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THE RAPID DETERMINATION OF NEUTRAL SUGARS I N  BIOLOGICAL SAMPLES 

BY HIGH-PERFORMANCE L I Q U I D  CHROMATOGRAPHY 

Wi l l i am F. A l p e n f e l s ,  Roger A .  Mathews 
D .  E l a i n e  Madden, and A . E .  Newsom 

Redken L a b o r a t o r i e s ,  I n c .  
Department of Biochemistry 

6625 V a r i e l  Avenue 
Canoga Park,  C a l i f o r n i a  91303 

ABSTRACT 

A p rocedure  f o r  t h e  a n a l y s i s  of n e u t r a l  s u g a r s  i n  b i o l o g i c a l  
specimens i s  d e s c r i b e d .  The method e n t a i l s  a c i d  h y d r o l y s i s  of  t h e  
sample t o  l i b e r a t e  monosaccharides ,  which are s u b s e q u e n t l y  d e r i -  
v a t i z e d  w i t h  d a n s y l  hydraz ine .  The suga r -dansy l  hydrazones a r e  
s e p a r a t e d  and q u a n t i t a t e d  by h p l c  on a 5~ C18 RadialPak column 
w i t h  a g r a d i e n t  of  a c e t o n i t r i l e  i n  lo+ ammonium s u l f a t e  a t  pH 7 .  
F l u o r e s c e n t  d e t e c t i o n  of t h e  d e r i v a t i z e d  s u g a r s  p e r m i t s  100- fo ld  
i n c r e a s e d  s e n s i t i v i t y  compared t o  p r e v i o u s l y  pub l i shed  g l c  methods. 

Th i s  p rocedure  was a p p l i e d  t o  t h e  n e u t r a l  s u g a r  a n a l y s i s  of  
a g l y c o p r o t e i n  of known compos i t ion  ( t h y r o g l o b u l i n )  and t o  ha rd  
k e r a t i n  f i b e r s .  The l a t t e r  s u b s t a n c e  s e r v e d  a s  a model t o  c r i t i -  
c a l l y  e v a l u a t e  t h e  method on a h i g h l y  r e s i s t a n t  b i o l o g i c a l  m a t r i x  
c o n t a i n i n g  low c o n c e n t r a t i o n s  of  n e u t r a l  s u g a r s .  

INTRODUCTION 

A n a l y s i s  of  c a r b o h y d r a t e s  i n  b i o l o g i c a l  m a t e r i a l s  i s  a de-  

manding and t ime-consuming t a s k .  C l a s s i c a l l y ,  g a s - l i q u i d  chroma- 

tog raphy  ( g l c )  has  been used f o r  ca rbohydra t e  a n a l y s i s  of g lyco -  

p r o t e i n s .  S ince  s u g a r s  a r e  n o t  v o l a t i l e ,  t h e y  must f i r s t  be con- 

v e r t e d  t o  s u i t a b l e  v o l a t i l e  d e r i v a t i v e s .  These t e c h n i q u e s  u t i -  
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ALPENFELS ET AL. 1712 

l i z e  a l d i t o l  a c e t a t e s  (l), a l d o n i t r i l e  a c e t a t e s  (2), o r  t r i m e t h y l -  

s i l y l  e t h e r s  of methyl  g l y c o s i d e s  ( 3 ) ,  and a r e  l e n g t h y  p rocedures  

t o  complete ,  L iqu id  chromatography on ion-exchange columns w i t h  

post-column d e r i v a t i o n  ( 4 - 6 )  h a s  a l s o  been used .  While t h e s e  

p rocedures  p rov ide  adequate  s e n s i t i v i t y  f o r  t h e  d e t e c t i o n  of  0 .1  

v g  of c a r b o h y d r a t e ,  t hey  are compl i ca t ed  by t h e  n e c e s s i t y  f o r  

l a r g e  q u a n t i t i e s  of s t a r t i n g  m a t e r i a l ,  cumbersome volumes of 

h y d r o l y t i c  and p r e t r e a t m e n t  s o l u t i o n s  and,  i n  many c a s e s , m u l t i p l e  

peaks from d i s c r e t e  suga r  r e s i d u e s .  

A r e c e n t  t echn ique  ( 7 )  employs 5-dimethylamino-naphthalene 

su lphony l  (dansy l )  hydraz ine  t o  s e l e c t i v e l y  l a b e l  r e d u c i n g  s u g a r s  

and t h e  r e s u l t i n g  d e r i v a t i v e s  a r e  s e p a r a t e d  by high-performance 

l i q u i d  chromatography ( h p l c ) .  Th i s  p rocedure  i s  demonstrably 

more r a p i d  and s e n s i t i v e  t h a n  e a r l i e r  g l c  o r  h p l c  methods.  I n  

t h e  p r e s e n t  communication, w e  have a p p l i e d  t h i s  method t o  t h e  

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

( t h y r o g l o b u l i n ) ,  and t o  human ha rd  k e r a t i n  f i b e r s .  We show t h a t  

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

b i o l o g i c a l  m a t e r i a l s .  

MATERIALS AND METHODS 

S o l v e n t s ,  s t a n d a r d s ,  and h p l c  equipment have been d e s c r i b e d  

p r e v i o u s l y  ( 7 ) .  A c e t o n i t r i l e  w a s  purchased f r e s h  and s t o r e d  a t  

4 O C .  

Chemical Co. ( S t .  Lou i s ,  MO) .  Human ha rd  k e r a t i n  f i b e r s  were 

from a s i n g l e  donor .  The anion-exchange r e s i n  w a s  AGlx8 ( a c e t a t e  

Bovine t h y r o g l o b u l i n  (Type I) was purchased from Sigma 
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NEUTRAL SUGARS I N  BIOLOGICAL SAMPLES 1713 

form) 200/400 mesh from Bio-Rad L a b o r a t o r i e s  (Richmond, CA). 

Before u s e ,  t h e  resin w a s  conver ted  t o  t h e  carbonate  form by 

washing f i r s t  wi th  2 N  sodium carbonate  (200 ml) ,  t h e n  w i t h  water  

(200 ml) .  For  cat ion-exchange chromatography, AG50Wx8 (hydrogen 

form) 200/400 mesh r e s i n  (Bio-Rad) w a s  used a f t e r  p u r i f i c a t i o n .  

The r e s i n  was p u r i f i e d  by c o n v e r t i n g  it f i r s t  t o  t h e  sodium form 

and t h e n  back t o  t h e  hydrogen form ( 8 ) .  This  t rea tment  removed 

a n  u n i d e n t i f i e d  yel low subs tance  (probably  a r e s i n  d e g r a d a t i o n  

p r o d u c t ) ,  which i n t e r f e r e d  wi th  t h e  h p l c  s e p a r a t i o n .  The f i n a l  

product  w a s  suspended i n  two volumes of water  and 5ml was p i p e t t e d  

i n t o  a 1 x 30 cm chromatographic tube.  

Glycopro te ins  and k e r a t i n  f i b e r s  were hydrolyzed w i t h  1 N  o r  

2 N  H C 1  a t  100°C f o r  v a r i o u s  t imes ( s e e  F igures  2 and 4 ) .  A f t e r  

c o o l i n g ,  mal tose was added a s  a n  i n t e r n a l  s t a n d a r d .  The sample 

was n e u t r a l i z e d  by adding an excess  of A G 1  r e s i n  (carbonate  form, 

0 .5g p e r  e q u i v a l e n t  H+) and then  t r a n s f e r r e d  t o  a 1 x 30 cm 

chromatographic tube ,  whose o u t l e t  f e d  i n t o  t h e  cat ion-exchange 

column. A f t e r  r i n s i n g  t h e  columns wi th  l O m l  water ,  t h e  e f f l u e n t  

was d r i e d  on a r o t a r y  e v a p o r a t o r ,  then  r e d i s s o l v e d  i n  a small 

volume of water .  

The p r e v i o u s l y  d e s c r i b e d  procedure (7)  f o r  t h e  hplc  a n a l y s i s  

of reducing  sugars  was modif ied as fo l lows .  The sugar -dansyl  

hydrazone d e r i v a t i o n  product  ( 4 0 ~ 1 )  was d i l u t e d  only  7 .5- fo ld  

and used wi thout  Sep-Pak t r e a t m e n t .  For i n c r e a s e d  r e s o l u t i o n ,  

s e p a r a t i o n s  were performed on a RadialPak 5~ C18 c a r t r i d g e  

(0.8 x 10 cm) wi th  a 2 ml/min f low rate  and a c o n c e n t r a t i o n  
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1714 ALPENFELS ET AL. 

g r a d i e n t  of a c e t o n i t r i l e  ( s o l v e n t  B )  i n  l O q  ammonium s u l f a t e  

a t  pH 7 .  (The g r a d i e n t  was i s o c r a t i c  a t  22%B f o r  8 min,  i n c r e a s e  

l i n e a r l y  in 9 min t o  28X B ,  s t e p  t o  50% B f o r  5 min.)  These 

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

commonly found i n  mammalian g l y c o p r o t e i n s .  

RESULTS 

A t y p i c a l  s e p a r a t i o n  o f  s t a n d a r d  s u g a r - d a n s y l  hydrazones  i s  

shown i n  F i g u r e  1. The p rocedure  p r o v i d e d  b a s e l i n e  r e s o l u t i o n  of 

n e a r l y  a l l  d e r i v a t i v e s  ove r  a twen ty - fo ld  r ange  of s u g a r  concen-  

t r a t i o n s .  Daiisoic a c i d ,  a by-product  of t h e  d e r i v a t i o n  r e a c t i o n ,  

a p p e a r s  a t  t h e  f r o n t  o f  t h e  chromatogram. An u n i d e n t i f i e d  con- 

t aminan t  from t h e  d e r i v a t i o n  r e a g e n t  e l u t e s  a f t e r  x y l o s e .  It i s  

s u f f i c i e n t l y  r e s o l v e d  so  a s  n o t  t o  hamper t h e  q u a n t i t a t i o n  of 

x y l o s e .  Unreacted d a n s y l  h y d r a z i n e  i s  removed from t h e  column 

w i t h  50X a c e t o n i t r i l e ,  and e l u t e s  a f t e r  f u c o s e  ( n o t  shown).  

S e p a r a t i o n  of t h e  s u g a r  d e r i v a t i v e s  f rom a h y d r o l y s a t e  of 

t h y r o g l o b u l i n  i s  shown i n  F i g u r e  2 .  With ou r  sample p r e t r e a t m e n t  

scheme, t h e  hexoses  e l u t e  w i t h  no i n t e r f e r e n c e .  I f  p r e p a r a t i v e  

ion-exchange chromatography i s  o m i t t e d ,  a d d i t i o n a l  u n i d e n t i f i e d  

peaks appea r  which e l u t e  n e a r  g l u c o s e  and c o m p l i c a t e  t h e  r e s u l t s  

( d a t a  n o t  shown).  

Kecovery of n e u t r a l  s u g a r s  from t h y r o g l o b u l i n  h y d r o l y s a t e s  

i s  shown i n  F i g u r e  3 .  Four  hour s  h y d r o l y s i s  produced l i n e a r  

r e c o v e r i e s  of e a c h  hexose independen t  of t h e  g l y c o p r o t e i n  

c o n c e n t r a t i o n .  Fucose,  however,  r e q u i r e d  a s h o r t e r  h y d r o l y s i s  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



NEUTRAL SUGARS I N  BIOLOGICAL SAMPLES 1715 

i 
P 
1 . 1 . 1 ,  

0 10 2 0  
MIN. 

FIGURE 1. Chromatographic s e p a r a t i o n  of s tandard  sugar-dansyl  
hydrazones. Condi t ions f o r  s e p a r a t i o n  as d e s c r i b e d  
i n  t e x t .  Detec tor  was Schoef fe l  FS970 S p e c t r o f l u o r o  
Monitor ( e x c i t a t i o n  wavelength, 240nm; emiss ion  longpass  
f i l t e r ,  550nm; range,  0 .2  PAFS; s e n s i t i v i t y ,  42%; t i m e  
c o n s t a n t ,  2.5 s e c ) .  Sample was 1 nmole each s t a n d a r d :  
m l t ,  mal tose ;  g a l ,  g a l a c t o s e ;  g l c ,  g l u c o s e ;  man,mannose; 
x y l ,  xy lose ;  f u c ,  fucose .  

time (1 hour) t o  o b t a i n  a l i n e a r  recovery.  The c o n c e n t r a t i o n  

of each sugar  i n  t h i s  t h y r o g l o b u l i n  sample i s  g iven  by d e t e r -  

mining t h e  s l o p e  of t h e  a p p r o p r i a t e  curve  (Table  1). 

To demonstrate  t h e  s e n s i t i v i t y  and v e r s a t i l i t y  of  our  

method, i t  was a p p l i e d  t o  t h e  a n a l y s i s  of  n e u t r a l  s u g a r s  i n  
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FIGURE 2 .  Sugar d a n s y l  hydrazones from a t h y r o g l o b u l i n  h y d r o l y s a t e  
( 4  h r  a t  100°C i n  2 m l  1N HC1). 
d e s c r i b e d  i n  F i g u r e  1. 

C o n d i t i o n s  a s  

ha rd  k e r a t i n  f i b e r s .  Human h a i r  p rov ided  a n  i d e a l  model f o r  

t h e  a n a l y s i s  of small amounts of s u g a r  i n  a r e s i s t a n t  b i o l o g i c a l  

m a t r i x .  F i g u r e  4 shows a chromatogram of t h e  suga r -dansy l  

hydrazones produced from a k e r a t i n  h y d r o l y s a t e .  Even though t h e  

s u g a r s  were p r e s e n t  i n  v e r y  low c o n c e n t r a t i o n s  i n  k e r a t i n  f i b e r s ,  

t h e r e  was s t i l l  no obse rvab le  i n t e r f e r e n c e  from p e p t i d e  o r  

me lan in  by-products  formed d u r i n g  h y d r o l y s i s .  
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FIGURE 3 .  P r o p o r t i o n a l  r e c o v e r y  of n e u t r a l  s u g a r s  f rom v a r i o u s  
amounts of t h y r o g l o b u l i n  hydrolyzed i n  1 ml 1 N  HC1 a t  
100°C ( f u c o s e  f o r  1 h r . ,  remainder  for 4 h r . )  Each 
p o i n t  i s  t h e  mean o f  3 d e t e r m i n a t i o n s .  

TABLE 1 

C o n c e n t r a t i o n  of N e u t r a l  Sugars  i n  Bovine Thyrog lobu l in  

Saccha r ide  C o n c e n t r a t i o n  

Found * Keported ** 
(?moles p e r  g) 

Gal ac t o s e  6 6 . 4  72 

Mannose 79.9 128  

Fucose 2 3 . 1  24 

Glucose 3 1 . 4  ..- 

7k - from t h e  s l o p e s  of t h e  c u r v e s  i n  F i g u r e  3 by l i n e a r  
r e g r e s s i o n  a n a l y s i s  

** - Refe rence  ( 9 )  
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WHOLE HAIR 
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FIGURE 4 .  Separa t ion  of t h e  sugar-dansyl  hydrazones from a hard 
k e r a t i n  f i b e r  hydro lysa te  ( 2  h r  a t  100°C i n  2 r n l  1N HC1). 
Chromatographic c o n d i t i o n s  a s  d e s c r i b e d  i n  F igure  1. 

The k i n e t i c s  of sugar  r e l e a s e  from k e r a t i n  f i b e r s  i s  shown 

Maximal r e l e a s e  was obtained a t  2 hours .  i n  F igure  5 .  

i n  2 N  HC1 was more e f f e c t i v e  i n  r e l e a s i n g  s a c c h a r i d e  from k e r a t i n  

than  lower c o n c e n t r a t i o n s  of H C 1  ( d a t a  n o t  shown). As w i t h  

thyroglobul in ,  recovery of s u g a r s  from t h e  hydro lysa tes  w a s  l i n e a r  

and independent of k e r a t i n  c o n c e n t r a t i o n  (F igure  6 ) .  

conten t  of hard k e r a t i n  f i b e r s  was r e a d i l y  determined from t h e  

s l o p e s  of  t h e s e  curves  (Table 2 ) .  

Hydrolys is  

The sugar  
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i \  r \  
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0 4 8 1 6  
Heating Time (hr) 

FIGURE 5. Rate of hydrolysis of neutral sugars from hard keratin 
fibers in 2 ml 2N H C 1  at 100°C. 
dansyl hydrazones in triplicate; chromatographic 
conditions as in Figure 1. 

Analyzed as their 

I 

0 20 40 60 
Hair Weight (mg) 

FIGURE 6. Proportional recovery of neutral sugars from human hard 
keratin fiber hydrolysates (2.5 h at 100°C in 2 ml 
2N HC1). Each point is the mean of 3 determinations. 
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1720 ALPENFELS ET AL. 

TABLE 2 .  

Concent ra t ion  of Neut ra l  Sugars i n  Hard K e r a t i n  F i b e r s  

Saccharide Concent ra t ion  ;k 

(pmoles per  g) 

Galactose 0.53 

Manno s e 1.18 

Glucose 0 . 3 4  

* - from t h e  s l o p e s  of t h e  curves  i n  F igure  6 by l i n e a r  
r e g r e s s i o n  a n a l y s i s  

DISCUSSION 

I n  a previous manuscr ip t ,  w e  demonstrated t h a t  n e u t r a l  sugars  

commonly found i n  mammalian t i s s u e s  c a n  be s e p a r a t e d  and q u a n t i -  

t a t e d  by hplc  of t h e i r  dansyl  hydrazone d e r i v a t i v e s  ( 7 ) .  This  

method o f f e r s  g r e a t l y  increased  speed,  v e r s a t i l i t y ,  and s e n s i t i v i t y  

of d e t e c t i o n  over prev ious ly  publ i shed  methods (1-6) .  Glc methods 

f o r  sugar  a n a l y s i s  c u r r e n t l y  i n  u s e  (1-3) a r e  some 100-fold less 

s e n s i t i v e  than  our p r e s e n t  method and r e q u i r e  many more hours  t o  

complete ( 7 ) .  The v e r s a t i l i t y  of  our method i s  demonstrated by 

not ing  t h a t  previous methods of a n a l y s i s  r e q u i r e  mg amounts of 

g l y c o p r o t e i n  s t a r t i n g  m a t e r i a l  ( 1 - 4 ) ,  whereas w e  c h a r a c t e r i s t i c a l l y  

use lo@ of g l y c o p r o t e i n  f o r  h y d r o l y s i s  and d e r i v a t i o n .  Trace 

de te rmina t ions  (e .g .  i n  k e r a t i n  sugar a n a l y s i s )  can accomodate 

s e v e r a l  mg of p r o t e i n  wi thout  i n t e r f e r e n c e .  
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I n  t h e  p r e s e n t  communication, we have improved t h e  r e s o l u t i o n  

of g a l a c t o s e ,  g lucose  and mannose dansyl  hydrazones by us ing  a 

5r C18 column. 

a c e t o n i t r i l e ,  t h e  5~ C18 column a l s o  gave improved e f f i c i e n c y  f o r  

xy lose  and fucose .  These l a t e  e l u t i n g  s u g a r s  can  now be 

q u a n t i t a t e d  w i t h  even g r e a t e r  s e n s i t i v i t y  and accuracy than  was 

p r e v i o u s l y  r e p o r t e d  ( 7 ) .  

I n  conjunct ion  wi th  a s p e c i f i c  g r a d i e n t  of 

It  i s  worthwhile not ing  t h a t  t h e  i n t e g r i t y  of t h e  a c e t o n i t r i l e  

i s  c r u c i a l  t o  t h e  success  of our  method. By s t o r i n g  t h e  s o l v e n t  

a t  4OC, we have insured  i t s  i n t e g r i t y  f o r  p e r i o d s  i n  e x c e s s  of 6 

months. When s t o r e d  a t  room temperature  f o r  p e r i o d s  more t h a n  a 

few weeks, d e l e t e r i o u s  e f f e c t s  on our chromatographic s e p a r a t i o n s  

were r e p e a t e d l y  observed.  While we have not  i n v e s t i g a t e d  t h e  

source  of t h i s  e f f e c t ,  i t  seems l i k e l y  t h a t  a decomposi t ion 

product  from t h e  a c e t o n i t r i l e  a l t e r s  t h e  r e t e n t i o n  of a d e r i v a t i o n  

by-product and thereby  d i s r u p t s  t h e  chromatogram. 

observed t h a t  t h e  e f f e c t  i s  u s u a l l y  r e v e r s i b l e ,  but  on one o c c a s i o n  

has i r r e v e r s i b l y  a l t e r e d  the  s t a t i o n a r y  phase.  

We have 

Thyroglobul in  served i n  t h e  c r i t i c a l  e v a l u a t i o n  of t h i s  

procedure f o r  g l y c o p r o t e i n  a n a l y s i s .  The l i n e a r  c o r r e l a t i o n s  

obta ined  i n  F igure  3 demonstrate  t h a t  t h i s  method provides  

q u a n t i t a t i v e  r e s u l t s .  Galac tose  and fucose  were found (Table  1)  

i n  c o n c e n t r a t i o n s  s i m i l a r  t o  r e p o r t e d  va lues  f o r  c a l f  thyroglobul in ,  

whi le  mannose gave two- th i rds  of t h e  r e p o r t e d  l e v e l s  ( 9 ) .  I f  

h y d r o l y s i s  c o n d i t i o n s  were opt imized,  t h e  mannose c o n t e n t  may 

r e a c h  r e p o r t e d  v a l u e s .  However, a f t e r  one hour h y d r o l y s i s ,  we 
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have r e c o v e r e d  2 /3  of  t h e  mannose l i b e r a t e d  i n  f o u r  h o u r s  of  

h y d r o l y s i s .  T h i s  s u g g e s t s  t h a t  w e  a r e  a p p r o a c h i n g  t h e  o p t i m a l  

h y d r o l y s i s  t ime w i t h  one hour  h e a t i n g .  More l i k e l y ,  t h i s  

p r e p a r a t i o n  of  t h y r o g l o b u l i n  p r o b a b l y  c o n t a i n s  a lower c o n c e n t r a -  

t i o n  of mannose. S i n c e  t h y r o g l o b u l i n  d o e s  not n o r m a l l y  c o n t a i n  

g l u c o s e  (9), t h e  p r e s e n c e  of  a s i g n i f i c a n t  amount o f  g l u c o s e  

i n d i c a t e s  t h e  p r e s e n c e  of  c o n t a m i n a n t s  i n  t h e  commerc ia l ly  

a v a i l a b l e  t h y r o g l o b u l i n  sample.  

I n  t h e  q u a n t i t a t i v e  c a r b o h y d r a t e  a n a l y s i s  of  any sample ,  

c o n d i t i o n s  must be op t imized  f o r  t h e  h y d r o l y t i c  re lease o f  e a c h  

component s u g a r .  The d i i f e r e n t  h y d r o l y s i s  t imes r e q u i r e d  f o r  

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

f u c o s e  t o  a c i d  h y d r o l y s i s .  I n  f a c t ,  t h e  b i m o l e c u l a r  n a t u r e  of 

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

dependency obse rved  f o r  i t s  r e c o v e r y  a f t e r  f o u r  hour s  of  

h y d r o l y s i s  (10 ) .  

Hard k e r a t i n  f i b e r s  p r e s e n t  a c h a l l e n g i n g  s u b j e c t  f o r  

c a r b o h y d r a t e  a n a l y s i s .  The t e n a c i t y  o f  t h e  k e r a t i n  p r o t e i n  

s t r r i c t r i r e ,  i t s  low c a r b o h y d r a t e  c o n t e n t ,  and t h e  p r e s e n c e  of 

v a r i o u s  pigments  i n t r o d u c e  s p e c i a l  c o m p l i c a t i o n s .  However, 

we have shown t h a t  t h e  a p p l i c a t i o n  of t h i s  p r o c e d u r e  overcomes 

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

demons t r a t e  t h a t  o u r s  i s  t h e  method of c h o i c e  f o r  t h e  a n a l y s i s  

of.  n e u t r a l  s u g a r s  i n  b i o l o g i c a l  mater ia l s .  
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