mal phase ; w i t h  a non-polar packing  s u r f a c e  and a p o l a r  mobile  

l i q u i d ,  t h e  a f f i n i t y  mode is termed r e v e r s e  p h a s e .  

a /  P a r t i t i o n  chromatography i n  t h e  normal phase 

we have t o  d i s t i n g u i s h  between c o v a l e n t l y  bonded s u p p o r t s  and sup- 

p o r t s  c o a t e d  w i t h  a component of  t h e  e l u e n t .  

- Chemically bonded phase 

I n  1975, Palmer (171) p u b l i s h e d  some very i n t e r e s t i n g  s e p a r a t i o n s  

on a u-Bondapak/Carbohydrate column. The s u p p o r t ,  c o n s i s t i n g  o f  

u-s i l ica  w i t h  bonded m i n e  f u n c t i o n a l  g r o u p s ,  seems a b l e  to r e s o l v e  

t h e  most ccmplex mixtures  i n  a s h o r t  t i m e  ( F i g u r e  2 7 ) .  The separa-  

t i o n s  a r e  performed w i t h  a c e t o n i t r i l e / w a t e r  as t h e  mobile phase and 

the r e t e n t i o n  times of t h e  s a c c h a r i d e s  depend on t h e i r  r e s p e c t i v e  

c o n c e n t r a t i o n .  G e n e r a l l y ,  monosaccharides a r e  s e p a r a t e d  i n  a c e t o -  

n i t r i l e / w a t e r  mixture  (85/15) and o l i g o s a c c h a r i d e s  w i t h  a 65/35 

r a t i o .  T h i s  system appears  a r a p i d  and v e r s a t i l e  method f o r  s u g a r  

a n a l y s i s  and i t  has  been widely u t i l i z e d ,  p a r t i c u l a r l y  i n  t h e  food 

i n d u s t f y .  The U-Bondapak/Carbohydrate column has  been found a lso 

s u i t a b l e  f o r  a r a p i d  s e p a r a t i o n  of  c y c l o d e x t r i n s  ( 1 7 2 )  and f o r  the 

a n a l y s i s  o f  t h e  d i s a c c h a r i d e s  o b t a i n e d  a f t e r  chondroi  t i n a s e  d i g e s -  

t i o n  ( 1 7 3 ) .  I n  t h e  l a s t  c a s e ,  t h e  column was e l u t e d  w i t h  0.2 M 

sodium acetate or 0.02 M sodium s u l p h a t e  s o l u t i o n  c o n t a i n i n g  0.01 M 

a c e t a t e  b u f f e r .  A combination of cyano- and amino-bonded phases  has  

been developed.  T h i s  p o l a r  s u p p o r t ,  a v a i l a b l e  under the name P a r t i -  

s i l - 1 0  PAC,. has been used s u c c e s s f u l 1  by Rabel (174)  and Lee ( 1 7 5 -  

176) .  Rabel s e p a r a t e d  mono- and o l i g o - s a c c h a r i d e s  u s i n g  a c e t o n i -  

t r i le /water  as the e l u e n t ,  and t o  avoid  t h e  d isadvantage  o f  peak 

t a i l i n g ,  a c i d s  or s a l t s  were added. Addi t ions  of  v a r i o u s  an ions  

t o  t h e  mobile phase and ad jus tment  of  pH allow o p t i m i z a t i o n  of  t h e  

s e p a r a t i o n s .  
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OLICOSACCHARIDE FRACTIONATION 249 

Like the u-Bondapak/Carbohydrate column, the P a r t i s i l - 1 0  PAC column 

has been used by Lee fo r  separa t ions  of unsatured d isacchar ldes  de- 

rived from chondroitin s u l f a t e s  (175) ,  heparan s u l f a t e  and heparin 

(176) ; the  mobile phase was the ternary so lven t  system a c e t o n i t r i -  

le/methanol 0 . 5  M ammonium ace ta t e  (pH 6 . 5 ) .  S imi la r  separa t ions  

have a l so  been acnieved on Altex Lichrosorb MI2 columns ( 1 7 5 ) .  I n  

view of t he  g rea t  i n t e r e s t  i n  chemically bonded phases,  c e r t a i n  

authors prepared t h e i r  own supports.  By bonding an aminopropyltri- 

ethoxysilane group to  the sur face  of a s i l i c a  g e l  (Lichrosphere S I  100) 

Schwarzenbach (177) obtained a support  which gave separa t ions  

sunilar t o  those reported by Palmer (171) .  The f ac to r s  a f f e c t i n g  

support  bonding have been i n v e s a g a t e d  by Jones ( 1 7 8 ) .  He found 

t h a t  with P a r t i s i l  5 as chromatographic support  a support bonding 

of 7 t i n  aminoalkyl subs t i t uen t s  led  t o  a packing with exce l l en t  

f r ac t iona t ion  c a p a b i l i t i e s .  T h i s  packrng can be prepared i n  5-10 

m i n .  by shaking s i l i c a  g e l  and y-amrnopropyltriethoxysilane i n  

hexane a t  room temperature. According to the  s p e c i f i c  sur face  a rea  

of s i l i c a  p a r t i c l e s  (S i lasorb)  Kahle (179) adapted the  suppor t  e i -  

ther  f o r  the separa t ron  of monosaccharides or of o l igosacchar ides .  

Moreover, anomers of monosaccharides could be separa ted  at Ooc on 

aminopropyl s i l i c a  g e l ,  converted i n t o  t h e  su lpha te  form, with 

ace ton i t r i l e /wa te r  (80/20) as e luen t .  

Figure 2 7 .  Separation of oliqosaccharides by HPLS on u-Bondapak/car- 

bohydrates column. E l u e n t s  : watc r / ace ton i t r i l e  w i t h  d i f f e r e n t  com- 

pos i t i on  ( 1 7 1 ) .  
- 1  A - Separation of  monosaccharides. Flow r a t e  2 . 5  m 1 . m  (wa- 

t e r / a c e t o n i t r i l e  15/85) .  
-1 B - Separation of  d i sacchar ides .  Flow r a t e  1 .5  m l . m n  (water/ 

a c e t o n i t r i l e  20/80). 

C - Separation of B 1 * 4 l inked glucose oligomers. Flow r a t e  
-1 1 m l . m i n  (wa te r / ace ton i t r i l e  35/65). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



250 HEYRALRI AND RISAUDO 

c 

I , , ,  
'0 ? 4 6 rnm 

Figure 28. Separation of oligosaccharides on Lichrosorb SI 60 (5 

m) 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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OLIGOSACCHARIDE FRACTIONATION 25 1 

- Chromatographic s u p p o r t  c o a t e d  w i t h  a component o f  the e l u e n t .  

A t y p i c a l  example of  t h i s  system w a s  g iven  by Rocca (180) : w i t h i n  

20 min. ,  a f r u c t o s e ,  s o r b i t o l ,  s u c r o s e  and l a c t o s e  mixture  was re- 

s o l v e d  ( F i g u r e  28) on a s i l i c a  (Lichrosorb  SI-60 ’%) column e l u t e d  

wi th  a t h r e e  components system : e t h y l  formate/methanol /water  (60/ 

20/10). S i m i l a r  r e s u l t s  have been o b t a r n e d  w i t h  alumina g e l  (Alox 

T - SU). 

The s e p a r a t i o n  p r o c e s s  h a s  a mechanism of  p a r t i t i o n  between t h e  

mobile phase and t h e  s t a t i o n a r y  phase  formed by s i l i c a  impregnated 

w i t h  water. I t  h a s  been shown t h a t  small changes i n  t h e  methanol  

c o n c e n t r a t i o n  has  a g r e a t  i n f l u e n c e  upon t h e  r e t e n t i o n  t i m e  b u t  

t h a t  t h e  r e s o l u t i o n  was l i t t l e  a f f e c t e d .  An i n c r e a s e d  methanol con- 

c e n t r a t i o n  r e s u l t e d  i n  decreased  s e p a r a t i o n  f a c t o r s  ; on t h e  other 

hand by i n c r e a s i n g  t h e  water  c o n c e n t r a t i o n  t h e  d i f f e r e n c e s  were 

small. The mechanism was based on a compet i t ion  between methanol 

and s o l u t e  molecules  ; methanol s t a t i o n a r y  phase  i n t e r a c t i o n s  

p layed  a leading  p a r t  compared t o  methanol s o l u t e  i n t e r a c t i o n s .  

However, monosaccharide mixtures  a r e  o f t e n  n o t  r e s o l v e d  and l o w  

water c o n c e n t r a t i o n s  lead  to  s o l u b i l i t y  problem w i t h  o l i g o s a c c h a -  

r i d e s .  I n  1978, A i t z e t m u l l e r  (181) p e r f e c t e d  a r a p i d  and s i m p l e  

method. P o l y f u n c t i o n a l  m i n e s  have a g r e a t  a f f i n i t y  f o r  t h e  s i-  
l i ca ,  so i f  a small amount of  polyamine (0 .01  to  0 . 1  %) is ad- 

ded t o  the e l u e n t  ( a c e t o n i t r i l e / w a t e r )  it i s  p o s s i b l e  to impregna- 

t e  a s i l i c a  column i n  s i t u .  The s e p a r a t i n g  performances are s i m i -  

lar to  those of  permanent ly  bonded p h a s e s .  I n  t h e  p r e s e n c e  o f  t h e  

m i n e  m o d i f i e r  t h e  s e p a r a t i o n  f a c t o r s  are g r e a t l y  i n c r e a s e d  and 

a much h i g h e r  p e r c e n t a g e  o f  water can be  used.  A t  30 or 40 % o f  

water ,  A i t z e t m u l l e r  o b t a i n e d  good r e s u l t s  i n  such s e p a r a t i o n s  as 

f r u c t o s e ,  g l u c o s e ,  s u c r o s e ,  lactose and r a f f i n o s e  ( F i g u r e  29) , 
glucose ,  mal tose ,  maltotriose e t c . . .  and even a, 6 and y cyclo-  

d e x t r i n s  ( 1 8 2 ) .  Thus an o r d i n a r y  s i l i c a  column can be  t ransformed 

i n t o  a powerful  column f o r  carbohydra te  a n a l y s i s  ; i t  was i n t e r e s -  

t i n g  t h e r e f o r e  to  s t u d y  t h e  i n f l u e n c e  of t h e  m i n e  m o d i f i e r  s t r u c -  

t u r e .  Pr imary,  secondary and t e r t i a r y  buty lamine ,  an homologous 
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c 
U 

a 

A 

1 

0 

a 

is j, 4 5  min 

F i g u r e  29. Chromatograms showing i n c r e a s e  of r e t e n t i o n  times a f t e r  

a d d i t i o n  of m i n e  m o d i f i e r  to  HPLC s o l v e n t .  Steel  column ( 2 4 0  x 

7 mm I . D . )  s lu r ry-packed  w i t h  L i c h r o s o r b  S I  60 ( 5  u r n ) ,  flow rate  

( 2  ml/mln ; ca. 30 b a r )  and a n  RI d e t e c t o r  a t  X16 .  Temperature  : 

ambient .  

S e p a r a t i o n  of f r u c t o s e ,  g l u c o s e ,  s u c r o s e ,  m a l t o s e  and l a c t o s e  w i t h  

25 % of  water  i n  a c e t o n i t r i l e  a s  mobile phase : A ,  w i t h o u t ,  and 

B, w i t h ,  0.01 0 o f  amine m o d i f i e r .  A t  t h i s  water c o n t e n t ,  f r u c t o s e  

and g lucose  appear  ds one peak ,  and s u c r o s e  and mal tose  as o v e r l a p -  

p i n g  peaks ,  on t h e  p l a i n  s i l i c a  column w i t h o u t  m i n e  m o d i f i e r .  

A f t e r  i n  situ impregnat ion ,  all a r e  w e l l  r e s o l v e d  ( 1 8 1 ) .  
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OLICOSACCHARIDE FRACTIONATION 253 

s e r i e s  of n-alkylamines, a diamino n-alkyl series and a polyaminc 
s e r i e s  have been inves t iga t ed  by Wheals (183). The b e s t  r e s u l t s  

i n  the separa t ion  of f ruc tose ,  glucose,  sucrose ,  maltose and lac- 

tose have been observed with polyamines. S i l i c a  d y n a q c a l l y  modi- 

f i ed  provlded a p a r t i c u l a r l y  exce l l en t  method of separa t ing  o l igo-  

saccharides.  Indeed, 50 0 aqueous a c e t o n i t r i l e  containing 0.01 0 

of amine modifier has  been found t o  be a s u i t a b l e  e luen t  f o r  the  

separa t ion  of maltodextrins up t o  DP 20 (Figure 30)  under 40 min. 

( 1 8 4 1 ,  when a separa t ion  up t o  Dp 10 was achieved i n  a c e t o n r t r i l e /  
water (65/35) on a p-Bondapak carbohydrate column. 

I n  genera l  the r e t en t ions  were lover  than those obtained with the  
chemically bonded amino phase but  the amine l aye r  being cont inua l -  

l y  regenerated by the  e luen t ,  t h i s  coated support  proved to be 

very s t a b l e  and t o  g ive  reproducible r e s u l t s .  

I n  the same way, t he  modification i n  s i t u  may be ca r r i ed  ou t  on 

ca r t r idge  Radial-Pak S i l i c a  (185) .  The use of t h i s  r a d i a l l y  com- 

pressed ca r t r idge  leads t o  a highly e f f i c i e n t  homogeneous column 

and i t s  p r inc ipa l  advantage is to  give r e so lu t ions  comparable with 

those of t r a d i t i o n a l  columns w i t h  an apprec iab le  decrease of t h e  

ana lys i s  time. 

p a r t i t i o n  chromatography on bonded or modified s i l i c a  g e l  i s  a 

rapid and v e r s a t i l e  method f o r  ana lys i s  of sugars .  The most common 

separa t ions  a r e  summarized i n  T a b l e s  13 and 14. However, aqueous 

organic e luen t s  a r e  not convenient so lvents  for ol igosacchar ide  
mixtures. Free sugars a re  readi ly  so luble  i n  water b u t  an increase  

i n  the  water percentage corresponds t o  an increase  i n  the p o l a r i t y  

of the mobile phase, and higher concent ra t ions  of water g ive  no 
reso lu t ion .  

Therefore separa t ions  of various carbohydrates have been i n v e s t i -  

gated on reverse  phase suppor ts .  
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254 HEYRAUD AND RIKAUDO 

0 

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

sample of hydrolysed starch. Chromatographic conditions : silica 

(5 urn) column (200 rnm x 8 mmr.d.1 eluted at 2.0 rnl/min with 

50 0 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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100 
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Flgure 30b. Fractionation of D-gluco-oligosaccharldes present in a 
sample of hydrolysed starch. Chromatographic conditions: silica 
(5  urn) column (200 m x 8 mmi.d.) eluted to 2.0 ml/mln with 50% 
aqueous acetonitrile containing 0.01% of 1,6,-diaminobutane. 
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Arabinose 

Gel lob 10s e 

Fructose 

Galactose 

Glucose 

uctose 

Maltose 

Malto- 
triose. 

>!annose 

Heliblose 

Raf f inose 

Wlamnose 

<ibose 

_I tachyose 

Sucrose 

Xylose  

Supports 

HEYRAUD LYD RINAUDO 

Fructose :::::- I Glucose j Lactose :4a i tose ’alto- Arabi- Cello- 
nose. biose. ! tr1i.se.j 

/ 1 7 1  1 7 1 - 1 7 7  1 7 7  1 7 7  ; 77 
1 

! I 
i / I 7 1  I 

1 7 1 - 1 5 7  
174-177:. 1 7 4 - 1 7 8  ; 7 8  1 
1 7 8 - 1 7 9  

I 

/ I 

i 
1 I 

‘ 1  

: 71 / 1 7 1  1 
1 7 1  171-157b 171-174 171-15’5’ 
1 7 7  1 7 1  1 7 4 - 1 7 7 - ‘  1 7 1  / 1 7 7 - 1 7 8  1 7 7 - 1 7 8  1 “ 7  

1 7 8 - l i 9  

1 1 7 7 - 1 7 8  I ; ~ 7  1 7 7  174-  I 7 8  

1 7 7  1 7 8  1 7 1 - 1 5 7 b .  1 7 1 - i 7 ?  1 i 1 . - 7  ! 
177-  1 7 8  :78 1 I I 

’ $ 7 -  I 

171-174 1 17: 
177-178 I 

I 7 7  1 7 7  1 7 7  L I I  

I 

171  171  171  I 

j 1 
! i ! 77 

171 1 7 7  171 171-177 

1 7 7  1 7 7  1 7 7  

! ; 7 7  

I 

171-  i 5 7 b .  i 7 1 - 1 5 7 b .  1 7 1 - 1 7 4  ; 7 i - l : ?  
174- 1 7 8  

1 7 8  
174-177-  : 7 7 - 1 7 8  1 7 8  j 1 7 7  

I 

1 7 4  i 171 1 7 1  174-177 1 7 1  1 7 1 - 1 7 4  

I 177-179  
1 7 9  

: 

TABLE 13 
S e p a r a t i o n  of  N e u t r a l  S a c c h a r i d e s  by L i q u i d - l i q u i d  P a r t i t i o n  H . ? . L . C  

on Bonded S u p p o r t s .  
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171 

257 

157bls I74 1 7 7  1 7 4  / 1 7 4  

171-  1 7 7  1 7 7  174 / 

TABLE 13 Continued 
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Cellobiosc 

FructOSB 

Galac tose  

Gluc05e 

Lactose 

Maltose 

Raf f inose 

Ribose 

Sorbooe 

Stachyose 

Sucrose 

Xy lose 

HEYRALlD AND RINAUDO 

180 

;gS:f:: E:% 
185 

180 
185 

180 180 

180- 18 1 181-182 
182-1 83 180 
185 
180- 1 a1 181-182 
182- 183 183-185 I 

I 160- I81 
181-182 181-182 :92-183 

183-185 

180 

183-185 183-185 185 

181- 182 181-182 181-182 

180 

182 182 182 

1 8 1 - 1 8 2 1 8 1 - 1 8 2 - 1 80 t!q$ 163-185 183-185 
4 

I 180 180 180 

TAF3L.E 1 4  
Separat ion  of Neutra l  Sacchar ides  by L i q u i d - l i q u i d  P a r t i t i o n  H . P . L . C .  

on Coated Supports  

1 I 1 CELLOBIOSE I FRUCTOSE I GALACTOSE 1 GLUCOSE I LACTCSE I 

Lichrosorb 60-5u eluent : eehy le  :ormate/methanol/water ! 80:  
A l o x  T 5u (Merck) 

Lichrosorb S I  60-52 eluent : acetonitrile/water + 5.010 amine( l81- le ; )  
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TABLE 14 Continued 

Radldl PAK B (Wdters Ass. )  eluent : dcetonltrlle/water 0.1t 
tetracthylenepentamrne [ 185) 
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b/  Reverse phase l i q u i d  chromatography. 

One o f  t h e  f i r s t  s e p a r a t i o n s  was r e p o r t e d  by Noel ( 1 5 7  t e r )  on a 

Chromosorb LC9 column. On t h i s  r e v e r s e  phase s u p p o r t ,  e l u t e d  w i t h  

a c e t o n i t r i l e / w a t e r  on l i n e a r  g r a d i e n t  (70  % t o  6 2 . 5  % a c e t o n i t r i l e  

i n  w a t e r ) ,  o l i g o s a c c h a r i d e s  c o n t a i n e d  i n  a wood e x t r a c t  were f r a c -  

t i o n a t e d  up t o  DP 30 i n  30 min. Under t h e s e  c o n d i t i o n s  no s e p a r a -  

t i o n s  o f  DP lower than  5 can be c o n s i d e r e d  and moreover t h e r e  is 

t h e  s o l u b i l i t y  problem. Recent ly ,  i t  has  been found t h a t  a r e v e r s e  

phase column w i t h  pure  water as t h e  e l u e n t  provided  a h i g h  p e r f o r -  

mance system f o r  t h e  s e p a r a t i o n  of c e r t a i n  n e u t r a l  f r e e  s a c c h a r i d e s  

or methyla ted  s u g a r s .  Cheetham (186) s e p a r a t e d  mono-, d i -  and t r i -  

0-methyl-glucose on a p-Bondapak C18 column us ing  water w i t h  1 a 
ammonium a c e t a t e  as t h e  mobile p h a s e .  Addi t ion  of  s a l t  has  l i t t l e  

e f f ec t  on t h e  chromatographic  behaviour  o f  t h e  s u g a r  and s imilar  

r e s u l t s  a r e  o b t a i n e d  i n  p u r e  w a t e r .  The more h i g h l y  methyla ted  com- 

pounds a r e  only  e l u t e d  i n  t h e  presence  o f  a l c o h o l  ( 5  t o  30 % ) .  

Indeed t h e  r e t e n t i o n  t i m e  of a l l  s a c c h a r i d e s  is d e c r e a s e d  by i n -  

c r e a s i n g  t h e  a l c o h o l  c o n c e n t r a t i o n .  The c a p a b i l i t i e s  of t h e  column 

i n  s e p a r a t i n g  p a r t i a l l y  methyla ted  s u g a r s  have been adapted  

w i t h  good r e s u l t s  ( F i g u r e  31) t o  s t r u c t u r a l  p o l y s a c c h a r i d e  inves-  

t i g a t i o n s  ( 1 8 7 ) .  

By e l u t i n g  water,  s e v e r a l  s e p a r a t i o n s  of mono- and o l i g o - s a c c h a r i -  

d e s  a r e  p o s s i b l e ' ( l 8 8 1  ; t h e  e l u t i o n  volumes i n c r e a s e  wi th  i n c r e a s e  

i n  DP and depend on t h e  type of o l igomer .  Likewlse,  t h e  r e s o l u t i o n  

is t empera ture  dependent  (189) and 1s markedly i n c r e a s e d  w i t h  de- 

crease i n  tempera ture .  The method i s  n o t  very e f f f c i e n t  wi th  rnono- 

F ig .  31. S t r u c t u r a l  a n a l y s i s  of a scleroglucan-HPLC of methylg lucose  

d e r i v a t i v e s  a f t e r  t o t a l  h y d r o l y s i s  on CIS u-Bondpak column. 

2 , 4  dimethylglucoee.  B - 2 , 4 , 6  r r i m e t h y l g l u c o s e .  C - 2 , 3 , 4 , 6 - t e t r a -  

methylglucose (upper  chromatogram - e l u e n t  H 2 0 ;  f l o w  r a t e  2 mllmin; 

lower chromatogram - e l u e n t  H20/methanol ( 8 5 1 1 5 ) ;  flow r a t e  

2 ml/ min (181) .  
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262 HEYRAUD AND RINAUDO 

Figure 32. Separation of monosaccharides ( A )  and trisaccharides 

( B )  by H P K  on C-18 u-bondapak (Waters). Eluent : H20 ( 1 8 8 ) .  
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OLICOSACCHARIDE FRACTIONATION 

and di-saccharides but  a glucose, rhamnose, fucose mixture as w e l l  

as a ce l lob iose , .  sucrose mixture may be resolved (Figure 32) . On 

the o ther  hand separa t ions  of t r i s accha r ides  o r  s e r i e s  of homolo- 

gous oligosaccharides a r e  more a t t r a c t i v e .  Within 35 m i n . ,  c e l l o -  

dext r ins  have been f r ac t iona ted  up t o  DP 5 and rnaltodextrins up to  
DP 8. 

As found by Cheetham (186) w i t h  methylated sugars ,  c e r t a i n  carbohy- 

d ra t e s  y ie lded  a chromatogram w i t h  two peaks corresponding t o  t h e  

a and 6 anorneric forms. Obviously the  reduced form gives  one peak 

and is read i ly  d is t inguished  from the  corresponding f r e e  sugar.  

The separa t ion  process can be discussed i n  terms of s o l u b i l i t y  

parameters (6) of the so lven t ,  s t a t iona ry  phase and s o l u t e  : with 

monosaccharides bearing f i v e  hydroxyl groups, t he  so lu te -e luent  

i n t e r a c t i o n s  a r e  preva len t  and n o  separa t ion  occurs.  I f  methyl o r  

0-methyl groups a re  subs t i t u t ed  for hydroxyl groups or i f  t h e  DP 

inc reases ,  the p o l a r i t y  and s o l u b i l i t y  of the  so lu t e  decrease and 

so lu t e - s t a t iona ry  phase i n t e r a c t i o n s  increase ,  r e s u l t i n g  i n  an 

increased r e t en t ion  time. 

The 2-Bondapak C-18 is  now ava i l ab le  i n  c a r t r i d g e  f o r  the r a d i a l  

canpression system c a l l e d  the  r a d i a l  PAK A c a r t r i d g e .  The r e s u l t s  
a r e  s imi l a r  bu t  with b e t t e r  r e so lu t ion .  From t h i s  suppor t ,  Waters 

Associates recent ly  developed a new c a r t r i d g e ,  the  "Dextropak", 

aimed a t  providing a rapid ana lys i s  of o l igosacchar ides  (190). 

Maltodextrins a r e  separa ted  up t o  Dp 10 i n  l e s s  than 20 m i n .  (Fi- 

gure 3 3 ) .  Various separa t ions  performed i n  pure water on p-Bonda- 

pak C18 column o r  C l 8  r a d i a l  PAK A ca r t r idge  have been l i s t e d  o n  
Table 15 bu t  most of them can be obtained on the  Dextropak c a r t r i d -  

ge. I t  i s  i n t e r e s t i n g  t o  note t h a t  the  r e so lu t ion  of monosaccharides 

is improved on a C8 r a d i a l  PAK c a r t r i d g e  by increas ing  the  p o l a r i t y  

of the  s t a t iona ry  phase. 

Another app l i ca t ion  of the  reverse  phase chromatography has been 

given by Wells (191).  Acetylated oligosaccharides of amylose have 
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Aldo- 
pentoses 

Aldopentoses / 

Aldohexoses / 

Ketohexoses / 

HEYRAUD AND RINAUDO 

Aldo- Keto- 6-deoxyaldo- ce l lo -  Centlo- 1 
I hcxoses hexoses hexoses biose biose 

/ / 0 0 0 

/ / 0 0 0 

/ / 0 0 0 

TABLE 15 

Separation of Neutral Oligosaccharrdes by Reverse Phase H.P.L.C.(C-18 
p-Bondapak, DeXtYOpdk, Radial Pack A from Waters i e1uer.r; : H201 

Isornal tose 

Lactose 

0 0 0 / I / 

/ Sorbose Fucose 0 0 

I l o i o l o l  I / / /  I 6-deox yaldo- 
hexoses. I 

I ~~ ~~ 

sucrose 0 0 

Trehalose 0 0 

I 1 

~~ 

0 0 0 Rhamnose 

0 / / / 

1 1 Cellobiose 

.~ 

ce l lotr iose  0 

M a 1  totraose 0 

I I I 

0 0 0 0 0 

0 0 0 0 0 

1 Haltose I 0 I 0 I 0 I ’  I l l /  I 
I I I I 

I I I 

Aldopentoses : Arablnose, rlbose.  XylOSe. 
Aldohexoses : Galactose, glucose, mannose. 

0 - separated / = impossible separatlon 
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1 

/ 

0 

265 

0 / 0 / 0 0 0 

0 / 0 / 0 0 0 

/ 0 0 / 0 0 0 

TABLE 15 Continued 

/ 

0 

0 / 0 / 0 0 0 

0 0 / 0 0 0 0 

/ 

' 0  

0 

' 0  

I / 0 / 0 0 0 

0 0 0 0 / 0 0 

0 0 0 0 0 / 0 

0 0 0 0 0 0 / 

Ketohexoses : Fructose, sorbose. 

6-deoxyaldohexores : fucose, rhamnose. 
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266 HEYRAUD AND RINALJDO 

Figure 33. Separation of maltodextrins (A )  and cellodextrins (3) 

by HPLC on Dextropak cartridqe (waters). Eluent : H20. 
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Figure  34. Chromatography of p a r t i a l l y  hydrolyzed amylose. Oligo-  

s a c c h a r i d e s  from a 15-min a c i d  h y d r o l y s a t e  of arnylose were a c e t y l a -  

ted and chromatographed. The d e g r e e  of p o l y m e r i z a t i o n  is i n d i c a t e d  

by numbers over  t h e  peaks.  About 3 .5  ueq of hexose w a s  i n j e c t e d  i n  

60 u l  ( 1 9 1 ) .  

been s e p a r a t e d  up t o  DP 30 on t w o  columns connec ted  i n  series and 

packed w i t h  Vydac r e v e r s e  phase o c t a d e c y l  s u p p o r t  ( F i g u r e  3 4 ) .  The 

experiment  was c a r r i e d  o u t  at 6 5 O C  and an e x p o n e n t i a l  g r a d i e n t  o f  

a c e t o n i t r i l e  i n  water (10-70 0 a c e t o n i t r i l e )  has  been r e q u i r e d .  

Suppor ts  for r e v e r s e  phase chromatography have been found of  g r e a t  

i n t e r e s t  i n  t h e  s e p a r a t i o n  of hydroxy a c i d s  ; this procedure  has  

been des igned  as an ion-pa i r  reversed-phase method. 

c/ Pa i red- ion  chromatography ( P . 1 . C . )  

Acid or b a s i c  canpounds a r e  d i s s o c i a t e d  i n  water s o l u t i o n .  Owing 

to  t h e  e q u i l i b r i u m  

(non- ionic  form) -> i o n i c  form ( 1 )  

i n  t h e  mobile  phase ,  the s o l u t e s  a r e  e l u t e d  i n  one broad peak and 

no s e p a r a t i o n  o c c u r s .  With pH adjus tments  t h e  e q u i l i b r i u m  can be  
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268 HEYRAUD AND RINAUDO 

modif ied towards t n e  non- ionic  form b u t  t h e  s t a t i o n a r y  phase has  

to b e  used w i t h i n  a s o l v e n t  pH range of 2-8 .  I n  g e l  permeat ion 

system hydroxy a c i d s  were w e l l  s e p a r a t e d  w i t h  5.10 M any S u f f e r  

as t h e  mobile phase ; a  s h a r p p e a k  is a l s o  o b t a i n e d  ( c n  a r d v e r s e  

phase  s u p p o r t )  b u t  t h e  s e p a r a t i o n  p r o c e s s  i s  not  based  upon I n t e r -  

a c t i o n s  s t a t i o n a r y  p h a s e - s o l u t e  b u t  on a s imply s i e v e  e f f e c t  and 

the d i f f e r e n c e s  i n  t h e  e l u t i o n  volumes do not  e n a b l e  t o  o b t a i n  

even p a r t i a l  s e p a r a t i o n s .  

- 2  

In the p a i r e d - i o n  chromatography method ( 1 9 2 ) ,  t h e  i o n i c  form cf 

t h e  s o l u t e  i s  suppressed  by a d d i t i o n  of an a p p r o p r i a t e  counte:ion 

to  t h e  e l u e n t  fo l lowing  t h e  e q u i l i b r i a  : 

- 
s u g a r  s u g a r  

+ 
Counter ion -2 Counter ion  ( 3 )  

Sugar- + counterion++-----, complex (4 :  

With an adequate  pH of  t h e  mobile  phase t o  p r o v i d e  maximum i o n i z a -  

tLon of  bo th  s u g a r  a c i d  and c o u n t e r i o n  and an excess  o f  t h i s  ccun- 

t e r i o n ,  t h e  e q u i l i b r i u m  ( 4 )  l i e s  to the r i g h t .  Hydroxy a c i d s  w i l l  

be  s e p a r a t e d  as n e u t r a l  complexes. I t  i s  obvious t h a t  complex s t a -  

b i l i t y  and t h u s  the r e t e n t i o n  t i m e  depend on t h e  pH of the  mobile  

phase  and t h e  n a t u r e  and t h e  c o n c e n t r a t i o n  of t h e  c o u n t e r i o n  used .  

A c t u a l l y ,  t h i s  method has  n o t  been f r e q u e n t l y  u t i l i z e d  f o r  sepa-  

r a t i o n s  o f  s u g a r  a c i d s .  O t o t a n i  (193) z s o l a t e d  d i s a c c h a r i d e s  pro-  

duced by t h e  enzymic d e g r a d a t i o n  c h o n d r o i t i n  s u l f a t e  on a C-18  

1-Eonddpak column e l u t e d  w i t h  0 .035  M tetrabutylammonium phosphate  

(pH 7 . 5 4 ) .  More r e c e n t l y ,  Lee ( 1 7 6 ) ,  u s i n g  a P a r t i s i l  10 ODS co- 

l u m n ,  s e p a r a t e d  s u l f a t e d  s u g a r s  t o o .  T h i s  s e p a r a t i o n  of  unsa turd-  

t e d  d i s a c c h a r i d e s  d e r i v e d  from heparan s u l f a t e  and n e p a r i n  has  

been performed w i t h  a methanol /water  mixture  (10/90) c o n t a i n i n g  

0.005 M tetrabutylammonium (pH 7.0)  as t h e  e l u e n t .  
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OLIGOSACCHARIDE FRACTIONATION 269 

G /  CARBCBYDRATE DETEmION I N  LIQUID CHROMATOGRAPHY. 

A few y e a r s  aqo,  when t h e  s e p a r a t i o n  of s a c c h a r i d e s  was performed 

on a c a r b o n - c e l i t e  column, the e l u e n t  was c o l l e c t e d  i n  s e v e r a l  

f r a c t i o n s  and t h e  o p t i c a l  r o t a t i n g  power of each was measured. 

Then, t n e  monitor ing of t h e  carbohydra te  c o n t e n t  of t h e  e f f l u e n t  

has  been automated by us ing  v a r i o u s  cont inuous  r e c o r d i n g  system. 

1 )  D e r e _ E l r ~ n , o f , _ s _ u s e ~ - ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~  
I n  t h e s e  sys tems,  s e p a r a t e d  c o n s t i t u e n t s  a r e  i d e n t i f i e d  by c o n t i -  

nuously adding  chemical  r e a g e n t s  t o  t h e  column e f f l u e n t  to  produce 

a c o l o r  or a n  e l e c t r o c h e m i c a l  r e a c t i o n  t h a t  can  be  d e t e c t e d  and 

q u a n t i f  l e d .  

- C o l o r i m e t r i c  method : 

Many p r o c e s s e s  are a v a i l a b l e  ; t h e  produced color is d e t e c t e d  w i t h  

a cont inuous  flow c o l o r i m e t e r  t h a t  measures the absorbance of  the 

r e a c t i o n  mixture  a t  a given  wavelength.  Anthrone c o l o r i m e t r y  O f f e r s  

carbohydra te  s p e c i f i c i t y  (194-195) b u t  a b s o r p t i o n  maxima vary  some- 

what for each s u g a r  and maximal c o l o r  development t imes  a l s o  de- 

pend on t h e  n a t u r e  of t h e  s u g a r .  I n  c o n t r a s t ,  p h e n o l - s u l f u r i c  a c i d  

r e a g e n t  i s  mare s u i t a b l e  and h a s  been e x t e n s i v e l y  used i n  v a r i o u s  

carbohydra te  a n a l y z e r s  (196-198) . The absorbance o f  t h e  r e a c t i o n  

mixture  i s  monitored a t  4 8 0  and/or  490 nm. The r e a c t i o n s  w i t h  or- 

c i n o l  (199-201) or c y s t e i n e  (2021, w i t h  an a b s o r p t i o n  maximum a t  

4 2 0  nm, g i v e  a l s o  s a t i s f a c t o r y  r e s u l t s .  Another i n t e r e s t i n g  system 

c o n s i s t s  of mixing t h e  carbohydra te  e l u t e d  from t h e  column o n l y  

w i t h  s u l f u r i c  a c i d  t o  produce UV - absorb ing  chromophores i n  t h e  

290-310 nm r e g i o n  (203). The a n i l i n e /  acet ic ,  o r t h o p h o s p h o r i c  a c i d  

r e a g e n t  can a lso be used ( 2 0 4 ) .  However, t h e s e  systems are cor ro-  

s i v e ,  so o t h e r  procedures  have been i n v e s t i g a t e d .  Non-corrosive dye , 

r e a g e n t s  f o r  d e t e c t i o n  of  reducing  s u g a r s  based  on t h e  format ion  of 

a deep lavender  copper  (I) complex o f  2 ,  2 '  b i c i n c h o n i n a t e  (205- 

205 b i s )  or t h e  r e a c t i o n  w i t h  an a l k a l i n e  s o l u t i o n  of t e t r a z o l i u m -  

b l u e  ( 8 7 )  have been a p p l i e d .  The absorbances a r e  measured a t  562 

nm and 520 nm, r e s p e c t i v e l y .  These methods are w e l l  a d a p t e d  f o r  t h e  
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270 HEYRAUD AND RINAUDO 

a n a l y s i s  of n e u t r a l  s u g a r s  b u t  f o r  t h e  colorimetric d e t e r m i n a t i o n  

of sugar  a l c o h o l s  a p e r i o d a t e  o x i d a t i o n  of  t h e  e l u a t e  is n e c e s s a r y  

( 7 9 ) .  The o x i d i z e d  p o l y o l s  g i v e  r i se  t o  formaldehyde w h l c k  i s  de- 

termined by the c o l o r  r e a c t i o n  w i t h  pentane  - 2 ,  4 d rone  a t  420 nm. 

As f o r  a c i d  s u g a r s ,  t h e  c a r b a z o l e  method has proved t o  b e  very 

e f f i c i e n t  ( 2 0 6 ) .  

- Elec t rochemica l  r e a c t i o n  : 

A method based on  c o n s t a n t  p o t e n t i a l  coulometry has  a l s o  been 

developed ( 2 0 6 ) .  Sugars  i n  t h e  e f f l u e n t  a r e  o x i d i z e d  by b a s i c  

f e r r i c y a n i d e  and t h e  produced f e r r o c y a n i d e  is d e t e c t e d  by elec- 

t rochemica l  o x i d a t i o n .  

- Fluorescence  moni tor ing  by an o x i d a t i v e  d e t e c t o r  : 

The r e a g e n t ,  cer ium (IV), can  be reduced t o  t h e  f l u o r e s c e n t  cer ium 

(111) by reducing  c a r b o h y d r a t e s .  The f l u o r e s c e n c e  g e n e r a t e d  1s 

d e t e c t e d  by a m i n i a t u r e  flow f luorometer  (208-209) ; t h e  s e n s i v i t y  

i s  b e t t e r  and t h e  r e s o l u t i o n  is more e f f e c t i v e  than  w i t h  a flow 

c o l o r i m e t e r  b u t  t h e  d e t e c t i o n  is l e s s  s p e c i f i c .  

All t h e s e  methods a r e  very s e n s i t i v e  b u t  t h e  post-column d e r i v a -  

t i z a t i o n  r e s u l t s  i n  peak broadening and t h e  r e a c t i o n s  a r e  time 

consuming. So, e x c e p t  f o r  t h e  r e a c t i o n  u s i n g  b l u e  t e t r a z o l i u m  

which has  been improved ( 2 1 0 ) ,  c o l o r i m e t r i c  methods a r e  u n s u i t a b l e  

f o r  h i g h  p r e s s u r e  l i q u i d  chromatography. 

2 )  Flame i o n i z a t i o n  d e t e c t o r  ( F . 1 . D . )  ................................. 
The d e t e c t i o n  i s  based on a d i r e c t  combustion of  s u g a r .  The s o l u t e  

cont inuous ly  w e t s  a t r a n s p o r t  sys tem,  t h e  s o l v e n t  is evapora ted  and 

the sugar  p a s s e s  i n t o  t h e  F . I . D .  where i t  is  burned and i o n i z e d  

(211-212) .  T h i s  system p o s s e s s e s  h i g h  s e n s i u v i t y ,  u n i v e r s a l  res- 

ponse, independence from t h e  chromatographic  p r o c e s s  and a wide 

l i n e a r  range ,  b u t ,  due to  d e g r a d a t i o n  of noble  metal c a r r i e r s  by 

caramel ized  and carbonized  s u g a r s ,  it i s  n o t  recommended f o r  L%e 

cont inuous  d e t e c t i o n  o f  c a r b o h y d r a t e s .  
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OLICOSACCHARIDE FRACTIONATION 2 7 1  

Another system of s u g a r  combustion h a s  been i n v e s t i g a t e d ,  a carbon 

a n a l y z e r  (2131, b u t  i t  h a s  never  been used i n  a cont inuous  p r o c e s s .  

These p r e v i o u s l y  d e s c r i b e d  systems a l t h o u g h  o f t e n  very s e n s i t i v e  

a r e  d e s t r u c t i v e  methods and i n  most cases are n o t  convenient  f o r  

high-speed l i q u i d  chromatography. So cont inuous  moni tor ing  methods 

i n c l u d i n g  the use  o f  a d i f f e r e n t i a l  r e f r a c t o m e t e r  and a n  u l t r a -  

v i o l e t  d e t e c t i o n  system have been t r i e d .  

3 )  D i f f e r e n t i a l  r e f r a c t o m e t e r s .  ........................... 
This  d e t e c t o r  is the most widely used i n  H.P.L.C. o f  c a r b o h y d r a t e s .  

The p r o c e s s  is based on cont inuous ly  monitor ing the d i f f e r e n c e  i n  

r e f r a c t i v e  index between t h e  p u r e  mobile  phase and t h e  e l u e n t  p l u s  

s o l u t e .  T h i s  method, a l though less s e n s i t i v e  t h a n  colorimetric de- 

t e c t i o n ,  i s  w e l l  adapted  t o  a n a l y s i s  of  s u g a r  chromatography (214) 

and has  the advantage o f  be ing  r e p r o d u c i b l e  and easy  t o  r u n .  How- 

e v e r ,  i m p o r t a n t  d i sadvantage  of  r e f r a c t i v e  index  d e t e c t o r s  are t h a t  

they a r e  d i f f i c u l t  to use wi th  g r a d i e n t  e l u t i o n  and they s u f f e r  

from a t o t a l  Lack o f  s p e c i f i c i t y  for s u g a r s  

4) v_l_travhole_Z-s_ee~tIo?lpg;ry 

Sugars ,  s u g a r  a l c o h o l s  and s u g a r  a c i d s  can be d i r e c t l y  d e t e c t e d  a t  

1 192 nm ( 2 1 5 ) .  T h i s  system i s  o f t e n  mare s e n s i t i v e  t h a n  d e t e c -  

t i o n  by r e f r a c t i v e  index b u t  t h e  i n t e n s i t y  depends s t r o n g l y  on t h e  

type  o f  e l u e n t  and above a l l  on i t s  p u r i t y  ( 2 1 6 ) .  T h i s  d e t e c t i o n  

can be  markedly improved by a pre-column d e r i v a t i z a t i o n  (167-169) .  

The d e r i v a t i v e s  are d e t e c t e d  a t  e i t h e r  230 or 254 nm w i t h  h i g h e r  

s e n s i t i v i t y .  However t h e r e  i s  t h e  inconvenience  o f  chromatographing 

t h e  sample i n  i t s  modi f ied  form, and secondary  p r o d u c t s  can  cause  

d i f f i c u l t i e s .  

I n  conclus ion ,  i n  modern l i q u i d  chromatography sys tems,  the d e t e c -  

t i o n  r e q u i r e s  a cont inuous  s e n s i t i v e  and r a p i d  p r o c e s s .  The t y p i -  

c a l  c h a r a c t e r i s t i c s  of t h e  mast widely used systems are g i v e n  i n  

Table  16. D e r i v a t i r a t i o n  be ing  u n s u i t a b l e ,  i t  i s  a c h o i c e  between 
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A 1  

1 

3 

F i g u r e  35. M a l t o d e x t r i n s  d e t e c t i o n  by coupl ing  1 : i f f e r e n t i a ;  

r e f r a c t o m e t r y  (A )  and o p t i c a l  r o t a t i o n  (B) a t  350 m. 

r e f r a c t o m e t e r  and u l t r a v i o l e t  spec t romet ry .  The la t te r  is more sen-  

s i t i v e  b u t  a c t u a l l y  r e f r a c t o m e t r y  remains the most used method i n  

t h e  a n a l y s i s  of  c a r b o h y d r a t e s .  By coupl ing  t w o  d i f f e r e n t  s y s t e m s ,  

improvements can be o b t a i n e d  n o t  i n  s e n s i t i v i t y  b u t  i n  s p e c i f i c i t y .  

For example, a r e f r a c t o m e t e r  and a p o l a r i m e t e r  i n  series (187) 

a l low t h e  i d e n t i f i c a t i o n  of  s u g a r  and non-sugar e n t i t i e s  and,  by 

a d d i t i o n  of  an i n t e r n a l  s t a n d a r d ,  ease of r e c o g n i t i o n  of t h e  chro-  

ina togram peaks ( F i g u r e  3 5 ) .  
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274  H E Y M U D  AND RINAUDO 

H/ APPLICATIONS 

Liquid  chromatography has  f o r  some years been a p p l i e d  i n  rzsearch  

work. I t  i s  becoming an impor tan t  a n a l y t i c a l  t o o l  f o r  fo l lowing  

p r e p a r a t i v e  s t 2 p s  and t o  a n a l y z e  t n e  p u r i t y  of  tr.e f i n a l  p r o d u c t .  

recal 

- 
wood 1 

Liquid  chromatography can be used t o  s e p a r a t e ,  c h a r a c t e r i z e ,  an3 

i d e n t i f y  r e a c t a n t s  o r  p r o d u c t s  of a lmost  any chemical  r e a c t i o n  and 

i s  v a l u a b l e  i n  e v e r y  area where carbohydra tes  a r e  p r e s e n t .  O n e  

s some o f  t h e  main f i e l d s  i n v e s t i g a t e d .  

Wood chemis t ry  : 

one of  t h e  few renewable n a t u r a l  r e s o u r c e s ,  is t h e  c h i e f  

_------_______ 

source  of i n d u s t r i a l  c e l l u l o s e .  Pulp ing  and p u r i f i c a t i c n  p r o c e s s e s  

produce wood p u l p  which becomes t h e  raw m a t e r i a l  t o r  t h e  rr,anLfa;- 

t u r e  of paper  and paperboard ,  r e g e n e r a t e d  c e l l u l o s e  and c e l i u l o s e  

d e r i v a t i v e s .  C e l l u l o s e ,  i n  t h e  form of wood p u l p ,  r~ sepdrated from 

the  d i g e s t i o n  l i q u o r s ,  bu t  t h e s e  l i q u o r s  c o n t a i n  &o,t 20 1 ot c a r -  

bohydra tes  ( x y l o s e ,  mannose, a r a b i n o s e ,  g a l a c t o s e ,  f r u c t o s e ,  aldo- 

n i c  and u r o n i c  a c i d s )  which a r e  l o s t .  

Chromatography OII i o n  exchange r e s i n s  h a s  been e x t e n s i v e l y  used i n  

wood i n d u s t r y  and t h e  chemis t ry  of  pu lp ing  p r o c e s s e s .  C l a s s i c a l  

a p p l i c a t i o n s  a r e  t h e  d e t e r m i n a t i o n  of sugars i n  s u l f i t e  waste 1i- 

quor  ( 2 1 7 - 2 2 3 )  and t h e  d e t e r m i n a t i o n  of t h e  s u g a r  u n i t s  p r e s e n t  i n  

p o l y s a c c h a r i d e s  i n  wood, wood p u l p  ( 2 2 4 - 2 2 7 )  and v a r i o u s  types  o f  

h e m i c e l l u l o s e  ( 2 2 8 - 2 3 0 ) .  Likewise,  a c t i o n  of c h l o r o u s  a c i d  on hydro-  

c e l l u l o s e  ( 2 3 1 )  and the e f f e c t  o f  a l k a l i n e  h y p o c h l o r i t e  i n  t h e  

b leaching  of  c e l l u l o s e  ( 2 3 2 )  have been i n v e s t i g a t e d  by ion-exchange 

chromatography. 

- K l O e t ~ E _ 1 9 " ' I L ~ g a T l o 9 ~ - ~ ~ - ~ ~ ~ ~ ~ ~ Y  dcaLes : 

C e l l u l o s e  s o u r c e s  produce wood p u l p ,  and wood pulp  can  be t r a n s f o r -  

med i n t o  news p a p e r s .  An enzymic h y d r o l y s i s  of  newspapers t o  r e c o v e r  

carbohydra tes  can be  performed and t h e  produced s u g a r s  have been 

analyzed by H . P . L . C .  on a u-Bondapak carbohydra te  column ( 2 3 3 ) .  
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The k i n e t i c  d a t a  a r e  r a p i d l y  a v a i l a b l e  and a l low improvements to  t h e  

p r o c e s s  f o r  c o n v e r t i n g  c e l l u l o s i c  wastes t o  u s a b l e  end p r o d u c t s  

( g l u c o s e ) .  So t h e  h i g h  p r e s s u r e  l i q u i d  chromatography system pro-  

v i d e s  a n  i n t e r e s t i n g  tool f o r  chemical  or enzymic k i n e t i c  s t u d i e s .  

Hydrolys is  o f  c e l l o d e x t r i n s  by c e l l o b i o h y d r o l a s e  h a s  been i n v e s t i -  

g a t e d  by Tsao ( 2 3 4 ) ,  and we have s t u d i e d  a c i d  h y d r o l y s i s  o f  o l i g o -  

s a c c h a r i d e s  by p o l y e l e c t r o l y t e s  and i o n  exchangers  ( 1 8 9 - 2 3 5 ) .  

- FE?d-ShSrnEtrY : 

Carbohydrate  i s  t h e  malor component o f  most human d i e t s ,  t h e r e f o r e  

t h e  a n a l y s i s  and c h a r a c t e r i z a t i o n  o f  food c a r b o h y d r a t e s  a r e  impor- 

t a n t ,  p a r t i c u l a r l y  w i t h  t h e  i n c r e a s e d  concern about  n u t r i t i o n  and,  

consequent ly ,  n u t r i t i o n a l  l a b e l i n g .  

This  sweetener  m a r k e t  is a mul t i -product  and m u l t i - i n d u s t r y  complex. 

Among t h e  a p p l i c a t i o n s  a r e  t h e  fo l lowing  : beverage i n d u s t r y  ( s o f t  

d r i n k s ,  m a l t ,  mal t  l i q u o r s ,  d i s t i l l e d  l i q u o r s ,  f l a v o u r i n g ) ,  baking 

i n d u s t r y ,  d a i r y  i n d u s t r y  ( i ce  cream, f rozen  d e s s e r t s ,  sweetened 

condensed milk and sweetened milk p r o d u c t s ) ,  canning i n d u s t r y  (can- 

ned food ,  b o t t l e d  o r  f r o z e n  f o o d s ,  jams, j e l l i e s ,  p i c k l e s  and p r e -  

s e r v e s )  , c o n f e c t i o n e r y  i n d u s t r y  (candy,  chewing-gum and c h o c o l a t e )  . 
The p r i n c i p a l  p r o d u c t s  g e n e r a l l y  inc luded  i n  t h i s  m a r k e t  are : 

s u c r o s e  sweeteners  ( c a m  and b e e t  s u g a r ) ,  s t a r c h  sweeteners  (dex- 

trose, c o n v e n t i o n a l  corn s y r u p ,  h igh  l e v u l o s e  corn  s y r u p ) ,  o t h e r  

c a l o r i f i c  sweeteners  (honey, maple syrup  and s u g a r  molasses, s u g a r  

cane s y r u p ,  r e f i n e r s  s y r u p s )  and non-ca lor ic  sweeteners  ( s a c c h a r i n  

and o t h e r s ) .  Classical  l i q u i d  chromatography, such as i o n  exchange 

r e s i n ,  has  been used f o r  e s t i m a t i o n  o f  s u g a r s  i n  b e e t  molasses ( 2 3 6 )  

o r  i n  w o r t  and b e e r  ( 2 3 7 )  and g e l  permeat ion chromatography h a s  

proved t o  be a u s e f u l  method f o r  a n a l y s i s  of g l u c o s e  s y r u p s  ( 2 3 8 ) .  

Meanwhile, t h e  advent  of  H.P.L.C. i n  r e c e n t  y e a r s  now a l l o w s  t h e  

r a p i d  c h a r a c t e r i z a t i o n  o f  s u g a r s  i n  v a r i e t y  o f  food matrices ( 2 3 9 -  

2 4 3 ) .  T h i s  method h a s  been a p p l i e d  w i t h  s u c c e s s  i n  t h e  brewing 

l a b o r a t o r y  ( 2 4 4 - 2 4 5 ) ,  f o r  t h e  a n a l y s i s  o f  d a i r y  p r o d u c t s  (246-248)  
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2 7 6  HEYRAUD AND RIXAL'DO 

and f o r  t h e  d e t e r m i n a t i o n  of  s imple  s u g a r s  and/or  s u g a r  a l c o h o l s  

i n  f r u i t  ( 2 4 9 - 2 5 0 )  o r  i n  sugar  cane ( 2 5 1 - 2 5 1  b i s )  ; even t h e  qdan- 

t i t a t i v e  a n a l y s i s  of  t h e  s u g a r  composi t ion of  s t a r c h  n y a r o l y z a t e s  

can be performed ( 2 5 2 ) .  These s e p a r a t i o n s  have been achieved  e i t h e r  

w i th u -Bond ap ak / carbohydra te  c 0 1 umn w i t h ace  t o  n i  t r i 1 e / w  a te r 31 x t u  r e 

a s  t h e  e l u e n t  or on c a t i o n  exchange columns a t  h igh  tempera ture  w i t ?  

water as t h e  mobile pnase.  

Another f i e l d  o f  food chemis t ry  i s  t h e  c e r e a l  chemis t ry .  Legumi- 

nous seeds  are i m p o r t a n t  p o t e n t i a l  p r o t e i n  s o u r c e s  for bot? numan 

consumption and animal f e e d .  T h e s e  seeds  c o n t a i n  c o n s i d e r a o l e  amo'mts 

of c a r b c h y d r a t e s  wnich are t h e  f l a t  s -producing  f a c t o r .  Thus, t h e  

carbohydra te  composi t ion of  v a r i o u s  legume seeds  h a s  been s t u d i e d ,  

f i r s t  by G.P.C.  on Bio-Gel ( 2 5 3 - 2 5 4  and now by H . P . L . C .  us ing  

d i f f e r e n t  s u p p o r t s  ( 2 5 5 - 2 5 8 )  . 

- Me_&cnL-cheELstrY 
The q u a n t i t i e s  of the c o n s t i t u e n t s  of a l l  p n y s i o l o q i c  f l u i d s  r e p r e -  

s e n t  p o t e n t i a l l y  u s e f u l  d i a g n o s t i c  i n f o r m a t i o n .  T h e r e f o r e ,  c a m o -  

h y d r a t e s  p r e s e n t  i n  blood and u r i n e  of  humans ( 2 5 9 - 2 6 1 )  and an imals  

( 2 6 2 )  have bean i n v e s t i g a t e d .  I t  has  been shown tha t  normal and pa-  

t h o l o g i c a l  states could  be .differentiated. Body f l u i d s  o f  normal 

subjects have a d e f i n a b l e  normal spectrum of  chemical  c o n s t i t u e n t s  

whereas v a r i o u s  p a t h o l o g i c  states can be a s s o c i a t s d  w i t h  a b n o r n a l  

v a l u e s  of one o r  more of t h e  c o n s t i t u e n t s .  

- P n l Y s s c c h a i ~ d e - r s r u E t ~ r ~ ~ - ~ ~ ~ ~ Y ~ L ~  
The s t r u c t u r e  o f  a p o l y s a c c h a r i d e  is g e n e r a l l y  e s t a b l i s h e d  a f t e r  

methyla t ion  and complete h y d r o l y s i s  ; t h e  monosaccharides  o b t a i n e d  

are d i - ,  tri- or t e t r a - m e t h y l a t e d  d e r i v a t i v e s  depending on i ts  

p o s i t i o n  i n  the c h a i n  and e x i s t e n c e  of branching  p o s i t i o n .  Up t o  

now, t h e  s e p a r a t i o n  and i d e n t i f i c a t i o n  of  t h e s e  d e r i v a t i v e s  were 
performed by g a s  chromatography a f t e r  d e r i v a t i z a t i o n  ( p r e p a r a t i o n  

of a l d i t o l  a c e t a t e  f o r  example) .  
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OLIGOSACCHARIDE FRACTIONATION 277 

NOW, H.P.L.C. a l l o w s  t h e  d i r e c t  s e p a r a t i o n  o f  t h e  monosaccharides  

p a r t i a l l y  methylated i n  water  o r  w a t e r h e t h a n o l  e l u e n t  ( 1 8 7 ) .  The 

anomers g i v e  t w o  peaks and i t  i s  g e n e r a l l y  convenient  t o - r e d u c e  

t h e  anomeric p o s i t i o n  before  chromatography ( F i g u r e  3 1 ) .  H.P.L.C. 

is a more r a p i d  technique  which can be adapted  t o  e v e r y  problem 

of s a c c h a r i d e  s e p a r a t i o n  and i d e n t i f i c a t i o n .  

- Other  a p p l i c a t i o n s  : __---------------- 
Ion exchange cnromatography h a s  been a l s o  adapted  to  a n a l y s i s  of 

s u g a r s  and u r o n i c  a c i d s  e x t r a c t e d  from marine sed iment  and sea- 

water  by v a r i o u s  h y d r o l y s i s  techniques  ( 2 6 3 1 .  Hydrolys is  e f f i c i e n -  

c i e s  of t h e  a c i d s  used can  g i v e  i n s i g h t s  i n t o  t h e  s o u r c e s  and t h e  

environment of  t h e  o r g a n i c  d e p o s i t .  

Recent ly ,  wi th  t h e  s h o r t a g e  o f  c o n v e n t i o n a l  s o u r c e s  o f  energy ,  t h e  

world t u r n s  towards the biomass,  and l i q u i d  chromatography seems 

t o  be an i m p o r t a n t  trumpcard f o r  improvements r n  t h e  f e r m e n t a t i o n  

p r o c e s s  u s i n g  sugar  j u i c e  and molasses .  

CONCLUSION 

This  work  is a review on l i q u i d  chromatography a p p l i e d  to  mono- and 

o l i q o - s a c c h a r i d e  s e p a r a t i o n s .  The p r i n c i p l e s  and main a p p l i c a t i o n s  

of g e l  permeat ion  chromatography ( G . P . C . ) ,  i o n  exchange chromato- 

graphy s o l i d - l i q u i d  and l i q u i d - l i q u i d  p a r t i t i o n  chromatography have 

been s u c c e s s i v e l y  r e c a l l e d  and s e p a r a t i o n s  of n e u t r a l  and i o n i c  

s a c c h a r i d e s  o r  t h e i r  d e r i v a t i v e s  have been d e s c r i b e d .  

G e l  permeat ion 1s an u s e f u l  method to  f r a c t i o n a t e  n e u t r a l  o l i g o -  

s a c c h a r i d e s  i n  w a t e r  o r  charged o l i g o s a c c h a r i d e s  i n  p r e s e n c e  of an 

e x c e s s  of a n e u t r a l  sa l t .  Ion exchange chromatography, e s p e c i a l l y  

i n  presence  of b o r a t e ,  a l lows  t h e  s e p a r a t i o n  of monosaccharides  

wi th  good s e l e c t i v i t y .  P a r t i t i o n  chromatography n e g l e c t e d  a l i t t l e ,  

becomes aga in  an a t t r a c t i v e  method w i t h  t h e  advent  o f  h i g h  p e r f o r -  

mance l i q u i d  chromatography ( H  .P . L .C.  ) . H .P . L.C. p r o v i d e s  a f a s t  
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HEYRAUD AND RINAUDO 

method and w i t h  t h e  r e c e n t  improvements i n  column technology very  

i n t e r e s t i n g  s e p a r a t i o n s  are o b t a i n e d  i n  a few minutes .  The g r e a t  

advantage of t h i s  method i s  the  avoidance o f  d e r i v a t i z a t i o n  and 

d i r e c t  o p e r a t i o n  with s o l u t i c n s  of mono- o r  o l i g o - s a c c h a r i d e s  , 
e s p e c i a 1 l y : r e v e r s e  phase l i q u d - l i q u i d  g a r t i t i o n  chromatography 

h a s  proved t o  be very s u i t a b l e  f o r  o l i g o s a c c h a r i d e  f r a c t i o n a t i o n s  

u s i n g  water  a s  e l u e n t ,  methyla ted  d e r i v a t i v e  q u a n t i t a t i v e  ana ly-  

sis or /and normal phase f o r  monosaccharide s e p a r a t i o n s  i n  water /  

a c e t o n i t r i l e  m i x t u r e s .  

I n  t h e  l a s t  p a r t  of  t h e  review,  t h e  methods of a e t e c t i o n  used a r e  

g i v e n  and f i e l d s  of a p p l i c a t i o n  o f  t h e  l i q u i d  chrornatograpny nave 

been summarized. C e r t a i n l y  new column packings  and new d e t e c t o r s  

w i l l  f u r t h e r  be  developed t o  e x t e n d  t h e  use of  H.P .L .C .  i n  t h e  

s a c c h a r i d e  f i e l d .  

T h i s  r e p o r t  i s  not  concerned wi th  t h e  a n a l y s i s  of p o l y s a c c m r i a e s  , 

the only  method a p p r e c i a b l e  i s  t h e  g e l  permeat ion chromatography 

under c l a s s i c a l  o r  h igh  p r e s s u r e  mode. For water s o l u b l e  polymers ,  

s i l i c a g e l s  or bonded s i l i c a  may be used b u t  a d s o r p t i o n  e x i s t s  ( 6  b,s). 

I n  a d d i t i o n ,  no s u p p o r t  is q u i t e  c o n v e n i e n t  f o r  hi3h p r e s -  

s u r e  chromatography so f a r .  I n  o r g a n i c  s o l v e n t s  hot% rnetk.ods a r e  

s u i t a b l e  but  o f t e n  t h e  chromatographic  a n a l y s i s  cannot  be p e r f o r -  

med u n l e s s  a v i s c o s i m e t r i c  d e t e c t o r  is adapted  i n  t n e  absence of 

a v a i l a b l e  s t a n d a r d s  of t h e  same polymers  t o  c a l i b r a t e  t h e  co lunns  , 

a development i n  t h i s  f i e l d  i s  now n e c e s s a r y  t o  complete  our  t o o l  

i n  s a c c h a r i d e  a n a l y s i s  by chromatographic  methods. 
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