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Abstract. The structure of casein micelles has been studied 
by small-angle neutron scattering and static light scattering. 
Alterations in structure upon variation of pH and scattering 
contrast, as well as after addition of chymosin, were inves- 
tigated. The experimental data were analyzed by a model in 
which the casein micelle consists of spherical submicelles. 
This model gave good agreement with the data and gave 
an average micellar radius of about 100-120 nm and a sub- 
micellar radius of about 7 nm both with a polydispersity of 
about 40-50%. The contrast variation indicated that the scat- 
tering length density of the submicelles was largest at the 
center of the submicelles. The submicelles were found to 
be closely packed, the volume fraction varying slightly with 
pH. Upon addition of chymosin the submicellar structure 
remained unchanged within the experimental accuracy. 
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1. Introduction 

The caseins constitute approximately 80% of the protein nor- 
mally found in bovine milk and are divided into c~1-, c~$2-, 
/3- and re-casein. In milk the caseins are found in large ag- 
gregates of casein molecules, called casein micelles, which 
also contain mineral constituents, especially calcium phos- 
phate. The radius of casein micelles is typically 50-200 nm. 
K-casein is located predominantly at the surface of the mi- 
celles and has a hydrophilic tail which protrudes into solution 
and provides steric stabilization of the micelle (see e.g. Is- 
raelachvili 1991). The structure of these casein micelles has 
been the subject of many studies (e.g. Schmidt et al. 1974; 
Stothard and Cebula 1982; Visser et al. 1986; Stothard 1989; 
de Kruif and May 1991). From these studies several mod- 
els for casein micelles have been suggested. One model for 
the micelle (reviewed by McMahon and Brown 1984 and 
Schmidt 1982) is a sphere comprised of spherical submi- 
celles with an average diameter of 8-20 nm. Other models 
suggest the micelles consist of a continuous network with 
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subdomains of higher density corresponding to the submi- 
celles of the previous model (e.g. Visser it et al. 1986). 

During cheese production chymosin, a proteolytic en- 
zyme that splits the Phel05-Metl06 bond of t~-casein, is added 
to the milk. The hydrophilic part of n-casein, called the Ca- 
seino Macro Peptide (CMP), is released into solution after 
proteolysis. CMP contains most of the peptide that protrudes 
from the surface of the micelle. This proteolysis leads to loss 
of steric stabilization as well as electrostatic repulsion and 
results in aggregation and subsequent gelation of the casein. 
The structure of the gel formed during the coagulation pro- 
cess is of great importance to the structure and rheological 
properties of the final cheese. From electron microscopic in- 
vestigations it is known that after a gel has been formed 
the micelles gradually fuse and after some hours the indi- 
vidual micetles can no longer be distinguished (Roefs et al. 
1990). It is not known, however, to what degree the internal 
structural elements remain intact after coagulation. 

In yoghurt and other acidified dairy products, the co- 
agulation of casein is achieved by decreasing the pH. The 
structure of the acid gel is in many ways comparable to 
the structure of a chymosin gel, but the rheological charac- 
teristics are different. Acidification leads to the release of 
calcium phosphate from the micelles and might be expected 
to change the internal structure of the micelles. 

The effect of addition of chymosin and acidification on 
the internal structure of casein micelles is thus an important 
parameter affecting the properties of many dairy products 
and the aim of this work was to study these changes by 
means of small-angle neutron scattering. 

Using small-angle neutron scattering (SANS) for mea- 
surements on casein micelles we were able to cover five 
orders of magnitude in intensity by fitting the data corre- 
sponding to different settings of the SANS instrument si- 
multaneously. This allowed us for the first time to obtain 
information about the micellar as well as the submicellar 
structure simultaneously as we cover a size range of about 2 
to 200 rim. By including data from static light scattering we 
are able to increase the size range studied up to about 1000 
nm. Using contrast variation allowed us to extract further 
information from the SANS experiment and by measuring 
at high and low pH the effects of acidification were investi- 



144 

Model of Casein Micelle 

2R  
Fig. 1. Model of casein micelle 

gated. For analysis of the data we found the model contain- 
ing spherical submicelles to be consistent with our measured 
data. To improve the model fit we included polydispersity in 
the model both for the spherical micelles and for the spher- 
ical submicelles. With this modification we obtained good 
agreement with the experimental data. Using contrast vari- 
ation we were able to demonstrate inhomogeneities in the 
scattering length density of the submicelles. The aggregation 
behaviour after the addition of chymosin was also studied 
by static light scattering and this confirmed the somewhat 
surprising indication from the SANS data, that no change in 
the size range accessible by SANS appeared upon aggrega- 
tion of the micelles thus confirming the structural stability 
of the submicelles. 

2. Theory 

2.1. Small-angle scattering 

The casein model used for the analysis of the SANS data 
is shown in Fig. 1. The casein micelles are assumed to be 
polydisperse with a Gaussian size distribution having aver- 
age radius R and width ~r~. Likewise the submicelles are 
assumed to be polydisperse with average radius r and width 
cry. Assuming a micelle to consist of n submicelles leads 
to an average volume fraction of ~ = n • 7'3/R 3. The fitted 
parameters are therefore (R, ~R,r, ~r,~?). Owing to small 
experimental errors in the determination of background and 
absolute calibration, a constant background and a factor for 
each measured spectrum were included in the set of fitting 
parameters. This gave only minor corrections to the mea- 
sured spectra. 

For the length of the scattering vector q = 47r sin 0/A, 
where 0 is half the scattering angle and A is the wavelength 
of the neutrons, the measured intensity I(q) is modelled by 
the Debye formula 

+ +  . . . . . .  sin(qrij) 
I(q) oc Z..~ Z..~ Jikq)Yjkq) (1) 

i=l j=l qrij 

where fj is the form factor for the scatterer j ,  rij is the 
distance between scatterers i and j and n is the total number 

of scatterers. Assuming the micelle to consist of spherical 
micelles of radius r and uniform scattering density Eq. (1) 
can be written as 

n n l 

_/(q) O( Psphere(q, r ) (~ + Z ~ sin(qr@ q~j/j ) (2) 
i=1 "= 

by writing fZ(q) = ]]]sphere(q, r) and where the prime indi- 
cates that contributions having j = i are to be excluded. 
For n --~ oc the double sum in Eq (2) will tend towards 
n2]9sphere(q, R). However as the submicelles have a finite 
size n will be limited and rij only takes values larger than 
the diameter of the smallest submicelle. The effects from 
this will only be minor in the scattering profile as the large 
polydispersity of the submicelles will have a strong smearing 
effect upon peaks in the structure factor for the submicelles 
(see Pedersen, 1994). Therefore Eq. (2) can be approximated 
by 

I(q) oc ]gsphere(q, r)(n + ~Z2]9sphere(q, ]~)). (3) 

Including polydispersity the measured intensity is then given 
as 

[(q) oc/sphere(q,/', o-r)(1 + n/rsphere(q~ f~, O'R)) (4) 

where fsphere(q, X, O'x) is the scattered intensity from a Gaus- 
sian size distribution of spheres with mean radius x and 
width crx. This is valid as the radius of the submicelle 
is much smaller than the radius of the micelle (typically 
r < 0.1R) and consequently the effects from the polydis- 
persity pertain to different q-ranges. 

The molecular mass can be calculated from 

I(0) 
m - ~ ( 5 )  

CNAZ3p" 

where C is the protein concentration, NA is Avogadro's 
number and Ap is the average scattering length density per 
unit mass. 

From the integral invariant O = fqZI(q)dq the vol- 
ume of the scatterer can be calculated according to V = 

2(TrZI(O)/Q)Ap2/-~ z which by comparison with the vol- 
ume calculated from the model of the micelle allows the 
internal density fluctuations to be calculated. 

3. Experimental 

3.1. Small-angle neutron scattering 

The SANS measurements were carried out at the facility 
at the DR3 reactor at the Ris0 National Laboratory in Den- 
mark. In the present experiments the scattering patterns were 
recorded in the q-range 0.01%1.8 nm - l ,  using four instru- 
ment settings. The raw spectra were corrected for back- 
ground from buffer, cuvette, and other sources by conven- 
tional procedures. The intensities were converted to an abso- 
lute scale and corrected for variations in detector efficiency 
by dividing by the scattering spectrum of pure water. The 
data were normalized by the protein concentration. Through- 
out the data analysis the instrumental smearing of the ideal 
cross section was included as described in Pedersen et al. 
(1990). 
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Fig. 2. Casein data pH 6.7 (diamonds) and fit (full line), casein data pH 5.7 
(+) and fit (full line) shifted vertically one decade for clarity. Insert shows 
static light scattering data (+), SANS data (triangles) and fit (full line) on 
linear scale. All data in 100% D20 

3.2. Static light scattering 
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Fig. 3. Static light scattering intensity at 6 different angles as a function of 
time for chymosininduced aggregation of casein micelles at pH 6.7, 100% 
D20 and 1000 times dilution. The q-values (in #m - l )  corresponding to 
the different angles are shown in the figure 

Static light scattering measurements were carried out in a 
DAWN F light scattering photometer (Wyatt Technology, 
Santa Barbara, USA). A 67 #1 flow cell designed especially 
to give access to very low angles was used. Scattered light 
was monitored at 15 angles from 4.25 ° to 143.76 ° . The light 
source was a 5 mW 632.8 nm He-Ne laser (the intensity was 
reduced by neutral filters when appropriate to give suitable 
detector readings). Initially the scattered intensities from all 
angles were normalized to give the same value using the 
scattered intensities from a sample of human insulin purified 
by gel permeation chromatography prior to the measurement 
and dissolved in 0.1 M NaC1 at pH 7.0, assuming insulin to 
be an isotropic scatterer under these conditions. 

3.3. Preparation of samples 

Skim milk was prepared by dissolving 9 g of low heat skim 
milk powder in 100 g of 100, 72, 42 or 0% D20 respectively 
(0% D20 = 100% H20) and thoroughly mixing for 10 min. 
The pH values given in this work are the readings of a 
conventional pH-meter. The pH was 6.6 in H20, but 6.7 
in D20. For the low pH sample the pH was adjusted by 
addition of 1 M HC1 in D20 to 5.7. The reconstituted milk 
was kept at 4°C until used for SANS. The casein content 
of the reconstituted milk was 25 mg/ml. Milk permeate for 
background measurements was prepared by ultrafiltration of 
the skim milk through a Milipore PTHK membrane in a 76 
mm diameter Amicon model 8400 stirred pressurized cell 
(Amicon, USA). In the aggregation experiment 0.02% of 
a standard chymosin solution was added to the milk. The 
chymosin used was Chymogen, 66 CHU/ml (Chr. Hansen 
Lab., HCrsholm, DK). The samples for light scattering were 
prepared as described for SANS, but diluted 1000 times in 
permeate. 

4. Results 

Figure 2 shows the result of a SANS experiment consisting 
of four different spectra at two pH values and the corre- 

sponding fit to the data. The four spectra corresponding to 
the four different settings were fitted simultaneously using 
different resolution functions for the different settings which 
gives rise to the discontinuities in the fits. 

The data in the upper curve were measured at pH 6.7 and 
the radius of the casein micelle calculated from the model 
is 100 nm with a polydispersity of 50%. The radius of the 
submicelle was found to be 7 nm, also with a polydispersity 
of 50%. The volume fraction was found to be 0.8. 

Including static light scattering (shown as insert in Fig. 2) 
our simple model was immediately able to fit all the highest 
q-values without any significant change in the fitting parame- 
ters. Only the three lowest scattering vectors indicated larger 
sizes for the casein micelles and this could be explained by 
deviations from the Gaussian size distribution assumed (a 
tail in the size distribution for the micelles giving larger 
micelles than predicted by the Gaussian distribution would 
have this effect upon the measured intensity) - or by a small 
degree of aggregation. 

From the contrast variation (see below) we found the 
average value for the contrast of the micelle to be Ap = 
3.6. 10 -14 cm]O and from Eq (5) the apparent molecular 
weight was found to M ~ 1.4.10 s D. 

Light scattering experiments done with casein micelles 
in 100% H20 and 100% D20 showed that there was no 
difference in the structure of the micelles between these sol- 
vents. 

4.1. Change in pH 

For a pH value of 5.70 the data shown in the lower curve of 
Fig. 2 were measured. The radius of the micelle and the 
molecular weight remained unchanged within the experi- 
mental accuracy, but the radius of the submicelle increased 
slightly to about 8 nm. Also the volume fraction increased 
to 1.1. 
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Table 1. Effect of contrast variation on the parameters of the model for 
casein micelle 

D20 [%] R [nm] ~ [nm] r [rim] ~rT [rim] r/ 
0 115 49 4.5 2.2 0.53 

42 119 53 4.1 - 0.21 
72 125 54 6.3 3.0 0.54 
100 101 42 6.7 3.7 0.80 
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Fig. 4. Contrast variation. Markers show scattering intensities and full lines 
show fits for (from top) 100, 72, 0 and 42% D20 respectively. Insert shows 

as a function of contrast 

4.2. Addition of chymosin 

Upon the addition of chymosin the casein micelles aggre- 
gated (by visual inspection it was checked after each exper- 
iment - about 20 hours - that a gel had formed), but no 
change in the structure of the submicelles was detected by 
SANS. Figure 3 shows static light scattering from casein mi- 
celles at 6 different angles. The corresponding q-values are 
given in the figure (in #m- l ) .  Rennet was added at t = 2500 
s. The discontinuity in the curves at 3000-3600 seconds is 
due to an air bubble in the sample cell at this time. The short 
term fluctuations in the signal are due to counting statistics 
and the long term fluctuations are most likely due to varia- 
tions in the aggregation rate. From the figure it it seen that 
at the highest scattering angles no change in the scattered 
intensity is observed. This is in good agreement with the 
results of the SANS measurements as 25.2 #m -1 ~ 0.025 
nm-I  which is of the order of the smallest q-values acces- 
sible by our SANS measurements. 

4.3. Contrast variation 

Figure 4 shows measurements and corresponding fits at 4 dif- 
ferent contrasts: 0, 42, 72 and 100% D20 respectively. The 
parameters obtained from the fits are given in Table 1. From 
the absolute intensities the matching point can be deduced 
from a linear fit to /V/T(O) as a function of the contrast, as 
shown in the insert to Fig. 4. The measured matching point 
corresponds to 38% D20 ~ 3 .6 .10 -14 cm/D. 

5. Discussion 

From our measurements on intact casein micelles over 5 or- 
ders of magnitude in intensity the dimensions of the casein 
micelles as well as of the submicelles agree well with pre- 
vious measurements using a restricted q-range and/or mea- 
surements on submicelles only (Stothard and Cebula 1982; 
Stothard 1989; de Kruif and May 1991). 

From the calculation of the integral invariant in 100% 

D20 we find Ap;/-~pp 2 = 1.7 . This clearly demonstrates 
that the micelles are not homogeneous scatterers, but have 
very large internal density variations which is also evident 
from the contrast variation experiments. 

Our values for the radius of the submicelles in 100% 
D20 - 7 nm for pH 6.7 changing to about 8 nm for pH 
5.70 - are in good agreement with literature values (see e.g. 
Stothart 1989, and references therein). 

Our matching point of about 38% D20 for the casein mi- 
celle agrees well with that of Stothart and Cebula (1982) who 
for submicelles alone found a matching point of 40.7±0.5 % 
D20. As the scattering contrast of the solvent approaches 
that of the matching point, the fitted radii of the submicelle 
decreases, indicating that it is mainly the surface of the sub- 
micelles which is matched at this contrast. 

From the measured radius of gyration for the submi- 
celles alone as a function of scattering contrast, Stothart and 
Cebula (1982) found the scattering length density for the 
submicelles to be largest at the center of the submicelles. 
This is also in accordance with our findings as - neglecting 
the measurement closest to the matching point - the smallest 
diameter of the submicelle is found for the lowest scattering 
length density of the solvent. Because of the low scatter- 
ing intensity close to the matching point, the dimensions 
deduced for the submicelles in 42% D20 are very uncertain. 

The width of about 50% for the Gaussian size distribu- 
tion for the submicelles shows a large degree of polydisper- 
sity. From measurements on submicelles Stothart and Cebula 
(1982) obtained a radius of gyration of/~g = 6.5 nm cor- 
responding to a radius of the submicelles of approximately 
8.4 nm. Stothart and Cebula (1982) found that measurements 
on whole casein micelles indicated a close packing of the 
submiceUes due to the measured inflection in the scattering 
curve at q ~ 0.35 nm -1. This was supported by Stothart 
(1989) who fitted a close packing model for the submicelles 
to the scattered intensity of casein micelles using the ex- 
perimental intensity form factor for the submicelles. These 
measurements were limited to about two decades in inten- 
sity and less than one decade for the length of the scattering 
vector. We note that in spite of the differences in experimen- 
tal set up and in the models used we obtain almost identical 
results. 

Our values of 0.8-1.1 for the volume fraction in 100% 
D20 is in agreement with a close packing of the submi- 
celles as reported in previous studies. The fact that the vol- 
ume fraction obtained from the fitting procedure exceeds 
the theoretical maximum for closely packed spheres could 
be explained by interpenetration of the submicelles (they are 
not hard spheres) and the polydispersity of the spheres (al- 
lowing a much closer packing) as well as deficiencies of the 
very simple model. The increased volume fraction of the 
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submicel les  at low pH-va lues  is consistent  with the swel l ing 

reported by, for example ,  Roefs  et al. (1986). 

6. Conclusion 

By using S A N S  and static l ight scattering we have  obtained 
structural informat ion  about  casein micel les  during various 
condit ions.  Our  data measured  over  five orders o f  magni tude  
in intensity are in good agreement  with previous  measure-  
ments and they strongly support  a specific mode l  for the 
casein micel le  as consis t ing o f  c losely  packed spherical  sub- 
micel les  o f  i nhomogeneous  scattering density. In addit ion to 
this we  have  demonst ra ted  the stability of  the submicel lar  
structure upon addit ion o f  chymos in  and/or  change o f  pH. 
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