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Abstract The present work studied the rehydration properties of milk protein concen-
trates (MPCs), prepared using ultrafiltration (UF) and diafiltration (DF). Milk was
acidified to pH 6 with glucono-δ-lactone (GDL) prior to UF to alter the mineral
composition of the final concentrates. The particle size distribution and the microstruc-
ture of the casein micelles in reconstituted MPCs as well as the partitioning of calcium,
phosphate, and proteins between the colloidal and soluble phases were investigated.
Reconstituted samples analyzed by electron microscopy showed that, even in partially
dissolved particles, the particle surface was porous and similar to its inner portion and
had no distinct skin layer. Partial acidification of milk did not have any significant
effects on the microstructure; however, it significantly increased the average diameter
of the casein micelles for both UF and DF samples and decreased the concentration of
total calcium and phosphate. Sodium dodecyl sulfate (SDS)-PAGE analysis of the
centrifugal supernatants of reconstituted MPC demonstrated that the amount of soluble
caseins present in milk concentrates dramatically increased with acidification, and it
further increased after restoring the mineral composition of the serum phase through
dialysis against milk. This work contributes to a better understanding of how
processing conditions, particularly partial acidification of milk prior to concentration,
can alter the composition and physical properties of the caseins and the soluble phase
of MPC after rehydration. Such alterations can significantly impact the technological
properties of the reconstituted MPC.
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1 Introduction

Milk protein concentrates (MPCs) are widely utilized in different food applications
such as gels, emulsions, beverages, etc. for their functional and nutritional properties.
MPC powders are produced from skim milk by pasteurization, ultrafiltration,
diafiltration, evaporation, and spray drying. To take full advantage of their processing
functionality, MPC powders must be solubilized in water and form a colloidal disper-
sion (Gaiani et al. 2007; Martin et al. 2007); however, high protein MPCs such as
MPC80 have been reported to exhibit lower solubility than MPC with lower protein
concentration or skim milk powder (Mistry and Hassan 1991; Huppertz et al. 2010;
Mimouni et al. 2010a).

The existing literature on MPC has been mainly focused on understanding the
causes of the increased insolubility (Anema et al. 2005; Gaiani et al. 2006; Havea
2006). Approaches such as modifying the mineral composition or modifying the
interactions between the proteins have been successfully practiced to improve solubility
of these powders (Carr 2002; Schokker et al. 2011; Sikand et al. 2013; Eshpari et al.
2014). For example, Havea (2006) reported that replacing approximately 30% of
calcium of ultrafiltered skim milk retentate by sodium ions can result in MPC with
improved hydration properties.

It is known that the colloidal calcium phosphate in the casein micelles is in
equilibrium with the calcium and phosphate of the serum phase, and this balance is
fundamental to the structure and function of the micelles (Lucey and Horne 2009).
Temperature, pH, and processing conditions will change the distribution of the minerals
in milk (Law and Leaver 1998; Le Graët and Gaucheron 1999). Furthermore, concen-
tration of milk using ultrafiltration (UF) results in compositional changes: proteins and
minerals associated with them are concentrated in the retentate, while water, lactose,
soluble minerals, and non-protein nitrogen are transmitted through the membrane
(Mistry and Maubois 2004). It has been shown that a loss of colloidal calcium
phosphate during UF and diafiltration causes disruption of the casein micelles (Li
and Corredig 2014).

Mineral equilibrium also is of importance in determining the rehydration and
functional properties of MPC, such as renneting and emulsifying properties (Ferrer
et al. 2011; Ye 2011; Sandra and Corredig 2013). Imaging techniques such as scanning
electron microscopy (SEM) and transmission electron microcopy (TEM) have been
employed to study the microstructure of dairy powders in the dry state (Gaiani et al.
2007; Tamime et al. 2007) or after rehydration (Havea 2006; Mimouni et al. 2010b).

The main objective of the present study was to investigate the effects of partial
acidification of milk using glucono-δ-lactone (GDL) before membrane concentration
on the size of the casein micelles, distributions of calcium and phosphate in different
fractions (colloidal, soluble, and diffusible), and the microstructure of MPC powders
after rehydration. It was hypothesized that partial acidification and diafiltration do not
have any lasting effects and all the alterations to the partitioning of calcium, phosphate,
and caseins between the casein micelles and the serum phase will be reversed upon
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dialysis of samples against skim milk. Furthermore, it was hypothesized that the
processing conditions used in this study would have no significant impact on the
microstructure of the casein micelles after reconstitution.

2 Materials and methods

2.1 Materials

Pasteurized skim milk was purchased from Producer’s Dairy Foods Inc. (Fresno, CA).
Analytical-grade reagents were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO). GDL was from Roquette America Inc. (Geneva, IL). Upon addition to an
aqueous solution, GDL hydrolyzes to gluconic acid, resulting in a controlled decrease
of pH. All the solutions were prepared using Ultrapure water (Milli-Q Ultrapure Water
Purification Systems, Billerica, MA).

2.2 Preparation of milk protein concentrates

The MPC samples were manufactured in duplicate, either by UF (65% protein
MPC65) or by UF followed by diafiltration (80% protein,MPC80), using pasteurized
skim milk (72 °C for 16 s), at either the native milk pH (∼pH 6.6) or pH 6.0 after
addition of GDL, followed by spray drying. GDL (3.25 g.L−1) was added to cold milk
under continuous stirring and incubated for about 5 h before membrane filtration. A
detailed description of the MPC powder manufacture can be found elsewhere
(Eshpari et al. 2014). Four types of MPC powders were manufactured in duplicate:
two MPC65, named “UF,” and two MPC80, named diafiltration (“DF”), to highlight
the differences occurring during the membrane concentration process. The control
samples were named “UFC” and “DFC,” and the retentates acidified with GDL were
named “UFG” and “DFG.”

2.3 Powder rehydration

Powder samples were reconstituted in ultrapure water (Milli-Q Ultrapure Water
Purification Systems, Billerica, MA) to a final protein concentration of 3.2% (w/w)
using a household kitchen blender for 6 min at high speed. Water was heated to
66 °C using a heat-stir plate prior to reconstitution. Each reconstituted sample was
then divided into two equal portions; one portion was stored in a tightly sealed
container at 4 °C overnight, while the other portion was dialyzed against skim milk
at 4 °C overnight. Dialysis was carried out using an 8000-Da cutoff membrane
(Spectra/Por, Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA) to
restore as much as possible the mineral equilibrium state of the reconstituted
MPC samples. It was hypothesized that dialysis will reverse any alterations caused
by the acidification and the membrane concentration treatments. Dialysis would
indeed reestablish a serum composition as similar as possible to that of the original
skim milk, to make possible a comparison of the casein micelle processing behav-
ior across all treatments. The samples were named “UFC-D and UFG-D” and
“DFC-D and DFG-D” after dialysis.
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2.4 Light scattering measurements

Particle size distribution of the MPC samples reconstituted as described above was
determined by integrated light scattering (Mastersizer 2000, Malvern Instruments,
Southborough, MA). The volume-weighted mean particle diameter (d4,3) was recorded.
A few drops of reconstituted MPC dispersions (temperature adjusted to 25 °C) were
added into the small-dispersion unit to reach an obscuration level of 10 to 20 (dilution
factor in water was approximately 10−3) while stirring. The refractive indexes used in
particle size distribution calculations were 1.39 for the casein micelles (Alexander et al.
2002) and 1.33 for water.

The apparent diameter of the casein micelles was measured using a dynamic light
scattering (DLS) instrument (Zetasizer, Nano-ZS, Malvern Instruments, Malvern, UK)
by diluting each sample in skim milk permeate (temperature adjusted to 25 °C) about
1000 times, to avoid multiple scattering. Fresh skim milk permeate was prepared by UF
of skim milk (Crown Dairy, Guelph, ON, Canada) using an OPTISEP® Filter module
(Smartflow Technologies, Apex, NC, USA) with 10-kDa molecular mass cutoff at
25 °C. Sodium azide was added at 0.02% (w/v) to the obtained permeate, before
refrigerating it at 4 °C.

2.5 Protein composition of the soluble fraction

The protein composition of the soluble fraction of the MPC samples reconstituted at
3.2% equal protein (as described in Sect. 2), and a pasteurized skim milk sample (as
control) was analyzed using sodium dodecyl sulfate (SDS)-PAGE both before and after
dialysis. The centrifugal supernatant obtained from centrifugation at 61,000×g for
30 min at 25 °C was mixed (1:1 ratio) with electrophoresis buffer, containing 1 M
Tris-HCl buffer, pH 6.8, 75% glycerol, 10% SDS, 2-mercaptoethanol, and 1%
bromophenol blue. The solution was heated and mixed at 95 °C for 5 min using a
thermomixer (model 5436; Eppendorf, Hauppauge, NY, USA). Samples were cooled to
room temperature, and 10 μL of each sample was then loaded onto the gels. SDS-
PAGE was carried out in a vertical slab gel of 1.5-mm thickness with 15% acrylamide
resolving gel and 4% stacking gel in a Bio-Rad mini-protein electrophoresis system
(Bio-Rad Laboratories, Hercules, CA, USA) at a constant voltage of 175 V. The gels
were then treated with Coomassie blue R-250 for 45 min (Bio-Rad) and destained with
45% Milli-Q water, 45% methanol, and 10% glacial acetic acid for 1 h and then with
the same solution diluted 1:1 in water overnight. The gels were scanned using a Bio-
Rad Gel Doc EZ Imager (Bio-Rad Power Pac HC, Hercules, CA) equipped with Image
Lab 3.0 software (Bio-Rad Power Pac HC, Hercules, CA).

2.6 Calcium and phosphate determination

The concentration of inorganic calcium and phosphate in different fractions (total,
soluble, and non-protein bound) of reconstituted powders (equal 3.2% protein) as well
as a skim milk sample (for comparison) was measured using ion chromatography. The
calcium and phosphate measured in the supernatant of reconstituted powders after
centrifugation at 65,000×g for 1 h at 25 °C (see above) were referred to as soluble
calcium and phosphate. It is important to note that, this non-sedimentable soluble
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fraction contained both protein-bound and protein-free calcium and phosphate. To
separate the protein-free fraction of calcium and phosphate, in a different experiment,
the reconstituted powders were filtered using a Prep/ScaleTM-TEF 1ft2 cartridge UF
unit (10-kDa cutoff regenerated cellulose, Millipore, Ontario, Canada). The resulting
permeate contained the protein-free fraction of both calcium and phosphate, also
referred to as permeable or diffusible calcium and phosphate.

It is recognized that the amount of soluble minerals present plays a major role in
determining the functional properties of the milk proteins including rennetability,
thermal stability, and surface and rheological properties (De la Fuente 1998); hence,
it was considered necessary in this work to measure the concentration of both soluble
and permeable calcium and phosphate.

The amount of calcium was estimated as reported in the literature (Rahimi-Yazdi
et al. 2010). Analyses were carried out in duplicate for each sample by an Advanced
Compact IC (Metrohm AG, Zurich, Switzerland), using a silica gel column (Metrosep
C2 150/40 packed with 7 mm silica gel; Metrohm AG) at 30 °C. To measure the
amount of total and soluble phosphate, 1 mL of each fraction was transferred to a 5-mL
Pyrex test tube (Corning Incorporated Life Sciences, MA, USA) and dry-ashed by
initial heating at 100 °C overnight to dry the samples, followed by further heating at
500 °C for 6 h to remove the organic matter. The dry ashing was conducted in an
Isotemp muffle furnace (Fisher Scientific, MA, USA). The obtained ashes were
dissolved in 1 mL of 1 mol.L−1 HNO3 to be injected into the HPLC. No dry ashing
was necessary in sample preparation for the permeable phosphate analysis, as the
sample did not contain any bound proteins at this point. An anion column (Metrosep
A Supp5-150/4.0, Metrohm) packed with 5 μm polyvinyl alcohol with quaternary
ammonium groups was employed to measure the phosphate. Sodium hydrogen
carbonate and sodium carbonate solutions were used to prepare mobile phase
(1.0 mM sodium carbonate and 4 mM sodium hydroxide). Samples were eluted at a
flow rate of 0.5 mL.min−1.

2.7 Microstructure of reconstituted milk protein concentrate powders

2.7.1 Cryogenic transmission electron microscopy

Cryogenic TEM (cryo-TEM) was employed to provide information on the internal
structure of the particles in the rehydrated MPC samples. The sample (4 μL) was
pipetted onto a quantifoil (Quantifoil Micro, Jena, Germany) grid with 2-μm holes. The
excess sample was blotted off in a vitrobot (FEI) (Eindhoven, Holland) and immedi-
ately plunged into liquid ethane held at liquid nitrogen temperature. The specimen was
transferred under liquid nitrogen to a Gatan 626 Cryo holder (Warrendale, PA, USA)
and viewed at −176 °C in the Tecnai G2 F20 TEM (Eindhoven, Holland). Images were
recorded with a Gatan 4K bottom mount CCD camera using the Gatan Digital
Micrograph software.

2.7.2 Scanning electron microscopy

The surface microstructure of the rehydrated MPC powders was determined using
scanning electron microscopy (SEM) according to the method described by Mimouni
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et al. (2010a, b). Samples were dried using CO2 in a critical point dryer and sputter-
coated for 2 min with a layer of ∼5-nm thickness of Au/Pd (ratio 60:40; Emitech K550,
Ashford, Kent, UK) and stored in a desiccator at room temperature until imaging. The
imaging was conducted using a XHR (extreme high resolution) scanning electron
microscope, FEI Magellan 400 (FEI, Tokyo, Japan), operating at 1.00 and 2.00 kV,
at the Canadian Centre for Electron Microscopy of McMaster University (Hamilton,
Canada).

2.8 Statistical analysis

The sample treatments and analyses in the present study were performed in
duplicate. Values were means of replicate determinations, and the differences
between the means of the treatments were compared by one-way ANOVA at a
significance level of P<0.05. The statistical analysis was conducted using the
GLM command in Minitab (v.16.1, Minitab Inc., State College, PA). Differences
between the treatments were tested using Tukey’s honestly significant difference
(HSD) intervals with α=0.05.

3 Results and discussion

3.1 Particle size distribution

The particle size distribution of the casein micelles in the reconstituted powders
was determined using integrated light scattering, as shown in Fig. 1. Powders
were reconstituted with water at 66 °C, using a blender for 6 min. The samples
were analyzed immediately after reconstitution, as well as after overnight storage
at 4 °C or after dialysis against skim milk at 4 °C. There were no statistically

Diameter (µm)

0.001 0.01 0.1 1 10 100 1000

V
ol

um
e 

(%
)

0

2

4

6

8

10

12

14

Fig. 1 Particle size distribution of reconstituted concentrates. Fresh, pasteurized skim milk (closed circle);
reconstituted MPC65 (control, UFC, open circle) (acidified, UFG, closed inverted triangle); reconstituted
MPC80 (control, DFC, open triangle) (acidified, DFG, closed square gray broken line). Graph is represen-
tative of two replicate samples
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significant differences in the particle size distribution of all the reconstituted
MPC powders. All dispersions showed a main peak appearing between 0.01-
and 1-μm diameter, corresponding to that of native casein micelles. However, the
powders also showed the presence of larger particles between 10 and 100 μm.
Similar size distributions were observed also after dialysis (data not shown).
These results indicated that the rehydration at 66 °C was effective in regaining
the original distribution of casein micelles. The distributions were comparable to
those of skim milk (also shown in Fig. 1), in agreement with the previous reports
(Ferrer et al. 2008).

The apparent diameter of the casein micelles in reconstituted milk concentrates
was also measured by DLS (Table 1). The apparent diameter of casein micelles in
control skim milk was 169.2±0.9 nm. No significant changes of diameter were
detected in reconstituted control MPC samples (UFC and DFC) compared to skim
milk, in agreement with other research reported in the literature (Beliciu and
Moraru 2009,). However, the acidified samples (UFG and DFG) exhibited a
significant increase in the apparent diameter of the reconstituted casein micelles.
This could be due to an increase in the attractive forces between proteins. The
DFG sample showed the largest average diameter, indicating a significant effect of
DF in these retentates. However, such changes in diameter associated with the
acidification have been previously attributed to depletion of colloidal calcium
phosphate (CCP) from the casein micelles, leading to a decrease of intra-
micellar protein interactions, an increase in charge repulsion, and an increase in
the water adsorption, resulting in the increase in voluminosity. This would support
the findings of Gaucheron (2005), who suggested an increased of casein micelle
voluminosity with a change in the mineral equilibrium in milk. A larger apparent
diameter of casein micelles in UFG and DFG compared to control samples was
also shown for reconstituted samples after dialysis against milk. The change in
size was not reversible after restoring the mineral composition of the serum phase.

Table 1 Apparent diameter of
casein micelles after reconstitu-
tion, as measured by dynamic
light scattering

Sample Diameter (nm)

SM 169.2±0.9a

UFC 169.5±0.6a

UFG 197.5±0.9b

DFC 177.4±2.0ab

DFG 207.5±8.6c

UFC-D 173.9±0.9a

UFG-D 202.4±1.3b

DFC-D 178.8±1.7ab

DFG-D 212.7±8.1c

Data are average of two independent experiments. The letters indi-
cate significant differences across treatments by Tukey’s honestly
significant difference procedure, for p<0.05. Skim milk (SM), UFC
and DFC, and UFG and DFG were reconstituted and measured after
overnight storage at 4 °C, as well as after dialysis against milk (-D)
at 4 °C overnight
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It was concluded that the ionic distribution was not the only cause of the larger
average size, but structural changes may have occurred to the structure of the
micelles, in the acidified MPC samples.

3.2 Protein composition of the soluble fraction

The protein composition in the centrifugal supernatants was analyzed by SDS-PAGE as
shown in Fig. 2. All samples were reconstituted at the same protein concentration, and a
higher intensity of band would indicate an increase in the amount of protein recovered
in the supernatant. The soluble fractions recovered in the reconstituted MPC were also
compared with those of pasteurized skim milk (Fig. 2, lane 1). A higher concentration
of soluble caseins was present in the supernatant of reconstituted MPC samples (lanes 2
to 9) compared to skim milk (lane 1) despite the equal initial protein content 3.2% (w/
w). It has been previously demonstrated that after membrane concentration, there is an
increase in soluble caseins in both fresh or reconstituted retentates (Ferrer et al. 2011;
Sandra and Corredig 2013). The soluble fraction varies depending on the concentration
and the presence of DF (Li et al. 2015). The results shown in Fig. 2 further demonstrate
that the amount of soluble caseins increased in the reconstituted MPCs that were
concentrated at lower pH (Fig. 2, lanes 4, 5, 8, and 9), compared to control MPC
(Fig. 2, lanes 2, 3, 6, and 7).

The increase in the amount of casein proteins in the centrifugal supernatant of
the reconstituted MPC made from the acidified milk was much larger after
dialysis against milk compared to the increase occurring in control reconstituted
MPC. Dialysis caused a reequilibration of the serum phase composition, with
values of calcium and phosphate similar to those present in the original milk.
The increase of disruption of the casein micelles with reequilibration was con-
sistent with what previously reported (Sandra and Corredig 2013). Restoring the
mineral composition of the serum phase of the reconstituted MPC caused an
increase in soluble calcium and phosphate, and this leads to further solubilization
of the proteins. This behavior was dependent on pH during membrane
concentration.

High Mw
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Fig. 2 SDS-PAGE of centrifugal supernatants (10 μL) of pasteurized skim milk (lanes 1) and reconstituted
MPC (lanes 2–9). All samples were reconstituted at 3.2% (w/w) protein. UF control: UFC (lane 2) and UFC-D
(lane 3); UF acidified: UFG (lane 4) and UFG-D (lane 5); DF control: DFC (lane 6) and DFC-D (lane 7); DF
acidified: DFG (lane 8) and DFG-D (lane 9). Results are representative of two replicate runs
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3.3 Calcium and phosphate distributions in the micellar, soluble, and diffusible
phases of reconstituted milk protein concentrate before and after dialysis
against skim milk

Figure 3 illustrates the concentration of total, soluble, and permeable calcium
(Fig. 3a, b) and phosphate (Fig. 3c, d) in MPC samples reconstituted at equal 3.2%
(w/w) protein compared to pasteurized skim milk. All MPC samples showed a signif-
icantly lower total calcium content compared to fresh skim milk, regardless of treat-
ments. As expected, amongst reconstituted MPC, the total calcium content was the
lowest in the acidified samples after diafiltration (DFG) and the highest in the UF
control (UFC) (Fig. 3a). The acidification to pH 6 also showed a significant increase of
the soluble and permeable calcium contents in the ultrafiltered samples (UFG > UFC),
while after DF, there was a significant decrease of the permeable calcium in the
acidified samples (DFG < UFG). This was due to the release of calcium during
acidification and the presence of a higher amount of permeable calcium in UFG, which
was further transmitted through the membrane during DF.

The same samples were also analyzed after dialysis against skim milk (Fig. 3b). In
this case, the total calcium content was restored in the case of UF and DF control
samples (UFC-D and DFC-D). The total calcium content increased also in the acidified
MPC samples, although it remained at a significantly lower level compared to the total
calcium content of skim milk and the dialyzed MPC control. With regard to soluble and
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Fig. 3 Total (black bars), soluble (gray bars), and permeable (dark gray bars) calcium (A, B) and phosphate
(C, D) for skim milk control (SM) and various MPC resuspended to 3.2% (w/w) protein, before (A, C) or after
(B, D) dialysis against skim milk. UF control (UFC, UFC-D), UF acidified (UFG, UFG-D), DF control (DFC,
DFC-D), and DF acidified (DFG, DFG-D). Data are average of two independant experiments. Treatments with
different letters indicate significant differences. Error bars represent standard deviations
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permeable calcium, dialysis against milk restored their concentrations in all MPC
samples (regardless of treatments). All reconstituted MPC samples, after dialysis,
including those processed with GDL, had a comparable concentration of soluble and
permeable calcium. However, it is important to note that UFG and UFG-D showed a
lower level of colloidal calcium (as calculated by difference between total and soluble
calcium) associated to the casein micelles.

Figure 3c, d also summarizes the concentration of total, soluble, and permeable
phosphate in the reconstituted MPC samples compared to pasteurized skim milk.
After reconstitution (Fig. 3c), all samples exhibited significantly lower total phos-
phate compared to skim milk, similarly to calcium (Fig. 3a), indicating a significant
decrease for all MPC samples, regardless of treatments. Amongst the reconstituted
MPC, the total phosphate content was the lowest in the acidified samples after
diafiltration (DFG), with the other treatments not showing any statistically signif-
icant differences. Partial acidification of UF retentates showed a significant in-
crease for both soluble and permeable phosphate. After DF, the soluble phosphate
was comparable to control UF, but the permeable phosphate significantly decreased
(Fig. 3c). After dialysis against skim milk (Fig. 3d), the total phosphate content
increased in all MPC samples. In control MPC samples, after DF, the concentration
of total phosphate exceeded that found in skim milk, with diafiltered control
(DFC-D) being significantly higher than UF control (UFC-D). This may indicate
an increase in the unsedimentable phosphate after dialysis. The total phosphate
content of the acidified sample after dialysis was lower or similar to that of control
skim milk. A similar trend was also observed in the acidified samples than in
control MPC; after dialysis, the DF samples showed a higher total phosphate
concentration than the UF samples. It is important to note that all these samples
had a comparable protein concentration. Soluble phosphate was also restored in
acidified samples after dialysis. Furthermore, dialysis restored the concentrations
of permeable phosphate in all MPC samples to the same level of skim milk,
regardless of the treatments.

3.4 Microstructure of casein micelles after reconstitution

Figure 4 illustrates cryo-transmission electron microscope (TEM) images of casein
micelles in reconstituted MPC samples. All samples, regardless of their treatments,
exhibited an even distribution of small electron-dense regions throughout the micellar
structure. The existence of such structural features in casein micelles has also been
previously reported; the electron-dense regions have been attributed to the calcium
phosphate domains within the casein micelles (Marchin et al. 2007). The cryo-TEM
observations demonstrated that the partial acidification of milk to pH 6 prior to
concentration by UF or DF did not show any substantial changes in the internal
microstructural appearance of the casein micelles. No differences were observed in
the electron density of the acidified micelles. The acidified micelles exhibited an intact
boundary appearing as well defined as in the control micelles. These observations are
different from those previously reported for casein micelles acidified at much lower pH
values (Marchin et al. 2007). Indeed, while at pH 5.2, most of the colloidal calcium has
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Fig. 4 Cryo-TEMmicrographs of MPC samples reconstituted at 3.2% (w/w) protein. Control: UFC (a, b) and
DFC (e, f); acidified: UFG (c, d) and DFG (g, h). Scale bar=100 nm
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been removed from the casein micelles; in the present study, calcium phosphate
nanoparticles are still present, as also shown in Fig. 3.

The TEM observations summarized in Fig. 4 demonstrated that reconstitution of the
MPC did not affect the structure of the micelles. However, it may appear that DF
caused some disruption of the micelles, as shown by the presence of smaller aggregates
in the DF sample. Furthermore, in all the samples, there was no film around the large
clusters of micelles. The presence of aggregates around protein particles during recon-
stitution has been reported before (Mimouni et al. 2010b); however, this film was
absent under the reconstitution conditions used in this work.

The microstructure of the reconstituted samples was also observed using scanning
electron microscopy (SEM). Figure 5 depicts images of the casein micelles in control
skim milk. The particles showed a raspberry-like surface structure typical of casein
micelles as previously demonstrated (Dalgleish et al. 2004). Figure 6 illustrates the field
emission scanning electron microscope (SEM) images of the reconstituted MPC
powders. It is worth noting the presence of some partially dissolved larger particles
(diameter of 4–6 μm) in the samples across all treatments. All samples showed the
presence of particles with a size range typical of the casein micelles in milk and average
diameter of about 200 nm (Holt et al. 2003). These smaller particles represented the
fully dissolved larger portion of each MPC powder. These results are in perfect
agreement with the particle size distribution profiles of the MPC samples (Fig. 1).
Moreover, the surface microstructure of the particles, even the partially dissolved larger
ones, was as porous as their inner portion (Fig. 6c, g, f), without any distinct surface
layer, referred to as skin in the recent MPC literature (Mimouni et al. 2010b). It was
observed that the casein micelles were closely packed and linked to each other in a
network which is gradually loosened as a result of water penetration during the
rehydration process (Fig. 6b, d–f).

4 Conclusions

Membrane technologies are often used to standardize milk, and it is important to better
understand the changes that may occur to the structure and function of the casein
micelles after those unit operations. The solubility of the casein micelles after recon-
stitution was evaluated. Partial acidification significantly increased the average appar-
ent diameter of the reconstituted casein micelles in both UF and DF samples.

A B

Fig. 5 SEM images of casein micelles in skim milk (scale bar 1 μm (a) and 400 nm (b))
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Significant differences were also observed in the partitioning of calcium, phosphate,
and proteins between the colloidal and the soluble phase. In general, acidification
decreased the concentrations of total calcium and phosphate but increased the

A B

C D

E F

G H 

Fig. 6 SEM images of MPC samples reconstituted to 3.2% (w/w) protein. UFC (a, scale bar 4 μm; b, scale
bar 1 μm); UFG (c, scale bar 2 μm; d, scale bar 1 μm); DFC (e, scale bar 2 μm; f, scale bar 1 μm); DFG (g,
scale bar 2 μm; h, scale bar 1 μm)
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concentrations of soluble and permeable calcium and phosphate. Acidification to pH 6
before membrane filtration decreased the amount of colloidal calcium present in the
micelles and increased the amount of soluble caseins. The disruption of the casein
micelles increased after dialysis of the reconstituted samples against skim milk. By
dialysis, it was possible to a great extent to reverse the changes in the mineral
equilibrium caused by the partial acidification and DF, and this caused further disrup-
tion of the casein micelles. In addition, there was a significantly higher level of soluble
caseins in the rehydrated MPC samples, regardless of their acidification or DF status,
indicating a partial dissociation of casein micelles as a result of MPC manufacturing
process. The amount of soluble caseins recovered in the supernatant was higher in the
acidified samples compared to the controls and after dialysis against skim milk.

Despite all the changes observed in the calcium and phosphate distributions and the
increase in both the apparent diameter and the amount of soluble caseins present in the
reconstituted MPC made from acidified milk, no differences were observed in the
internal and surface microstructure of the casein micelles. Furthermore, there was no
evidence of a film surrounding the protein particles during reconstitution. It was
concluded that although pre-acidification of milk to pH 6 in the process of the MPC
manufacture caused some lasting modifications to the casein micelles including an
increase of the apparent diameter, partial solubilization of CCP and partial dissociation
of the caseins, the micelles maintained their shape and colloidal stability. The MPC
made up of such compositionally modified, swollen casein particles would have unique
technological properties (e.g., rennetability, cheese making, and thermal stability)
which are well worth further investigation.
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