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M a i l l a r d  polymers  were p repa red  from D--glucose-1 and -6-14CY 
14 14 g l y c i n e - 1  and -2- C, as w e l l  as C-1 and methyl-  C me th ion ine ,  

and t h e  a c t i v i t i e s  of t h e  i s o l a t e d  polymers  measured as a 

f u n c t i o n  of t i m e .  

i n c o r p o r a t e d  a t  t h e  l o w e s t  l e v e l s ,  w i t h  &-glucose - carbon atoms a t  

t h e  h i g h e s t  l eve ls .  The d a t a  s u p p o r t  t h e  c o n c l u s i o n s  t h a t  carbon 

d i o x i d e ,  produced d u r i n g  t h e  M a i l l a r d  r e a c t i o n ,  arises from C-1 of 

t h e  amino a c i d s ,  bu t  a l s o  s u g g e s t s  t h a t  o t h e r  ca rbons  of t h e  amino 

a c i d s  may c o n t r i b u t e  as w e l l .  

I n  both cases, C-1 of t h e  amino a c i d s  were 

INTRODUCTION 

The r e a c t i o n  of r e d u c i n g  s u g a r s  w i t h  amino a c i d s  o r  p r o t e i n  
2 t o  produce brown polymers  was o r i g i n a l l y  d e s c r i b e d  by M a i l l a r d .  
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364 FEATHER AND HUANG 

The M a i l l a r d  r e a c t i o n ,  s i n c e  t h e  o r i g i n a l  r e p o r t ,  h a s  been t h e  

s u b j e c t  of numerous s t u d i e s ,  and, more r e c e n t l y ,  s e v e r a l  symposia 

h a v e  been h e l d  on t h e  ~ u b j e c t . ~ , ~  

t u t i o n  of M a i l l a r d  polymers  are n o t ,  a t  p r e s e n t ,  w e l l  understood.  

S u b s t a n t i a l  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  e a r l y  phase of t h e  re- 

a ~ t i o n . ~  

1-amino-1-deoxy-2-ketose (Amadori compound). 

are known t o  undergo d e h y d r a t i o n  i n  a c i d i c  s o l u t i o n  ( w i t h  l o s s  of 

t h e  amine s u b s t i t u e n t )  t o  g i v e  d i c a r b o n y l  i n t e r m e d i a t e s ,  2 - fura lde-  

hydes and o t h e r  r e a c t i v e  molecules .  

c o n t r i b u t e  t o  polymer formation.  Furthermore,  t h e  amino a c i d  may 

undergo S t r e c k e r - t y p e  d e g r a d a t i o n s  t o  g i v e  carbon d i o x i d e  and 

r e a c t i v e  a l d e h y d e s ,  t h u s  r e s u l t i n g  i n  t r a n s a m i n a t i o n  r e a c t i o n s .  

The e x a c t  o r i g i n  and c o n s t i -  

I n i t i a l l y  a n  a l d o s e  reacts w i t h  an  amino a c i d  t o  g i v e  a 

Amadori compounds 6 

Such compounds p r o b a b l y  

R e c e n t l y  i n  t h i s  l a b o r a t o r y , '  M a i l l a r d  polymers  a r i s i n g  from 

t h e  r e a c t i o n  of &-glucose, g l y c i n e ,  and meth ionine  were prepared  

and s t u d i e d .  The r e s u l t s  s u g g e s t  t h a t  t h e  polymer c o n t a i n s  ( i n  

p a r t )  t h e  amino a c i d  carbons  (as e v i d e n c e d  by I3C NMR), n i t r o g e n  

( d e r i v e d  from t h e  amino a c i d )  and carbon atoms d e r i v e d  from t h e  

sugar .  E l e m e n t a l  a n a l y s e s  show t h a t  t h e  polymers  cor respond i n  

e m p i r i c a l  formula  t o  s u g a r  p l u s  amino a c i d  minus about  t h r e e  

moles  of water. 
2 I n  h i s  e a r l y  papers ,  M a i l l a r d  o b s e r v e d  C02 p r o d u c t i o n  

d u r i n g  t h e  r e a c t i o n  and,  s i n c e  t h a t  t i m e ,  i t s  o r i g i n  h a s  been t h e  

s u b j e c t  of  s e v e r a l  s t u d i e s .  

g l u c ~ s e - g l y c i n e - l - ~ ~ C  system, c o l l e c t e d  t h e  14C02 d u r i n g  t h e  

r e a c t i o n  and concluded  t h a t  t h e  CO2 e v o l v e d  w a s  almost e n t i r e l y  

d e r i v e d  from t h e  c a r b o x y l  group of  g l y c i n e .  On t h e  o t h e r  hand, 

Stadtman and co-workers9 found (us ing  s imilar  e x p e r i m e n t a l  

t e c h n i q u e s )  t h a t  a p p r e c i a b l e  q u a n t i t i e s  of C02 from s u g a r  s o u r c e s  

w e r e  p r e s e n t  i n  t h e  e v o l v e d  C02. 

Wolfrom and co-workers,8 u s i n g  a Q- - 

While  t h e  e x p e r i m e n t a l  t e c h n i q u e s  used i n  t h e  above  s t u d i e s  

were s i m p l e  and s t r a i g h t f o r w a r d ,  t h e y  g a v e  c o n f l i c t i n g  r e s u l t s  

and,  f u r t h e r m o r e ,  p r o v i d e  no i n f o r m a t i o n  r e l a t i v e  t o  carbon atoms 

t h a t  are a c t u a l l y  i n c o r p o r a t e d  i n t o  t h e  polymer. 

r e p o r t s  some r a d i o c h e m i c a l  d a t a  on M a i l l a r d  polymers  prepared  

T h i s  paper  
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MAILLARD POLYMERS 365 

u s i n g ,  r e s p e c t i v e l y ,  J-glucose-1- and -6- 14 C, as w e l l  as  g l y c i n e  
-1 and -2- 14 C, and C-1 and methyl  -14C methionine.  

- 

EXPERIMENTAL 

Materials and Methods. 

amino a c i d s  were o b t a i n e d  from Amersham Corpora t ion ,  A r l i n g t o n  

He igh t s ,  I l l i n o i s .  

s p e c i f i c  a c t i v i t y  of approx ima te ly  50 mCi /mol  and w e r e  

d i s s o l v e d  i n  0.25 mL of water. P r i o r  t o  u s e  t h e  samples  were 

d i l u t e d  t o  abou t  5.0 mL w i t h  p h t h a l a t e  b u f f e r .  R a d i o a c t i v e  

s a m p l e s  were counted by combustion, u s i n g  a Packard model 306 

o z i d i z e r .  

u s i n g  a Beckman s c i n t i l l a t i o n  coun te r .  

R a d i o a c t i v e  g-glucose-1 and -6-14C, and 

The 14C-labeled s t a r t i n g  materials a l l  had a 

The 14C02 was c o l l e c t e d  i n  Carbasorb and t h e n  counted 

P r e p a r a t i o n  of 14C Labeled M a i l l a r d  Polymers.  

p rocedure  was t h e  same f o r  each  experiment .  

bottomed f l a s k  was added 4.5 g. (0.025 mo1es)of - - D-glucose,  0.025 

m o l e s  of amino a c i d ,  and 1 O . O v C i  of i s o t o p i c a l l y  l a b e l e d  suga r  

o r  amino  a c i d  ( i n  1 mL o f  p h t h a l a t e  b u f f e r ,  pH 3.5). 

a d d i t i o n a l  24 mL of b u f f e r  w a s  added,and t h e  s o l u t i o n  w a s  

brought  t o  r e f l u x .  

of t h e  f l a s k  were t r a n s f e r r e d  t o  a d i a l y s i s  bag (nominal 

m o l e c u l a r  weight  c u t o f f  = 6,000 - 8,000 d a l t o n s ) ,  d i a l y z e d  f o r  

t w o  d a y s  a g a i n s t  1 L o f  water (2 changes) ,  and t h e n  a g a i n s t  

runn ing  t a p  water f o r  f i v e  days. 

n o n - d i a l y z a b l e  M a i l l a r d  polymer w a s  t h e n  f r e e z e  d r i e d ,  and a 10- 

mg sample w a s  combusted and counted. 

The e x p e r i m e n t a l  

To a 50-mL round 

An 

A t  t h e  end of t h e  r e a c t i o n  t i m e ,  t h e  c o n t e n t s  

The s o l u t i o n  c o n t a i n i n g  t h e  

RESULTS AND DISCUSSION 

The c o l l e c t e d  d a t a  are p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  1 

( f o r  a r e a c t i o n  i n v o l v i n g  g l y c i n e )  and F i g u r e  2 ( f o r  a r e a c t i o n  

i n v o l v i n g  methionine).  
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Fig. 1. Radiochemical a c t i v i t i e s  of polymers prepared  from, D- 
g l u ~ o s e - 6 - ' ~ C  (o), -l-14C (A) and glycine-l-14C (a), -2- 1 4- C 

(A) as a f u n c t i o n  o f  r e a c t i o n  t i m e .  

F ig .  2. Radiochemical a c t i v i t i e s  of polymers prepared from 
D-g l~cose - f j -~~C (O) ,  - d 4 C  (A) and methionine -1- 14 C (a), 
-methyl -l C (A) as a func t ion  of r e a c t i o n  t i m e .  
- 
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MAILLARD POLYMERS 367 

The d a t a  s u g g e s t  t h a t  t h e  p o l y m e r i z a t i o n  r e a c t i o n  is v e r y  

complex. I n  both cases, t h e  c a r b o x y l  ca rbon  of t h e  amino a c i d  is 

i n c o r p o r a t e d  a t  t h e  l o w e s t  l e v e l s .  

s u g g e s t i o n s ,  t h a t  a S t r e c k e r  d e g r a d a t i o n  may be a f e a t u r e  of 

such r e a c t i o n s  and s u p p o r t s  t h e  c o n c l u s i o n s  t h a t  t h i s  ca rbon  is a 
12 major c o n t r i b u t o r  of e v o l v e d  CO2 i n  such  r e a c t i o n s .  Holtermand 

conducted expe r imen t s  r e l a t i v e  t o  whether S t r e c k e r  d e g r a d a t i o n s  

occur  d u r i n g  t h e  M a i l l a r d  r e a c t i o n s  and,  i n  some cases, was a b l e  

t o  d e t e c t  a l d e h y d e s  r e s u l t i n g ,  presumably,  from t h e  

d e c a r b o x y l a t i o n  of amino a c i d s .  He w a s  n o t ,  however,  a b l e  t o  

d e t e c t  formaldehyde i n  r e a c t i o n s  i n v o l v i n g  g l y c i n e  and d i d  n o t  

i n c l u d e  methionine i n  h i s  s t u d i e s .  The f a c t  t h a t ,  i n  both cases, 

bo th  of t h e  l a b e l e d  amino a c i d  ca rbon  atoms are i n c o r p o r a t e d  a t  

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

noteworthy. 

o c c u r r i n g ,  which would re lease CI4-labe l e d  v o l a t i l e  a1 dehydes,  

some o f  which c o u l d  e scape  from t h e  r e a c t i o n  and t h u s  n o t  be 

c o m p l e t e l y  i n c o r p o r a t e d  i n t o  t h e  polymer. 

T h i s  s u p p o r t s  p r e v i o u s  

T h i s  i s  a l s o  c o n s i s t e n t  w i t h  a S t r e c k e r  d e g r a d a t i o n  

It is clear from p r i o r  s t u d i e s  as w e l l  as from t h e s e  d a t a  

t h a t  t h e  fo rma t ion  of M a i l l a r d  polymers  p r o b a b l y  i n v o l v e s  a 

m u l t i p l i c i t y  of r e a c t i o n s  and t h a t  S t r e c k e r  d e g r a d a t i o n s  c o u l d  

w e l l  be a f e a t u r e  of such d e g r a d a t i o n s .  
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