
Composition of Milk Fat Globules with Increased 

Linoleic Acid 1 
LLOYD M. SMITH, DOUGLAS H. BIANCO, and WALTER L. DUNKLEY, Department 
of Food Science and Technology, University of California, Davis, California 95616 

ABSTRACT AND SUMMARY 
Comparisons were made of the composit ion and 

distribution of the lipids in fat globules from con- 
ventional milks and polyunsaturated milks produced 
by cows fed protected lipid supplement.  Washed 
creams were prepared from the milks of three indivi- 
dual cows fed a conventional  ration, and three fed a 
p ro tec ted  sunflower-soybean supplement rich in 
linoleic acid. The washed creams were fractionated by 
treatment  with sodium deoxycholate and centrifuga- 
tion. Each washed cream and four fractions (de- 
signated as outer globule membrane,  inner  membrane,  
pellet, and globule core) were analyzed for protein,  
lipid, phospholipid, cholesterol, tocopherols, caro- 
tenoids, and fatty acid composition. The outer and 
inner membrane fractions were further fractionated 
into neutral  and polar (phospholipid) lipid classes by 
thin layer-chromatography. For both types of washed 
cream the approximate weight distribution of total  
solids was: outer membrane,  1%; inner  membrane,  
2%; pellet, 0.1%; and core, 96%. The percentages of 
protein, phospholipid, cholesterol, and carotenoids 
were all lower in the polyunsaturated than in the 
conventional creams. In the polyunsaturated creams, 
the percentages of both  saturated and unsaturated 
ClS acids were higher, and of acids of C16 and 
shorter chain length lower, than in the conventional  
creams. The phospholipids in the outer and inner  
membranes from the polyunsaturated milks had 
larger proport ions of linoleic acid than did the phos- 
pholipids from the conventional  milks. However, this 
increase in unsaturat ion was less than that of the core 
neutral lipids. Pancreatic lipase hydrolysis of the core 
fractions showed that the increased linoleic acid was 
introduced preferentially at the 2-position of the tri- 
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FIG. 1. Schematic outline of fractionation of fat globules from 
conventional and polyunsaturated milks. The procedure is based on 
the action of sodium deoxycholate (DOC) on uncooled washed 
cream. See text for description of procedure. 

glycerides. In general, the observed changes in 
physical properties and in susceptibility of polyun- 
saturated milk to the development of oxidized flavor 
are consistent with the differences in the relative 
proportions of the various classes of lipids in the con- 
ventional and polyunsatura ted milks. 

INTRODUCTION 
The milk fat globule and the interfacial layer at its sur- 

face, known as the milk fat globule membrane (MFGM), 
continue to be of scientific and technological interest. The 
core of each globule consists mainly  of triglycerides where- 
as the MFGM includes a complex mixture of polar and 
neutral lipids, proteins, glycoproteins, enzymes, and trace 
elements. The origin, composit ion,  and structure of the 
bovine milk fat globule and its membrane have been re- 
viewed recently by Mulder and Walstra (1) and Brunner (2). 
These reviews point  out many areas where knowledge is still 
lacking. 

The fatty acid composi t ion of the globule glycerides is 
influenced by the composi t ion of the cow's diet (3). The 
feeding of vegetable oils protected by formaldehyde-treated 
protein results in the product ion of milk much higher in 
polyunsaturated fat ty acids than regular milk. This process 
and the production of foods from ruminants  with elevated 
content  of linoleic acid have been reviewed by McDonald 
and Scott (4). 

Little has been reported on effects of diet on the com- 
position and properties of the MFGM. Huang and Kuksis 
(5) found small quanti tat ive differences in phospholipids 
and neutral lipids of MFGM prepared from summer and 
winter milk. Anderson (6) fed coconut  oil in protected and 
unprotected forms. The protected supplement resulted in 
less MFGM and less neutral  fat in the MFGM but  propor- 
tions of individual phospholipids were unaffected. How- 
ever, Sleigh and Bufley (7) found increased levels of un- 
saturated fatty acids in MFGM phospholipids when cows 
were fed supplements of protected polyunsaturated vege- 
table oils. 

The objective of the present research was to study the 
changes in the lipids of the milk fat globule and its mem- 
brane when a protected lipid supplement  was fed to cows. 
This work was part of a broader project concerned with the 
production, processing, and human  acceptability of poly- 
unsaturated meat and milk products, conducted by several 
departments of the University of California, Davis (8-10). 

EXPERI MENTAL PROCEDU RES 

Samples 
Milk samples were the complete morning milking from 

each of six high-producing Holstein cows in the University 
herd. Three were on a convent ional  hay and grain ration, 
and three were being fed a complete milled ration con- 
taining hay, a grain concentrate mixture,  and a protected 
lipid supplement provided by Alta Lipids (USA) Ltd., 
Boise, ID. The supplement ,  equal to 35% of the total 
ration, contained a 7:3 mixture of sunflower seeds and soy- 
beans treated with formaldehyde generally in accordance 
with the Australian protected lipid process (11). 

132 
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Fractionation of Fat Globules 
Figure 1 outlines the principal steps in the procedure 

used to prepare washed cream and four fractions designated 
as outer fat globule membrane,  inner  membrane,  pellet, and 
globule core. Step 1 included the separation of cream from 
each individual uncooled milk without delay at 37 C, and 
the washing of the cream at the same temperature in a 
DeLaval cream separator, Model 518. Each cream was 
washed twice with a volume of buffer equal to the volume 
of skim milk discarded at the initial separation. The buffer 
was an aqueous solution of 0.25 M sucrose and 0.15 M 
sodium chloride buffer at pH 7 with 0.01 M sodium 
phosphate. 

In step 2, the washed cream was treated with sodium 
deoxycholate solution (DOC) as described by Hayashi and 
Smith (12) and by Erickson et al. (13). Briefly, 30 g ali- 
quots of washed cream were weighed into 50 ml centrifuge 
tubes and sufficient DOC solution was added to give 1% 
DOC in the aqueous phase of the washed cream. The mix- 
ture was held 1 hr at 37 C with gentle shaking. Under these 
conditions, DOC releases some of the membrane material 
from the outside of the fat globules. The mixture was 
centrifuged (Sorvall RC-2B, type SS-34 rotor) at 12,000 g 
for 30 rain at 37 C, and was then cooled to 0 C to solidify 
the flotation layer. Aqueous layers, containing the outer 
membrane fraction, and the pellets were collected sepa- 
rately and refrigerated unt i l  they could be analyzed. 

In step 3, the flotation layers were pooled, melted at 
60 C under nitrogen, and recentrifuged at 12,000 g for 30 
min at 40 C. After the tubes were chilled to 0 C, the white 
layer or inner  membrane fraction was scraped from the 
bot tom of the plug of solidified fat or globule core fraction. 

In step 4, the total  lipids in the fractions designated as 
outer membrane,  pellet, and inner  membrane,  were ex- 
tracted with chloroform-methanol  (2: 1, v/v) and nonlipid 
material was removed by part i t ioning between chloroform 
and methanol-water phases. Aqueous phases were saved for 
protein determinations.  Inner  and outer membrane lipids 
were separated into neutral  and polar fractions by prepara- 
tive thin layer chromatography. Narrow bands of the lipids 
were applied to prewashed Silica Gel G plates. Development 
was with diethyl ether-acetic acid (100: 1, v/v). The neutral 
and polar fractions were scraped off each plate and re- 
covered from the gel with chloroform-methanol (2:1, v/v). 

Analytical Methods 

The fractions analyzed included: washed cream, outer 
membrane,  pellet, inner  membrane,  and core. Protein con- 
tent  was estimated by the Biuret method of Torten and 
Whitaker (14). Lipid phosphorus was by the method of 
Smith et al. (15). Total tocopherols were extracted and 
determined by the colorimetric procedure of Low and 
Dunkley (16), and total carotenoids by absorptivity at 437 
nm (17). Cholesterol and major phospholipid classes (phos- 
p h a t i d y l  cholines, phosphatidyl ethanolamines, sphin- 
gomyelins) were determined essentially by the quantitative 
thin layer chromatographic (TLC) method of Blank et al. 
(18). A standard curve for each lipid class was run together 
with the sample on the same TLC plate to eliminate any 
variation in background density between plates. 

The composi t ion of the fatty acids in the various frac- 
tions was determined by gas chromatography of either 
methyl or butyl  esters. Fractions expected to contain ap- 
preciable phospholipids but  essentially no butyric acid 
(pellet, outer  and inner  membranes) were converted to 
methyl esters by the method of Metcalfe et al. (19). The 
mixture of esters was taken up in petroleum ether, washed 
with water, and then freed of cholesterol or other con- 
taminants  by TLC on silica gel G plates (20). The ester 
band was extracted from the gel with petroleum ether and 

d r i e d  w i t h  sodium sulfate. The gas chromatograph 
(Hewlett-Packard model 5700 A) was equipped with dual 
columns of stainless steel, 380 cm long X 0.32 cm ID 
packed with 10% Supelco SP-222-PS on 100/120 mesh 
Supelcoport. The inst rument  also had flame ionizat ion 
detectors (model 1871-A), an automatic  sampler (model 
7671-A), and a laboratory data system (model  3352-A). 
Samples were run isothermally at 190 C, with ni trogen 
carrier flow rate 20 ml/min. Results were quant i ta ted  by 
the data system after calibration with known standards 
(Supelco, Inc., Bellefonte, PAL 

Fractions expected to have short chain fat ty acids 
(washed cream, globule core, membrane neutral  lipids) were 
butyl  esterified by a procedure based on that  of  Parodi 
(21). The esters in petroleum ether were washed with dilute 
aqueous sodium chloride and dried with sodium sulfate, 
before being separated by gas chromatography. The column 
was 170 cm X 0.32 cm ID stainless steel packed with 15% 
EGSS-X on 100/120 mesh Gas-Chrom P (Applied Science 
Laboratories, State College, PA). Column temperature  was 
held 2 rain at 70 C, then was programmed at the rate of 4 
C/min to 180 C and held for 32 min. 

The method used for the pancreatic lipase hydrolysis of 
triglycerides was similar to that of Smith and Hardjo (22). 
Following hydrolysis, the original and residual triglyceride 
and residual monoglyceride fractions were buty la ted  and 
analyzed by gas chromatography by the procedures de- 
scribed above. 

RESULTS AND DISCUSSION 

Distribution of Components Among 
Washed Cream Fractions 

In interpret ing the results of the fract ionat ion scheme 
shown in Figure 1, it is assumed that  washed cream repre- 
sents the original milk fat globules, the core fract ion repre- 
sents the inside of the globules, and the combined  outer 
and inner  membranc and pellet fractions represent the 
original MFGM material. The distr ibution of total  solids, 
protein, lipid, phospholipid and cholesterol among the frac- 
tions obtained from conventional  and polyunsatura ted  
washed creams is shown in Table I. Results are expressed as 
percentage of each component  originally present in each 
washed cream. For both types of cream, the approximate 
distr ibution of total  solids by weight was: outer  membrane,  
1%; inner  membrane,  2%; pellet, 0.1%; and core, 96%. Most 
of the protein and phospholipid was found in the two 
membrane  fractions and in the pellet, whereas nearly all the 
total lipid and cholesterol was located in the core fraction. 
The outer  or DOC-released membrane from each washed 
cream accounted for 51% of the protein and 65% of the 
phospholipid initially present in the creams. This agrees 
with the composi t ion of the corresponding MFGM fraction 
isolated by Hayashi and Smith (12). The inner  or DOC- 
insoluble part of the MFGM const i tuted about  30% of the 
phospholipid and 12-22% of the protein in the original 
washed creams. The phospholipid value corresponds to that 
of Hayashi and Smith (about 35%) but  the amoun t  of pro- 
tein is low (average 17% vs. 32%). We concluded that the 
distr ibution of major lipid components  was similar among 
the fractions prepared from conventional  and polyunsatu-  
rated creams. 

Distribution of Constituents in Each Globule Fraction 

Protein, total  lipid and phospholipid percentages for 
each fraction f~om the two creams are compared in Table 
II. Polyunsaturated cream had significantly less protein and 
less phospholipid than did conventional.  This suggests that 
the MFGM of polyunsaturated milk is more susceptible to 
loss during the washing procedure or that there was less 
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TABLE I 

Distribution of Total Solids, Protein, Lipids, Phospholipids, and Cholesterol 
among Fractions Obtained from Conventional and Polyunsaturated Washed Creams 

Percent of total component a 

Fraction b Total solids Protein Lipid Phospholipid Cholesterol 

Washed cream c 
conventional 100 
polyunsaturated 100 

Outer membrane 
conventional 
polyunsaturated 

Inner membrane 
conventional 
polyunsaturated 

Pellet 
conventional 0.1 
polyunsat urat ed 0.1 

Core 
conventional 96 
polyunsaturated 93 

Total recovered 
conventional 100 
polyunsaturated 95 

100 100 100 100 
100 100 100 100 

1.1 50 0.6 68 1.3 
0.9 52 0.3 63 1.2 

1.9 12 1.9 26 2.2 
1.8 22 1.5 35 2.4 

4.5 <0.1 <0.1 
6.0 <0.1 <0.1 

98 0 101 
92 0 116 

66 100 94 104 
80 94 98 120 

aValues are means of three samples. 
bRefer to  Figure I and text for description. 
CWashed cream assumed to contain 100% of each component.  

TABLE II 

Gross Composition of Fractions Obtained from 
Conventional and Polyunsaturated Washed Creams a 

Protein, % of Lipid, % of  Phospholipid, 
Fraction total solids total solids % of  total lipid 

Washed cream 
conventional 1.4 99 0.5 
polyunsaturated 1.0 c 99 0.3 d 

Outer membrane 
conventional 54.3 45.7 55.4 
polyunsaturated 62.3 37.7 57.9 

Inner membrane 
conventional 8.3 91.7 5.0 
polyunsaturated 13.7 86.3 5.8 

Pellet 
conventional 84.5 16.0 43.5 
polyunsaturated 89.7 10.3 36.0 

Core 
conventional _b  100 b 0 
polyunsaturated _b  100 b 0 

aValues are means of three samples. 
bAssumed to be I 0 0 ~  neutral lipid. 
cp < 0.05. 
dp < 0.001. 

M F G M  p r e s e n t  or ig inal ly .  T h e  o u t e r  m e m b r a n e  for  e ach  
c r e a m  was a b o u t  55-60% p r o t e i n  w i t h  r e m a i n i n g  l ip id  be ing  
a b o u t  16-20% n e u t r a l  l ip ids  a n d  22 -25% p h o s p h o l i p i d .  T h e  
i n n e r  m e m b r a n e s  averaged  o n l y  11% p r o t e i n  w i t h  81-87% 
n e u t r a l  l ip ids  a n d  5% p h o s p h o l i p i d .  These  va lues  are l o w e r  
t h a n  t h o s e  f o u n d  b y  Hayash i  a n d  S m i t h  ( 1 2 ) f o r  a c o m p a r -  
ab le  f r a c t i o n .  H o w e v e r ,  in  t he  p r e s e n t  p r o c e d u r e ,  t he  i n n e r  
m e m b r a n e  f r a c t i o n  was c o n t a m i n a t e d  w i t h  n e u t r a l  l ip ids  
w h e n  i t  was  s c r a p e d  f r o m  t he  l o w e r  su r f ace  o f  t h e  g lobu le  
c o r e  f r a c t i o n .  T o t a l  sol ids  o f  t h e  pe l l e t s  f r o m  b o t h  c r e a m s  
were  m o s t l y  p r o t e i n  (85 -90%)  a n d  l ip id  ( I 0 - 1 5 % )  t h a t  was 
r i c h  in  p h o s p h o l i p i d .  Because  t he  co re  f r a c t i o n s  are all l ip id ,  
t h e y  were  n o t  e x t r a c t e d .  

D i s t r i b u t i o n  o f  t o t a l  cho l e s t e ro l ,  t o c o p h e r o l s ,  a n d  caro-  
t e n o i d s  is s h o w n  in  Tab le  III. C h o l e s t e r o l  c o n c e n t r a t i o n  p e r  
g r a m  o f  t o t a l  l ip id  was g rea tes t  in  t h e  o u t e r  m e m b r a n e ,  
w h e r e a s  t o c o p h e r o l s  a n d  c a r o t e n o i d s  were  c o n c e n t r a t e d  in  
t h e  c o r e  f r a c t i o n  o f  b o t h  t y p e s  o f  c ream.  

D i s t r i b u t i o n  o f  t h e  t h r e e  m a j o r  p h o s p h o l i p i d  classes in  
t he  o u t e r  a n d  i n n e r  m e m b r a n e  f r a c t i o n s  is g iven in  T a b l e  
IV. The  p e r c e n t a g e  o f  p h o s p h a t i d y l  c h o l i n e s  in  t h e  o u t e r  
m e m b r a n e  was less in  t h e  p o l y u n s a t u r a t e d  t h a n  in  t he  con-  
v e n t i o n a l  g lobules ,  b u t  d i s t r i b u t i o n  o f  the  p h o s p h a t i d y l  
e t h a n o l a m i n e s  a n d  s p h i n g o m y e l i n s  was s imilar .  

The  da t a  fo r  t he  o r ig ina l  w a s h e d  c r e a m s  (Tab les  II, I I I )  
s h o w  t h a t  t he  a m o u n t s  o f  p r o t e i n ,  t o t a l  p h o s p h o l i p i d ,  
cho le s t e ro l ,  a n d  c a r o t e n o i d s  were  all l o w e r  in  t h e  po ly -  
u n s a t u r a t e d  t h a n  in  t h e  c o n v e n t i o n a l  g lobules .  Tab le  IV  
ind ica t e s  t h a t  t h e  dec rease  in  p h o s p h o l i p i d  cou ld  be  a t t r i -  
b u t e d  to  a decrease  in  p h o s p h a t i d y l  cho l ine s  in  t h e  po ly -  
u n s a t u r a t e d  o u t e r  m e m b r a n e .  B i t m a n  e t  al. ( 23 )  r e p o r t e d  
n o  inc rease  in mi lk  fa t  c h o l e s t e r o l  f r o m  cows  fed  p r o t e c t e d  
i ipids desp i t e  large inc reases  in  s e r u m  cho les t e ro l .  T h e  rela-  
t ively h i g h e r  c o n c e n t r a t i o n  o f  c h o l e s t e r o l  in  t h e  o u t e r  
m e m b r a n e  o f  b o t h  c o n v e n t i o n a l  a n d  p o l y u n s a t u r a t e d  
globules  suggests  t h a t  i t  is i m p o r t a n t  t o  t h e  s t r u c t u r e  a n d  
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prope r t i e s  o f  t h e  MFGM.  
The  t o c o p h e r o l  c o n c e n t r a t i o n s  in washed  c ream and  

core f rac t ion  o f  a b o u t  25 #g /g  l ipid (Table III) were  similar 
to  t h o s e  o f  E r i ckson  et  al. (13)  w h o  f o u n d  a b o u t  20 #g/g  
lipid. We f o u n d  very  l o w  values (7.3 and  4.2 #g/g  l ipid)  fo r  
the  i n n e r  m e m b r a n e  f r ac t i on ,  and  the  a m o u n t  in the  o u t e r  
m e m b r a n e  was t o o  smal l  t o  measure ,  whereas  Er ickson  et  
al. f o u n d  t h a t  t o e o p h e r o l  was c o n c e n t r a t e d  in t he  lipid o f  
the  milk  fat  g lobule  m e m b r a n e .  This suggests t ha t  t he  labile 
t o c o p h e r o l s  a s soc ia t ed  w i t h  t h e  t w o  m e m b r a n e  f rac t ions  in 
our  s t u d y  were  e i t he r  largely r e m o v e d  by  washing  or  were  
ox id ized  p r io r  t o  assay.  P o l y u n s a t u r a t e d  milk is e x t r e m e l y  
suscept ib le  t o  a u t o x i d a t i o n .  

There  were  l o w e r  c o n c e n t r a t i o n s  of  ca ro t eno ids  in b o t h  
the  p o l y u n s a t u r a t e d  w a s h e d  c ream and core  f rac t ion  com-  
pa red  to  t he  c o n v e n t i o n a l  f rac t ions .  Austra l ian inves t iga tors  
made  the  s ame  o b s e r v a t i o n  (pe r sona l  c o m m u n i c a t i o n ) .  This  
e f fec t  is p r o b a b l y  due  to  t he  l o w e r  c o n t e n t  o f  c a ro t eno ids  
in t he  ra t ion  o f  c o w s  rece iv ing  the  p r o t e c t e d  l ipid supple-  
ment .  

Fatty Acid Composition of Globule Fractions 
F a t t y  acid c o m p o s i t i o n  o f  to ta l  l ipids f rom c o n v e n t i o n a l  

and p o l y u n s a t u r a t e d  c reams  and  co r r e spond ing  globule  
f rac t ions  is s u m m a r i z e d  in Table  V. Because a b o u t  98% o f  
milk  l ipid is in the  g lobule  core ,  the  c o m p o s i t i o n  o f  this  
f rac t ion  shou ld  be very  s imilar  to  t ha t  o f  washed  cream,  
and such  was the  case fo r  b o t h  types  of  globules.  In com-  
par ing c o n v e n t i o n a l  w i t h  p o l y u n s a t u r a t e d  f rac t ions ,  h ighly  
signif icant  increases  in l inole ic  (3 to  23%), oleic (20 to  
29%), and  s tear ic  (9 t o  17%) acids were f o u n d  in washed  

TABLE III 

Distribution of Cholesterol, Tocopherols, and Carotenoids 
in Fractions Obtained from Conventional 
and Polyunsaturated Milk Fat Globules a 

Cholesterol, Tocopherols, Carotenoids, 
Fraction mg/g lipid /zg/g lipid #g/g lipid 

Washed cream 
conventional 4.0 23.3 1.8 
polyunsaturated 2.8 b 2 S.2 1. I c 

O u t e r  membrane 
conventional 9.0 <0.1 <0.1 
polyunsat urat ed 9.3 < 0.1 <0.1 

Inner membrane 
conventional 4.2 7.3 <0.1 
polyunsaturated 4.4 4.2 <0.1 

Core 
conventional 4.0 26.0 1.7 
polyunsaturated 3.5 b 28.9 1.4 

aValues are means of three samples. 
bp < 0.01 
cp < 0.05. 

c r eam and  core  f r a c t i o n s _ C o m p e n s a t i n g  decreases  o c c u r r e d  
in t he  a m o u n t  o f  each  f a t t y  acid o f  less t h a n  18 c a r b o n s  in  
chain  length .  C o o k  et  al. (24)  r e p o r t e d  a larger inc rease  in 
l inoleic ,  no  change  in s tear ic ,  and  decrease  in oleic acid 
fo l lowing  feed ing  o f  a p r o t e c t e d  l ipid s u p p l e m e n t .  S u c h  
d iscrepancies  can  be e x p l a i n e d  in par t  by  d i f f e r ences  in 
degree o f  l ipid p r o t e c t i o n - i . e ,  if  our  s u p p l e m e n t  were  n o t  
as e f fec t ive ly  p r o t e c t e d  f r o m  rumina l  act ivi ty  as t h a t  o f  
C o o k  et  al., h y d r o g e n a t i o n  o f  s o m e  l inolea te  w o u l d  y ie ld  

TABLE IV 

Distribution of Major Phospholipid Classes in Membrane Fractions 
from Conventional and Polyunsaturated Milk Fat Globules a 

Percent of total phospholipid 

Fraction Phosphatidylcholines Phosphatidylet hanolamines Sphingomyelins 

Outer membrane 
conventional 25.0 32.0 27.0 
polyunsaturated 18.7 b 27.3 25.3 

Inner membrane 
conventional 24.7 30.7 19.7 
polyunsaturated 21.3 31.3 21.0 

aValues are maans of three samples. 
bp < 0.01. 

TABLE V 

Major Fatty Acid Composition of Total Lipids from Fractions Obtained from 
Conventional and Polyunsaturated Milk Fat Globules a 

Wt % fatty acids 

Washed cream Core Outer membrane Inner membrane 

Fatty acid cony. pelF. cony. poly. cony. poly. cony. poly. 

4:0 5.2 3.6 3.8 4.0 . . . .  
6:0 3.2 1.5 2.6 1.6 . . . .  
8:0 2.0 1.0 1.5 0.7 - -  - -  0 . 6  - -  

1 0 : 0  3.8 l.O 3.6 1.1 0.5 O.1 2.7 0.7 
12:0 4.2 1.0 4.2 1.1 1.3 0.2 4.1 1.0 
14:0 11.5 3.5 11.5 3.5 6.8 2.0 13.2 4.3 
14:1 2.1 0.4 2.1 0.4 1.3 0.3 3.5 0.5 
16:0 26.4 13.6 27.0 13.7 24.9 15.4 33.3 18.6 
16:1 3.0 1.3 2.9 1.3 2.6 1.1 3.1 1.6 
18:0 9.0 17.1 9.5 17.0 14.4 25.0 11.3 23.8 
18:1 20.1 29.3 20.8 29.5 30.2 28.8 20.7 29.6 
18:2 3.0 22.6 3.3 22.3 8.7 22.0 2.5 17.6 
18:3 1.1 1.9 1.2 1.7 1.1 1.3 0.7 1.0 

Longer 
chain + minor 5.4 2.2 6.0 2.1 8.2 3.8 4.3 1.3 

aValues are means of three samples of each fraction. 
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TABLE VI 

Fatty Acid Composition of  N e u t r a l  a n d  P o l a r  Lipids of M e m b r a n e  F r a c t i o n s  

Obtained f r o m  C o n v e n t i o n a l  a n d  P o l y u n s a t u r a t e d  Milk Fat Globules a 

VOL. 54 

Fatty acid 

Wt % of fatty acids b 

O u t e r  m e m b r a n e  I n n e r  m e m b r a n e  

Neutral Polar N e u t r a l  P o l a r  

c o n v .  p o l y .  c o n y .  p o l y .  c o n y .  p o l y .  c o n y .  poly. 

4:0 
6:0 1.0 
8:0 1.1 

10:0 3.6 
11:0 0.3 
12:0 5.2 
12:1 0.5 
14:0 13.3 
14:1 0.9 
15:0 3.1 
16:0 br 0.5 
16:0 32.7 
16:1 3.0 
17:0 1.1 
18:0 br 0.3 
18:0 10.3 
18:1 18.0 
18:2 2.3 
18:3 0.7 
19:0 0.6 
20:0 
20:1 0.3 
20:2 
22:0 
22:1 
23:0 
24:0 

- -  - -  - -  3.6 
0.6 -- -- 2.4 
0.4 -- -- 1.5 
1.2 0.1 -- 3.5 
- -  - -  - -  0.4 

1.5 0.4 0.1 4.2 
0.2 -- -- 0.1 
4.6 3.7 0.9 11.7 
0.2 0.3 -- 2.0 
0.9 1.0 0.3 1.4 
0.3 0.3 0.1 0.6 

18.6 18.0 11.2 27.7 
1 . 7  2 . 4  0 . 9  2 . 9  

0.5 0.9 0.4 1.2 
- -  0.4 0.1 0.5 

20.4 13.7 21.8 9.9 
28.7 36.0 28.8 20.2 
17.8 12.7 28.1 3.1 

1 . 1  2.0 2.5 1 . 2  

0.7 0.7 0.6 0.8 
- -  0.2 0.1 0.3 

0.2 0.5 0.5 0.1 
- -  0.4 0.2 - -  

- -  2 . 6  1 . 0  - -  

- -  2 . 3  1 . 0  - -  

- -  0 . 7  1 . 4  - -  

3.5 -- -- 
1.5 -- -- 
0.6 -- - -  

1 . 0  - -  - -  

0 . 1  - -  - -  

1 . 0  0 . 2  - -  

3.5 2.7 1.2 
0.4 0.1 0.2 
0.5 0.6 -- 
0.2 0.2 - -  

1 4 . 6  1 6 . 9  1 3 . 0  

1.3 2.2 1.0 
0.6 0.8 0.3 
0.1 0.3 -- 

20.0 16.1 27.4 
27.8 40.1 29.1 
20.8 12.1 22.6 

1 . 7  1 . 4  1 . 8  

- -  - -  0.6 
0.4 -- -- 
0.1 0.7 - -  

- -  0 . 3  - -  

- -  1 . 3  1 . 8  

- -  2 . 6  - -  

- -  0 . 7  0 . 2  

aRefer to Figure 1 and text for description. 
bValues are means of  three samples of each fraction. 

i nc reased  o lea te  a n d  s t ea ra t e .  
The  f a t t y  ac id  d a t a  fo r  t h e  m e m b r a n e  f r a c t i o n s  f r o m  

c o n v e n t i o n a l  g lobu les  agree  genera l ly  w i t h  t he  resu l t s  of  
H lad ik  and  F o r m a n  s u m m a r i z e d  b y  B r u n n e r  (2) .  C o m p a r e d  
t o  t h e  or ig inal  g lobules ,  b u t y r i c  t o  capr ic  acids were  a b s e n t  
o r  p r e s e n t  in  l o w e r  p e r c e n t a g e s  in t h e  m e m b r a n e  f r a c t i o n s  
o f  b o t h  c o n v e n t i o n a l  a n d  p o l y u n s a t u r a t e d  c reams .  C o m p a r -  
ing  p o l y u n s a t u r a t e d  co re  a n d  m e m b r a n e  f r ac t i ons  to  t he  
c o r r e s p o n d i n g  c o n v e n t i o n a l  f r ac t i ons ,  t he  p e r c e n t a g e s  o f  
C18 acids were  i n c r e a s e d  w i t h  c o m p e n s a t i n g  decreases  in  
C16 a n d  acids o f  s h o r t e r  c h a i n  l eng th .  A g rea te r  inc rease  
( + 1 9 % )  in  l inole ic  ac id  o c c u r r e d  in  t h e  co re  f r a c t i o n  o f  t h e  
p o l y u n s a t u r a t e d  g lobu l e s  t h a n  in t he  l ipids  o f  t h e  o u t e r  
( + 1 3 % )  and  i n n e r  ( + 1 5 % )  m e m b r a n e  f rac t ions .  F a t t y  ac id  
c o m p o s i t i o n s  o f  t h e  pe l l e t  f r a c t i o n  for  b o t h  t y p e s  o f  
g lobu les  were  a lso d e t e r m i n e d ,  b u t  are n o t  r e p o r t e d .  As 
m i g h t  be p r e d i c t e d ,  e a c h  p a t t e r n  c o r r e s p o n d e d  c lose ly  t o  
t h a t  o f  the  r e spec t ive  o u t e r  m e m b r a n e  f rac t ion .  

To  b e t t e r  l o c a t e  changes  in  t h e  l ipids  of  m i l k  fa t  g lobu le  
m e m b r a n e s  f r o m  the  t w o  t y p e s  o f  c ream,  t he  f a t t y  acid 
c o m p o s i t i o n s  o f  n e u t r a l  a n d  p o l a r  l ip id  s u b f r a c t i o n s  f r o m  
t h e  o u t e r  a n d  i n n e r  m e m b r a n e  f r ac t i ons  were  d e t e r m i n e d  
( T a b l e  VI).  T h e  n e u t r a l  a n d  p o l a r  s u b f r a c t i o n s  were  
p r e d o m i n a n t l y  t r i g lyce r ides  a n d  p h o s p h o l i p i d s ,  respec-  
t ively .  The  da t a  fo r  n e u t r a l  l ip ids  o f  c o n v e n t i o n a l  o u t e r  a n d  
i n n e r  m e m b r a n e s  c o r r e s p o n d e d  r e a s o n a b l y  w i t h  each  o t h e r ,  
w i t h  da ta  for  t h e  co re  f r a c t i o n  (Tab le  V),  a n d  w i t h  t h e  
r e su l t s  of  H lad ik  a n d  F o r m a n  as c i t ed  in B r u n n e r  ( 2 )  f o r  
t r ig lycer ides  o f  m i l k  fa t  g lobu le  m e m b r a n e .  T h e s e  resu l t s  d o  
n o t  s u p p o r t  t he  e x i s t e n c e  o f  a h igh  m e l t i n g  t r ig lyce r ide  
f r a c t i o n  as a c o m p o n e n t  o f  t he  M F G M  (25) .  

The  po la r  l ip ids  o f  c o n v e n t i o n a l  o u t e r  a n d  i n n e r  m e m -  
b r a n e s  h a d  f a t t y  ac id  c o m p o s i t i o n s  c o n s i s t e n t  w i t h  t h o s e  t o  
be  e x p e c t e d  f r o m  the  m i x t u r e s  of  p h o s p h o g l y c e r i d e s  a n d  
sph ingo l ip id s  p r e s e n t  in  M F G M  (26) .  T he  c o r r e s p o n d i n g  
p o l y u n s a t u r a t e d  p o l a r  l ip ids  h a d  h i g h e r  p e r c e n t a g e s  o f  l ong  

cha in  p o l y u n s a t u r a t e d  f a t t y  acids w i t h  c o m p e n s a t i n g  de- 
creases in  pa lmi t i c  a n d  s h o r t e r  c h a i n  acids.  The  p r e sence  o f  
such  h igh ly  u n s a t u r a t e d  p h o s p h o l i p i d s  in  the  o u t e r  m e m -  
b rane ,  readi ly  ava i lab le  t o  a t t a c k  b y  dissolved oxygen ,  is 
c o n s i s t e n t  w i th  t he  i n c r e a s e d  o x i d a t i v e  in s t ab i l i t y  of  po ly -  
u n s a t u r a t e d  milk.  

Triglyceride Structure of Globule Core 

Most  of  the  mi lk  fa t  t r i g lyce r ides  are loca ted  w i t h i n  t h e  
g lobule  core.  The  inc rease  in  t o t a l  C18 acids f r o m  a b o u t  
37% to  a b o u t  74% requ i r e s  c h a n g e s  in  the  i n t r a m o l e c u l a r  
d i s t r i b u t i o n  of  f a t t y  ac ids  in  t he  t r ig lycer ides .  The  re su l t s  
o b t a i n e d  w h e n  t h e  co re  t r i g lyce r ides  f r o m  c o n v e n t i o n a l  a n d  
p o l y u n s a t u r a t e d  g lobu les  were  a n a l y z e d  by  the  p a n c r e a t i c  
l ipase t e c h n i q u e  (22 )  are  g iven  in  Tab le  VII.  F o r  each  t y p e  
of  g lobule ,  t he  c o m p o s i t i o n  o f  t he  t r ig lycer ides  r e m a i n i n g  
a f t e r  l ipolysis  agreed  r e a s o n a b l y  w i t h  t h a t  o f  the  or ig ina l  
t r ig lycer ides .  These  r e su l t s  i n d i c a t e  t h a t  the re  was n o  sig- 
n i f i c an t  p r e f e r en t i a l  h y d r o l y s i s  a m o n g  t h e  var ious  t ypes  o f  
t r ig lycer ides  p r e sen t  (27) .  T h e  p r o p o r t i o n  of  each  f a t t y  acid 
at  the  2 -pos i t ion  in t he  t r i g lyce r ides  o f  each  fat ,  as calcu-  
l a t ed  b y  t he  m e t h o d  o f  M a t t s o n  a n d  V o l p e n h e i n  (28) ,  is 
also i n d i c a t e d  in Tab le  VII .  T h e o r e t i c a l l y ,  a value  of  3 3 . 3 %  
wou ld  i nd i ca t e  n o  p r e f e r e n t i a l  e s t e r i f i c a t i o n  of  a p a r t i c u l a r  
acid to  e i t h e r  t he  2 - p o s i t i o n  or  1 ,3 -pos i t ions ;  b u t  this  m a k e s  
n o  a l lowance  fo r  e x p e r i m e n t a l  e r ror .  We have c o n s i d e r e d  
t h a t  values wi th in  the  a r b i t r a r y  r ange  o f  28-38% suggest  
n o n p r e f e r e n t i a l  o r  r a n d o m  d i s t r i b u t i o n  (29) .  Less t h a n  2 8 %  
of  a pa r t i cu la r  f a t t y  ac id  e s t e r i f i ed  a t  t he  2 -pos i t ion  ind i -  
ca tes  t h a t  the  f a t t y  ac id  is l o c a t e d  p re fe ren t i a l l y  at  t he  
1 ,3-pos i t ion;  and ,  conve r se ly ,  m o r e  t h a n  38% at t he  2- 
pos i t i on  ind ica tes  p r e f e r e n t i a l  a t t a c h m e n t  at  t he  2 -pos i t ion .  

The  d i s t r i b u t i o n  p a t t e r n  o f  t h e  m a j o r  f a t t y  acids in  t h e  
c o n v e n t i o n a l  g lobules  agrees  gene ra l ly  w i t h  the  resul ts  o f  
F r e e m a n  et al. (27) ,  e x c e p t  t h a t  capry l i c  and  capric  acids 
were f o u n d  to  be  p r e f e r e n t i a l l y  e s t e r i f i ed  at  the  2 -pos i t ion .  
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TABLE VII 

Pancreatic Lipase Hydrolysis o f  Triglycerides f rom the  Core o f  
Convent ional  and Polyunsa tura ted  Milk Fat Globules  

Fa t ty  acid, mole  % 

Source 4:0  6:0 8:0 10:0 12:0 14:0 16:0  16:1 18:0 18:1 18:2 18:3  

Convent iona l  

Original t r iglycerides 7.9 4.4 2.4 5.1 5.2 13.7 28.1 2.4 8.0 18.6 2.9 1.2 
Residual  tr iglycerides 4.4 4.1 2.0 4.5 4.3 13.0 29.5 3.3 9.5 20.5 3.6 1.4 
Monoglycer ides  - 1.2 3.0 8.5 9.1 24.9 32.8 2.5 4.7 12.0 1.3 -- 
Percent acid at 2-posi t ion a - 9 41 56 58 61 39 34 20 21 16 -- 
Preferential  est er if icat ion -- 1,3- 2- 2- 2- 2- 2- none  1,3- 1,3- 1,3- -- 

Po lyunsa tu ra ted  

Original t r iglycerides 9.0 3.0 1.1 1.7 1.5 4 .4  14.2 :1.2 15.1 27 .0  20 .3  1.6 
Residual  tr iglycerides 5.3 2.5 0.9 1.2 1.2 4.0 14.4 2.0 16.0 28.7 21 .8  2.2 
Monoglycer ides  -- 0.9 1.6 3.2 3.0 8.8 18.6 1.4 10.7 25 .4  25.1 1.2 
Percent  acid at 2-posi t ion  a - 9 51 61 67 67 44 41 24 31 41 25 
Preferential  ester if icat ion - 1,3- 2- 2- 2- 2- 2- 2- 1,3- none  2- 1,3- 

aca lcu la ted  f rom M/3T x 100 = proport ion (percent)  o f  fa t ty  acid type  esterified at the  2-posi t ion,  where  
M is mole  percent  o f  the  acid in the  monoglycer ides  and T is mole  percent  of  the  same acid in the  original 
tr iglycerides.  

T h e  p a t t e r n  f o r  p o l y u n s a t u r a t e d  g l o b u l e s  s h o w s  t h a t  t h e  
a d d i t i o n a l  l i n o l e i c  a c i d  w a s  p r e f e r e n t i a l l y  i n t r o d u c e d  a t  t h e  
2 - p o s i t i o n .  A d d i t i o n a l  o l e i c  a c i d  w a s  a l so  i n t r o d u c e d  a t  t h e  
2 - p o s i t i o n  t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  t h i s  a c i d  t o  31%.  

I t  is i m p o r t a n t  to  r e c o g n i z e  t h a t  t h e  p a n c r e a t i c  l ipase  
t e c h n i q u e  g ive s  t h e  average c o n c e n t r a t i o n  o f  a p a r t i c u l a r  
f a t t y  a c i d  a t  p o s i t i o n s  1 a n d  3. S t e r e o s p e c i f i c  a n a l y s e s  ( 3 0 )  
h a v e  s h o w n  t h a t  b u t y r i c  a n d  c a p r o i c  a c i d s  a re  e s t e r i f i e d  
p r e f e r e n t i a l l y  a t  p o s i t i o n  3.  T h e  p r e s e n t  r e s e a r c h  h a s  
d e m o n s t r a t e d  t h a t  t h e  p r i n c i p a l  d i f f e r e n c e  in  t h e  pos i -  
t i o n i n g  o f  f a t t y  a c i d s  i n  p o l y u n s a t u r a t e d  m i l k  fa t ,  a s  
c o m p a r e d  t o  c o n v e n t i o n a l  m i l k  f a t ,  is  t h e  p r e f e r e n t i a l  
i n t r o d u c t i o n  o f  a d d i t i o n a l  l i n o l e i c  a n d  o le ic  a c i d s  a t  t h e  
2 - p o s i t i o n  o f  c o n s t i t u e n t  t r i g l y c e r i d e s .  T h i s  is in  a g r e e m e n t  
w i t h  M o r r i s o n  a n d  H a w k e  ( p e r s o n a l  c o m m u n i c a t i o n ) w h o  
f o u n d  t h e  o r d e r  o f  p r e f e r e n c e  f o r  p o s i t i o n a l  i n t r o d u c t i o n  o f  
l i n o l e i c  a c i d  as  2 ~ > 1 > 3  i n  t h e  t r i g l y c e r i d e s  o f  p o l y u n s a t u -  
r a t e d  m i l k  f a t .  
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