
Internal Structure of Casein Micelles from Bovine Milk 
DYSON ROSE and J. ROSS COLVIN 

Division of Biosciences, National Research Council, Ottawa, Ontario, Canada 

Abstract 

The internal structure of casein micelles 
frmn bovine milk has been reinvestigated. 
Observations from electron microscopy, 
X-ray diffraction, and enzymatic digestion 
of the micelles followed by centrifugation 
suggested that electron-dense particles in 
the micelles are probably granules of col- 
loidal calcium phosphate and not protein 
aggregates. These granules are embedded 
in a surrounding matrix of caseins to form 
the micelle. The loci of formation of the 
calcium phosphate granules may be either 
the ester phosphate groups or the e-amino 
groups of lysine. 

The internal structure of casein mieelles is 
not easily seen in the electron microscope, but 
Shimmin and Hill  (12) have published photo- 
graphs indicating the presence of electron- 
dense, approximately spherical particles, about 
100 A in diameter, embedded in the matrix 
within the micelle. They interpret  these photo- 
graphs as evidence for the presence of electron- 
dense protein aggregates of about 300,000 mo- 
lecular weight in the mieelles, but do not discuss 
the composition of the matrix. However, the 
presence of colloidal calcium phosphate in ca- 
sein micelles (9), the high electron-density of  
the particles, and comparison of Shimmin and 
Hill 's  electron micrographs with those from 
calcifying collagen (3) suggest that the electron- 
dense particles may be composed of calcium 
phosphate, embedded in a matrix of protein. 
We have, therefore, attempted to identify the 
material which forms the electron-dense par-  
ticles by a) X-ray diffraction studies of casein 
mieelles with and without colloidal calcium 
phosphate, h) comparative electron microscopy 
of casein mieelles with and without colloidal 
calcium phosphate, and c) enzymatic digestion 
of the orotein components of the micelles, sedi- 
mentation of the remaining particles, and analy- 
sis of the resulting pellet? 

Materials and Methods 

For  examination by X-ray diffraction, san> 
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The possibility that these ~mrticles were 

osmium-stained fat was excluded by analyses of 
freeze-dried and ethanol-dried mice]les; less than 
0.1% fat was present. 

ples of fresh skimmilk and of milk from which 
colloidal calcimn phosphate had been removed 
(see below) were added drop by drop to liquid 
nitrogen. The frozen pellets were then dried 
under vacuum and the friable, powdery resi- 
dues packed as firmly as possible into l-ram 
glass capillary tubes espeeial!y manufactured 
for X-ray diffraction. Wide-angle X-ray diffrae- 
tion patterns were obtained from the samples 
with a Hilger-Watts  microfocus instrument and 
a North American Philips micro-camera. With 
nickel-filtered copper Ka radiation , the expo- 
sure times were 18-23.5 hr at  40 kv and 350-400 
p,a. 

For  electron microscopy, the mieelles in fresh 
skimmilk from a Holstein herd were fixed by 
osmium tetroxide and progressively dehydrated, 
according to the method of Shimmin and Hill  
(12) (in some tests the crystal of osmium tel- 
roxide was put directly into the milk). Follow- 
ing dehydration, aliquots of the sample were 
embedded in methacrylate, in Epon, or in Aral-  
dire by standard methods (7). Sections were 
cut with a glass knife on a Cambridge ultra- 
microtome (A. F. Huxley pattern) and sup- 
ported on holey carbon films for examination in 
the electron microscope. The instrument used 
was a Philips Model 100 C. 

Colloidal calcium phosphate was removed 
frmu milk by the method of Pyne and 3/[cGann 
(10) and micelles of this milk were prepared 
for examination in the electron microscope, as 
above. 

In  a further test, sections of milk micelles 
were prepared for electron microscopy, then 
the grids carrying these sections were immersed 
in a phosphate-citrate buffer, p H  6 0, for I or 
2 hr (0/01 5~ in phosphate;  0.003 5~ in citrate 
ion) and rinsed in distilled water. This proce- 
dure should dissolve exposed eateium phosphate, 
but it is important to remember that it will not 
dissolve calcimn phosphate which is wholly 
surrounded by the embedding medium nor will 
it  dissolve protein impregnated with the em- 
hedding medium. 

To obtain protein-free calcium phosohate 
particles from milk, fresh normal skimmilk 
was digested by ~mpain and alkaline phospha- 
tase as follows: Backer;a} a}kaline phosphatase 
(0.2 ml, Worthington Biochemical Corporation 
BAP-C6137) and a suspension of crystals of 
papain (1 nil, Nutritional Biochemical Corpo- 
ration 1-196R) were added to 25 ml of fresh 
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skimmilk. To the mixture, 0.5 g of cysteine 
hydrochloride was added gradually, while main- 
taining the original pII  of the milk, in order 
to activate the papain. The complete suspension 
was then placed in a Visking cellulose dialysis 
sac and dialyzed for 3 hr at 35 C against 1 liter 
of the same skimmilk, to maintain the p i t  and 
reduce the concentration of products of diges- 
tion which might have reduced the activity of 
the enzymes. After digestion, the sample was 
centrifuged overnight at 105,000 g (Spineo no. 
40 head, 40,000 rpm) and the pellet collected 
for examination in the electron microscope and 
for an ash determination. 

For observations on the size and stmpe of 
whole lnicelles in individual milks, the samph,s 
of fresh skimmilk were diluted 1 vol to 50 ol' 
0.01 a~ CaCl., and glass microscope slides (lipped 
into the suspension. After drying in a vertical 
position on filter paper, the surface of the slide 
covered with the dried residues was dipped into 
0.4% formvar in ethylene dichloride and the 
fihn allowed to dry. The formvar fihns were 
stripped from the slide to the surf'ace of 10% 
aqueous anmmnium hydroxide, the solution un- 
der the fihn replaced by distilled water until the 
pI-I was reduced to 6, the fihns removed, 
mounted, and shadowed by standard techniques 
(7). 

Results 

X-ray diffraetion. X-ray diffraction patterns 
obtained from the normal skimmilk sample and 
the colloidal-phosphate-free sample after expo- 
sure for 18 and 23.5 hr, respectively, are shown 
in Figure 1. Two (perhaps three) faint reflec- 
tions are discernible in the pattern from the 
normal skinunilk sample which are not present 
in the pattern from the colloidal-phosphate-free 
milk. However, the greater part of the scatter- 
ing from both samples is clearly due to amor- 
phous material, such as the protein of the 
mieelles or the lactose of the milk serum. Col- 
loidal calcium phosphate is present to the ex- 
tent of only 4 to 6% of the casein mieelles (2), 
therefore represents less than 2% of' the dried 
material in these samples. In addition, fresh, 
hydrated (uncaleined) calcium phosphate or 
apatite is known to give diffuse X-ray reflec- 
tions (1). Lack of a distinct difference between 
the pattern for normal milk and colloidal- 
phosphate-free milk probably results from these 
factors, and there~:'ore gives no indication of 
the crystalline form or size of the colloidal 
ealcimn phosphate in the micelles of normal 
milk. 

Electron microscopy of sections of ~ i lk  mi- 
celles. Casein micelles were readily observed in 

~IG. ]. Debye-Seherrer X-ray diffraction powder 
diagrams of a) lyophilized normal skimmilk, ex- 
posure 18 hr; b) lyophilized colloidal-phosphate- 
free skimmilk, exposure 23.5 hr. 

all milk preparations studied, but they all had 
ill-defined edges, particularly in very thin sec- 
tions (Figure 2, bottom), and only a moderate 
electron-density. Close examination of micelles 
embedded in Epon or Araldite gave some evi- 
dence of an internal structure consisting of 
electron-dense particles and a less dense matrix, 
but contrast between particles and matrix was 
not great, and the size range of the particles 
was such that they blend into the normal granu- 
lation of an enlarged photograph. However, 
particles approaching 100 A in diameter were 
observed (arrows in Figure 2). No such par- 
ticles were observed in micelles embedded in 
methae~wlate. 

Examination of micelles from which the cal- 
cium phosphate had been removed failed to 
give unequivocal evidence concerning the ex- 
istence or nature of the electron-dense particles. 
Contrast between the micelles and background 
was less in these electron micrographs (Figure 
3) than in those of normal milk (Figure 2), 
and the edges of the micelles were even less 
distinct. Granulation (electron-dense particles ?) 
was much less pronounced in these micelles 
than in those of normal nfilk, but was present 
to a greater extent than can be explained on the 
basis of residual colloidal calcium phosphate. 

Sections prepared for electron microscopy, 
then washed in phosphate-citrate buffer (cf. 
Methods) appeared quite similar (Figure 4) 
to those of nornml casein mieelles (Figure 2). 
However, close examination of these photo- 
graphs reveals the preseuce of both electron- 
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Fro. 2. Thin sections of different thickness of 
normal milk micelles fixed in osmimn tetroxide 
and embedded in Epon. Note the small electron- 
dense particles within the micelles, the lack of a 
definite boundary to the micelles, and the electron- 
density of the matrix surrounding the small par- 
tic]es. Note also tha t  the relative contrast  of the 
particles ~o the matr ix is no bet ter  in the lower 
photograph ( thinner section) than in the upper 
photograph (thicker section). The arrows point to 
groups of particularly distinct particles. 

dense par t ic les  (F igu re  4, a a r rows)  and  of 
spots  hav ing  less e lec t ron-densi ty  than  the  sur-  
r o u n d i n g  ma t r ix  (F igu re  4, b a r rows) .  This 
suggests  t ha t  some exposed, pa r t i cu la t e  mater ia l ,  
p re sumab ly  the electron-dense part icles ,  has  
been dissolved by the buffer,  leaving empty  
spaces in the embedding  medium ( E p o n ) .  

Since the  insoluble calcium p h o s p h a t e  con- 
ten t  of  milk can be increased by ra i s ing  the  p i t  
of  the  milk, i t  a p p e a r e d  possible t ha t  some of 
the calcium p h o s p h a t e  thus  fo rmed  migh t  ap-  
p e a r  as a surface  deposi t  on the micelles. The 
micelles f rom milks ad jus ted  to p H  8.0 wi th  
sodium or  calcium hydroxide  were, therefore ,  
fixed in osmium tetroxide,  according to the 

FIG. 3. A thin section of Epon-embedded col- 
loidal phosphate-free milk micelles. Note the lack 
of contrast of the micelles as compared to those 
in Figure 2, and the more uniform distribution of 
tim electron-scattering power of the nmterial  
within the micellcs. 

method of  Sh immin  and  Hi l l  (12) ,  embedded 
in Epon ,  and  examined.  The electron micro- 
g r a p h s  showed no evidence of any  deposi t  on 
the mieelle surfaces  an d  no evidence fo r  the  
site of  deposi t ion of the add i t iona l  calcium 
phospha te .  

A t t e m p t s  to isolate the electrou-dense par- 
ticles. I f  caseinate  mieelles consist  of electron- 
dense par t ic les  of  colloidal calcium phospha te ,  

Fro. 4. A thin section of Epon-embedded, nor- 
real milk micelles immersed in phosphate-citrate 
buffer for 2 hr, then rinsed with distilled water. 
Note the decrease in average contrast  of the 
micelles, some renmining electron-dense particles 
a, and many apparent  holes in the micelles b. 
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dispersed in a matrix of protein, digestion of 
the casein by suitable enzymes, without chang- 
ing other conditions of the suspension, should 
release the particles and permit their sedimenta- 
tion. Accordingly, the casein was digested by 
papain and bacterial alkaline phosphatase (to 
hydrolyse ester phosphate groups that might 
link colloidal calcium phosphate to peptide 
chains and thus hinder its sedimentation) and 
the mixture centrifuged. The pellet had a 
clear~ gelatinous appearance similar to that of 
freshly prepared triealeium phosphate. After  
washing once in cold 0.1 M calcium chloride, it 
had an ash content of 49.3% and the ash had a 
phosphate (PO,:-) content of 52.3%. Electron 
nficrographs of a dispersion of the unwashed 
pellet showed that it was grossly heterogeneous 
(Figure 5), but that electron-dense particles of 
about 100 A diameter could be distinguished 
occasionally. Since extensive consolidation of 
the gel probably occurred during sedimentation, 
the presence of' even a few granules resembling 
those in nfilk may be significant. 

Electron ~nicroscopy of whole milks. Photo- 
graphs of shadowed replicas of whole micelles 
from two different milks are shown in Figure 6. 
These two photographs illustrate the wide dif- 
ferences which have been observed in the ex- 
ternal form and surface of milk micelles from 
different cows. 

Discussion and Conclusions 

Although our electron mierographs of mi- 
eelles from milk appear quite different from 
those published by Shimmin and Hill (12), they 

Fro. 5. Dispersion of the gelatinous nellct found 
in the centrifuge tube, after digestion of the 
casein. Note the granules of electron-dense mate- 
rial in some places (arrows). 

:FIG. 6. Photographs of replicas of whole mi- 
celles from two different milks. Note the contrast 
between these mieelles in apparent height and 
firmness and the presence of an outer fringe of 
less electron-dense material around the micelles of 
one milk. 

confirm the observation that caseinate micelles 
contain some electron-dense particles embedded 
in a less dense matrix. We are inclined to 
attribute the less well-defined edges of the 
mieelles observed by us, as compared to those 
by Shimmin and Hill (12), to a variation in the 
fine structure of the milks. Even wider varia- 
tions have been observed when milks from indi- 
vidual cows were studied at lower magnifica- 
tion (Figure 6). The snmller size and lesser 
electron-density, relative to the matrix, of the 
particles observed by us may also result from 
differences in the conditions existing in different 
milks. Variations in composition between milks 
are often quite marked, and if such differences 
exist during the period when calcium phosphate 
is precipitating they could markedly affect the 
physical parameters of' a sensitive colloidal sys- 
tem. However, the differences between our own 
and Shimmin and Hill 's (12) photographs 
could also be caused by unrecognized differ- 
ences in the fixing, dehydrating, and photo- 
graphic techniques. Conclusions in this regard 
must await the examination of a number of 
individual milks under a variety of conditions. 

An unequivocal conclusion as to the composi- 
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tion of the electron-dense particles cannot be 
reached at present, but it appears reasonable 
to assume that they are granules of calcium 
phosphate and not protein aggregates. Evi- 
dence for this assumption is found in the lesser 
density and decreased granulation of micelles 
from which colloidal calcium phosphate had 
been removed (Figure 3), the appearance of 
electron transparent spots in sections washed 
in buffer to dissolve exposed calcium phosphate 
(Figure 4), and the sedimentation of a calcium 
phosphate (containing a few electron-dense par- 
ticles) after extensive enzynmtic digestion of 
the protein (Figure 5). This assumption is also 
supported by the similarities between the par- 
ticles observed in milk and those of calcium 
phosphate granules in calcifying collagen, bone 
and teeth (3), and in mitochondria (4). On 
the other hand, the presence of some electron- 
dense particles in our electron micrographs of 
micelles from which calcium phosphate had 
been removed (Figure 3) suggests that some of 
the granulation arises from another source or 
is an artifact. 

On theoretical grounds, the two most probable 
loci for precipitation of calcium phosphate 
within a casein micelle appear to be the ester 
phosphate groups (11) and the e-amino groups 
of lysine (3, 5). I f  the ester phosphate groups 
add calcium and phosphate to form colloidal 
calcium phosphate, it must be assumed that, 
apart  from possible steric effects caused by 
folding of the molecule, all such groups [five 
per mole in fl-casein (8), 12 per mole in a~- 
casein (6)] will do so more or less equally. I f  
so, the resultant colloidal particles, which con- 
stitute only 4 to 6% of the micelles (2), will 
be too small for observation by electron micros- 
copy. Such particles would, however, contribute 
to the over-all electron-density of the micelles. 

Evidence concerning the relation between 
e-amino groups and calcium phosphate particles 
in collagen and bone (3) suggests that several 
e-amino groups must be suitably oriented before 
they can act as a crystallization center. There 
are numerous lysine residues in casein [12 per 
mole in fl-casein (8), 17 per mole in a,~-casein 
(6) ], but they are probably randomly dispersed 
within the micelle and, therefore, would form 
few loci for calcium phosphate precipitation. 
Consequently, if ~-amino groups form the loci 
for precipitation, relatively few particles should 
form and these could be sufficiently large for 
observation by electron microscopy. 

I f  we assume that the electron-dense par- 
ticles observed by Shinlmin and Hill (12) are 
calcium phosphate, then their results strongly 
suggest that only a limited number of loci have 

induced calcium precipitation. Our own results, 
on the other hand, are subject to either inter, 
pretation. Some fairly large particles of cai- 
ciula phosphate were probably observed (and 
remained intact after enzynfic digestion of the 
protein ), but interpreting all of the granula- 
tion in these photographs as being caused by 
particulate caleimn phosphate is not prudent 
at present. There also seems to have been an 
over-all loss of electron-density, conformable 
with a loss of highly dispersed calcium phos- 
phate, in the micelles from which calcium phos- 
phate was removed. 

Acknowledgments 
The authors acknowledge the assistance of 

R. Whitehead, who prepared the plates for publi- 
cation, and A. Castagne for ash analyses. 

References 
(1) Dallemagne, M. J., Brasseur, H., and 

Melon, J. 1949. L'existence du Phosphate 
tricalcique. Bull. Soc. Chim. Biol., 31: 425. 

(2) Ford, T. F., Ramsde]l, G. A., and Landsman, 
S. G. 1955. Composition of the Casein- 
Containing Particles in Milk. J. Dairy Sci., 
38 : 843. 

(3) Glimcher, M. J. 1959. Molecular Biology of 
Mineralized Tissues with Particular Ref- 
erence to Bone. Rev. Mod. Phys., 31: 359. 

(4) Greenawalt, J. W., Rossi, C. S:, and Lehn- 
inger, A. L. 1964. Effect of Active Ac- 
cumulation of Calcium and Phosphate Ions 
on the Structure of Rat Liver Mitochondria. 
J. Cell. Biol., 23: 21. 

(5) ter Horst, M. G. 1963. A New Theory on 
the Caseinate Complex in Milk. Nether- 
lands Milk Dairy J., 17: 185. 

(6) de Koning, P. J., and van Rooijen, P. J. 
1965. Genetic Variants of a~ Casein: 
Amino Acid Composition of the Variants B, 
C, and BC. Biochem. and Biophys. Research 
Comm., 20: 242. 

(7) Pease, D. C. 1964. Histological Techniques 
for Electron Microscopy. 2nd ed. Acadenlic 
Press, New York. 

(8) Pion, R., Garnier, J., Ribadeau-Dumas, B., 
de Xoning, P. J., and Rooijen, P. J. 1965. 
Amino Acid Composition of fl-Casein Ge- 
netic Variants. Biochem. and Biophys. Re- 
senrch Comm., 20: 246. 

Pyne, G. T. 1962. Some Aspects of the 
Physical Chemistry of the Salts of Milk. 
J. Dairy Research, 29: 101. 

Pyne, G. T., and McGann, T. C. A. 1960. 
The Colloidal Phosphate of Milk. II. In- 
fluence of Citrate. J. Dairy Research, 27: 9. 

Rose, D. 1965. Protein Stability Problems. 
J. Dairy Sci., 48: 139. 

Shimmln, P. D., and Hill, R. D. 1964. An 
Electron Microscope Study of the Internal 
Structure of Casein Micelles. J. Dairy Re- 
search, 31: 121. 

(9) 

(10) 

(12) 

(12) 


