WFL Publisher

*\ Science and Technology

Meri-Rastilantie 3 B, FI-00980
Helsinki, Finland
e-mail: info@world-food.net

Journal of Food, Agriculture & Environment Vol.11 (1): 172-177. 2013

www.world-food.net

Kinetics of heat-induced microgels of whey proteins and casein micelles

Zhen-Yan Liu !, Hong-Hua Xu '*, Guo-Ping Yu !, Bao-Hua Kong ' and Yan-Jie Zhang >
! Key Laboratory of Dairy Science, Ministry of Education, Northeast Agricultural University, 150030 Harbin, People’s Republic
of China.? Chenguan Dairy Co., Ltd., 201401, Shanghai, People’s Republic of China. *e-mail: xhh3161@ 126.com

Received 19 October 2012, accepted 28 January 2013.

Abstract

In this paper we studied the microgels of whey protein aggregates and whey protein coated casein micelles upon heating 1.0 wt% (protein basis) of
skim milk at 90°C under mild acidic pH condition (pH 6.2) for 25 min. The results from kinetic and thermodynamic parameters (order of reaction n
and rate constant k) of microgels were different from the routine of casein micelles and whey protein aggregates at pH 6.7. Different orders of reaction
were determined as the function of heat treatment and pH for systems of skim milk samples heated at 90°C for 25 min. The reaction order of microgels
was higher at pH 6.2 (n = 1.64) than that of the protein aggregation at pH 6.7 (n = 1.36). While, the free SH and surface hydrophobicity contents of
microgels were increased between soluble and insoluble proteins aggregates which were prepared from whey protein and casein micelles, and the
microgels were a good alternative to improve emulsion stability and foaming stability of milk protein.
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Introduction

Nanogel (1-1000 nm) and microgel (1-1000 um) particles are gel
particles prepared from synthetic or natural polymers ' and
exhibited the feature of being ‘intramolecularly cross-linked
macromolecules which constitute a new form of polymer
molecule’?. So far, nanogel and microgel have been successfully
prepared with whey proteins or caseins, for example, in slightly
acidic pH conditions (pH 5.7-5.9) and very low ionic strength, -
lactoglobulin was shown to form spherical and monodispersed
individualized microgels . Schmitt ez al. ° studied the formation
of whey protein microgels (at a constant protein concentration of
4 wt%) upon heat treatment for 15 min at 85°C in the pH range of
5.7-6.2. Huppertz et al. ' showed that cross-linking of casein
micelles with transglutaminase resulted in forming microgels. We
are interested in the heat-induced aggregation of whey protein
and casein micelles. In normal, heat-treatment of milk causes
denaturation of whey protein, leading to a complex mixture of
whey protein aggregates and whey protein coated casein micelles.
It is established that when the whey protein is denatured, there is
a reaction between them and the k-casein originally presents on
the surfaces of the casein micelles in the milk ''. Upon heat
treatment of milk above 60°C several processes take place, the
denaturation of whey proteins is the most obvious '2. During
heat-treatment, the denatured whey proteins interact with
themselves and with K-casein to yield whey protein/K-casein
complexes through hydrophobic interactions and thiol/disulphide
exchanges '*18, These aggregates are located both on the surface
of the casein micelles, where K-casein is usually found. This has
been attributed to the formation of cross-linked between the
denatured whey proteins and casein micelles.
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In this paper, the stable microgel suspensions of whey proteins
and casein micelles were generated in aqueous solvent with
controlling the aggregation conditions, and the behaviors of
microgels in the emulsification and foaming properties was
investigated. The heat-induced reaction kinetics of microgels in
skim milk samples was described by measuring the levels of native
whey protein as a function of heating time. Our main aim was to
understand the microgels aggregation pathway and kinetics of
aggregation during heat treatment leading to formation microgels.

Materials and Methods

Skim milk powder (SMP) was purchased from Fonterra Ltd (9
Princes Street, Auckland, New Zealand) and without further
purification. The composition of the SMP was 34.67 wt% protein
(measured from Kjeldahl analysis: Nx6.38) with the major proteins;
27.92 wt% casein protein, 6.75 wt% whey protein determined by
AOAC Method 998.05 1. All other reagents and chemicals were
of analytical grade except the soybean oil, which was purchased
from the local market.

Heat treatment: The protein dispersion was prepared by dropping
1 wt% (protein basis) with the skim milk powder in Millipore water,
and stirring at room temperature for 2 h. The samples were adjusted
to 6.2 and 6.7 by stepwise addition of 0.1 M HCI, then transferred
to glass tubes and heated for 0-30 min at 90°C in a water bath.
After the heat-treatment, the milk samples were immediately cooled
to room temperature by immersion in an ice bath.

Microscopic observations: The microstructure of heated protein
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dispersions was investigated by transmission electron microscopy
(H-7650, Hitachi High-Technologies Corporation) according to
the procedure of Akkermans et al. *° with some modifications. A
drop of the protein dispersion diluted to 0.02 wt% in Millipore
water was deposited onto an amorphous carbon films supported
by Cu grid. The excess product was removed after 15 min using a
filter paper. After drying the grid at room temperature for 10 min,
the samples were studied in TEM, operating at 80 k'V.

Analysis of the amount of nature whey protein: The protein
dispersions (1 wt%, protein basis) with pH 6.2 and 6.7 were heated
at90°Cfor0,2,4,5, 10, 15, 20, 25 and 30 min. To induce precipitation
of denatured/aggregated whey protein in certain samples
according to a modification of the method of Croguennec et al. .
0.5 ml of acetic acid/sodium acetate buffer (0.5 M, pH 4.7) was
added to 0.5 ml of sample. Samples were transferred into 1.5 ml
plastic Eppendorf containers (Sigma, Dublin, Ireland) and then
centrifuged at 14,000 g for 30 min in an Eppendorf centrifuge 5417C
(Unitech, Dublin, Ireland). The absorbance of the supernatant
(appropriately diluted) was determined at 280 nm in an UV
spectrophotometer (UV-2401 PC, Shimadzu Corporation, Japan)
as a measurement of protein concentration. All measurements were
performed in triplicate.

The fractionation of protein aggregations: Milk samples with
two pH values were centrifuged to obtain different levels of protein
aggregations. After heating, the dispersions were centrifuged by
3000 g for 30 min at room temperature and in order to remove the
precipitation which was the concentration of all the insoluble
protein aggregates (Isp). The supernatant was again centrifuged
by 5000 g for 30 min, the precipitation was the microgels (Mg) and
the supernatant was the soluble protein (Sp).

The concentration of remaining soluble protein including native
and soluble aggregates was determined by UV-visible
spectrophotometer at 280 nm using the same apparatus described
above. After centrifuging, all the precipitation was collected into
25 ml volumetric flask. Then the concentration of microgels and
insoluble protein were determined by Kjeldahl analysis: Nx6.38.
All measurements were performed in triplicate.

Surface hydrophobicity measurements: The surface

hydrophobicity of the protein samples was determined by the
method of Hayakawa and Nakai 2. Protein dispersions were diluted
to 0.05-0.4% (w/v, protein basis) with 0.01 M phosphate buffer
(pH 6.7), then, aliquots (20 pl) of ANS (8.0 mM in the same buffer)
were added to 4 ml of the sample solutions, vortexed and kept in
the dark for 15 min. The fluorescence intensities of the sample
solutions were measured with a Hitachi F4500 fluorescence
spectrometer (Tokyo, Japan) at wavelengths of 390 nm (excitation)
and 470 nm (emission). The initial slope of the plot of fluorescence
intensity vs. protein concentration, calculated by linear regression
(in all cases, R? values of > 0.95), was used as an index of the
surface hydrophobicity of the protein sample evaluated. All
measurements were performed in triplicate.

Determination of -SH: Free sulfydryl group (-SH) contents of
protein samples were determined by the method of Beveridge et
al. 2. For SH contents determination, 5 ml of the Tris-Gly buffer
(0.086 M Tris, 0.09 M glycine, 0.004 M EDTA, pH 8.0) containing
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8 M urea was added to 1.2 ml of protein samples (1 g/1). Then 30 ul
of 2,2’-dinitro-5,5’-dithiodibenzoate (DTNB, Merck, Darmstadt,
Germany) was added, and absorbance was measured at 412 nm
with UV spectrophotometer (UV-2401 PC, Shimadzu Corporation,
Japan) after 15 min. The supernatants in buffer without DTNB
were used as blanks. The calculation was as follows:

umol SH/g = (73.53xA,, xD) / C @))
where A i is the absorbance at 412 nm, C'is sample concentration
(mg/ml), D is the dilution factor, 73.53 is derived from 10%(1.36x10%);
1.36x10%is the molar absorptivity 2 and 10° is for the conversion

from molar basis to mM/ml basis and from mg solids to g solids.
All measurements were performed in triplicate.

Determination of emulsifying properties: The emulsifying
activity index (EAI) and emulsion stability index (ESI) were
determined by the turbidimetric technique described by Pearce
and Kinsella » with some modifications. To prepare the emulsions,
1.0 ml of refined soybean oil and 3.0 ml of protein solution (1 mg/
ml), which diluted by 0.1 M sodium phosphate buffer (pH 6.7),
were mixed at room temperature using a high-speed dispersing
and emulsifying unit (Fs-2, Jiantan City Union Instrument Research
Institute, Jiantan, China) at 20,000 rpm for 2 min. After the
homogenisation, the emulsions were kept undisturbed for O and
2,4,6,8, 10,20, 30, 60 and 120 min at room temperature and 100 pl
aliquots were taken from the bottom of the beaker and dispersed
into 5 ml of 0.1% (w/v) SDS solution. The absorbance was measured
at 500 nm against 0.1% (w/v) SDS solution as blank in an UV
spectrophotometer (UV-2401 PC, Shimadzu Corporation, Japan).
Emulsifying activity and emulsion stability expressed as indexes,
EAI (m%g) and ESI (%), respectively, of the homogenized samples
were defined as:

EAI (m%g) = {(2x2.303) / [Cx(1-¢)x10*]}xA,  xdilution 2)
where A, represents the absorbance at 500 nm, C the protein

concentration (g/ml) before emulsification, and ¢ the oil volume
fraction (v/v) of the emulsion (¢ =0.25);

ESI (%) = 100xA /A, 3)

where A and A, represent the absorbance after t min and time
zero, respectively, at 500 nm. All measurements were performed in
triplicate.

Determination of foaming properties: The foaming capacity (FC)
and foam stability (FS) of the protein samples were evaluated by
the method of Motoi ef al. * with some modifications. The
evaluated protein sample solution (0.1%, w/v) was prepared in 0.1
M sodium phosphate buffer (pH 6.7). Then, 200 ml sample solution
was placed in a cylindrical glass cup with a volume scale and
agitated at 10,000 rpm for 1 min with a blade-type mixer (DS-1
Waring Blender, Shanghai Jingke Industrial Co. Ltd., Shanghai,
China). The foam volume was measured immediately after agitation
and again after different times of setting.

Foaming capacity was expressed in terms of the relative overrun,
and the foam stability was expressed as the ratio of the foam
volume after 0, 0.5, 1, 2, 3, 4, 5, 6, 7 and 8 h to the initial foam
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volume (0 min) ¥. They were calculated with Egs. (4) and (5),
respectively.

Relative overrun=V,/ V. @

Foam stability =V / V, &)

where V,and V are the foam volumes at 0 and t h, respectively; V.

is the initial liquid volume before foaming. All measurements were
performed in triplicate.

SDS-PAGE analysis: The fractionation of protein aggregations
were confirmed by SDS-PAGE analysis of the modified products
with 12% (w/v) separating gels and 5% (w/v) stacking gels with [3-
mercaptoethanol (B-ME) to determine their composition, as
described by Laemmli 2. The heat-treatment samples (1 wt%,
protein basis) were diluted 6-fold in the buffer (10 mM Tris/HCI, 1
mM EDTA, pH 8.0), a portion (30 ) of this sample was mixed with
50 wl 20% (w/v) SDS solution, 20 pl B-ME, and 20 1 0.1% (w/v)
bromophenol blue, then loaded at a level of 5 pl. The stacking gels
were run at 60 V, while the separating gels were run at 90 V. SDS—
PAGE was performed using a Bio-Rad mini-gel slab electrophoresis
unit (Bio-Rad Laboratories, Richmond, CA). The gels were stained
with a 0.1% (w/v) Coomassie blue R-350 solution (PhastGel Blue
R, Pharmacia).

Statistical Analysis: Analysis of variance (ANOVA) was
conducted using Microsoft Excel (version 2003 software, USA).
Replicate means were considered significantly different at P<0.05
unless stated differently. When significant differences were
indicated by ANOVA, Tukey pair-wise comparisons were
performed to indicate where the differences between properties
existed.

Results and Discussion
The microgels of whey proteins and casein micelles: The amount
of whey protein associated with the casein micelles at pH 6.2 and
pH 6.7 along heating process is presented in Fig. 1. The results
described a very pH dependent behavior which higher levels of
0.8
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0.5
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The amount of whey protein
associated with casein (mg/ml)

0.1

0
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Figure 1. The amount of whey protein associated with the casein
micelles by heating skim milk samples (1 wt% protein basis) with two
pH values at different heating times. Reaction conditions: The skim
milk samples (1 wt%, protein basis) were adjusted to 6.2, 6.7 and

heated for 0, 2, 4, 5, 10, 15, 20, 25 and 30 min at 90°C in a water bath.
Data are expressed as the mean+SD of three replicates.
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association at pH 6.2 were identified especially as prolonging the
heating time. The degree of denaturation of whey proteins was
observed at pH 6.2 and 6.7, i.e. 30.14% and 25.11% of the total
whey protein (2.15 g/1), after heat treatment of 25 min at 90°C. The
aggregates in denatured whey proteins and coating of casein
micelles at pH 6.2 were analyzed by TEM. The morphology of the
small fine stranded microgels with an average diameter lower than
5 um in width and 10 pm in length were observed (Fig. 2). It was
shown that controlled aggregation of whey proteins and casein
micelles could be induced leading to the formation an interesting
aggregation pattern for microgels under specific conditions of pH
6.2 and temperature 90°C for 25 min.

Kinetics of the protein aggregates after heat treatment: The
kinetic parameters (order of reaction and rate constant) of
disappearance of native whey protein were determined using non-
linear regression after integration of the general rate equation %.

-d/d =k xC" ©)

After a heating time ¢ (s), the initial concentration C, falls to C (g/
1) and the ratio of C /C, can be obtained by integration:

n#1 (C/C)"=1+(n-1)xkt 7
n=1 In(C/C,)=-kt (8)

where C, is the native protein concentration at the time z, k = kn
C,*!is reaction rate constant (s), and n is the reaction order. The
reaction order n should be adjusted to a value that makes it possible
to plot Eq. (7) or (8) as a straight line. The rate constant k is then
calculated from the slopes of straight lines 6. The apparent reaction
rate constant k_[(gl”)""s”'] represents the kinetic of disappearance
of native whey protein.

The degree of denatured whey protein as a function of heating
time is shown in Fig. 3, which is given the degree of residual
native whey protein (C/C,) in %. The order of reaction (n) and the
apparent reaction rate constant k [(gl”)""s”] of whey protein
were obtained from non-linear regression after integration of the
general rate equation as described previously . As shown in the
Table 1, the rate of disappearance of native whey proteins at pH
6.2 in the time range studied was approximately 4 times as high as
that at pH 6.7. While, the reaction order of whey protein was
increased from 1.36 to 1.64 as the pH was decreased from 6.7 to
6.2. High orders of reaction indicated high complexity of protein
denaturation and aggregation reactions that could be linked to
parallel or serial reactions or formation of intermediates *°. The
kinetic parameter variations provided information on the

B e b — WLl
Figure 2. TEM micrographs of microgels with 1 wt% protein basis of
skim milk (pH 6.2) heated for 25 min at 90°C.
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Figure 4. The SDS-PAGE electrophoretograms of
protein aggregations by heating skim milk samples (1
wt% protein basis) with two pH values at 90°C for 25
min as a function of different centrifuges. Lane M,
standard protein markers; Lane 1, Soluble protein with
pH 6.2 ; Lane 2, Micregels with pH 6.2; Lane 3, Insoluble
protein with pH 6.2; Lane 4, Soluble protein with pH
6.7; Lane 5, Insoluble protein with pH 6.7.
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Figure 5.General proposed model of microgels aggregation
pathway. LA, insoluble aggregates; MG, microgels
aggregates; NP, native protein; SA, soluble aggregates; MP,
milk protein.

Proposed model: We proposed a model of microgels aggregation
pathway as described in Fig. 5, which was similar as B-lactoglobulin
microgels aggregation pathway in the literature °. The two kind of
heat-induced microgels all were formation of intermediate
aggregates. Upon heating, whey protein lost its native state, and
aggregated with casein micelles into intermediate oligomers that
ultimately led to larger soluble aggregates (SA). As controlling
heating conditions and pH, SA interacted further to form MG.

With prolonged heating time or altering pH, the formation of MG
was promoted a change in the aggregation to form LA.

It has been shown in our results that covalent (disulphide bonds)
and non-covalent (hydrophobic) interactions play a major role in
the stability of these assemblies 3. The TEM images shown in
Fig. 6 after the heat-treatment for 5 to 30 min at 90°C could confirmed
the proposed model was correct that the microgels could be
prepared by self-limitation formation of intermediate aggregates
of whey proteins and casein micelles. Controlling the pattern of
aggregation could be attributed to control of physical and chemical
factors including heat load (time/temperature) and pH variations.

Stabilization of foams and emulsions: The improvement of the
emulsifying and foaming properties of milk protein after heat
treatment was already reported in several studies **. However,
the use of specific protein aggregates with well characterized
structures and physicochemical properties for foam and emulsion
stabilization seems to have been considered only very recently
for food applications *’. The best foam and emulsions stability
were obtained for the microgels in the different milk protein
aggregates with whey protein and casein micelles at pH 6.2 or 6.7,
90°C for 25 min (Table 2). Compared with the solution protein, the
foam stability of microgels was higher by approximately 4 times
when the foam films silent 6 h. Foaming properties were found to
be significantly improved after formation microgels and the
emulsifying stability were also increased slightly. The same
behaviors of microgels in the emulsification and foaming
properties, it showed that molecular structure characteristics were
probably benefit to the formation of a gel at the interface.

Conclusions
The results presented here had shown that, controlling the
aggregation of whey proteins and casein micelles could be induced
an interesting aggregation pattern for microgels under specific
conditions of pH 6.2 and temperature 90°C for 25min. Compared
with the routine of casein micelles and whey protein aggregates
at pH 6.7, kinetics of reaction order of microgels was higher than
one of the normal milk protein aggregation, and the free SH and
surface hydrophobicity contents of microgels were in the middle

Figure 6. Transmission electron micrographs of the microgels by heating 1 wt% (protein basis) of skim milk samples with
pH 6.2 at 90°C for different heating times (min): (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30.
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of soluble and insoluble proteins aggregates from whey protein
and casein micelles. Microgels had been found to be useful for
food applications, the characteristics of the molecular structure
are beneficial to improve emulsion stability and foaming stability
of milk protein.
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