J Food Sci Technol (February 2017) 54(2):439-446
DOI 10.1007/s13197-016-2480-9

@ CrossMark

ORIGINAL ARTICLE

o
AT
food rafessianals

Enfwering Jood frofeas

Rheological and physical properties of camel and cow milk gels
enriched with phosphate and calcium during acid-induced

gelation

Mohammad Kamal' - Mohammed Foukani? - Romdhane Karoui

1,2,3,4

Revised: 26 December 2016/ Accepted: 29 December 2016/ Published online: 20 January 2017

© Association of Food Scientists & Technologists (India) 2017

Abstract The rheological properties of acid-induced
coagulation of camel and cow milk gels following the
addition of calcium chloride (CaCl,) and hydrogen phos-
phate dehydrate (Na,HPO,*2H,0) were investigated using
a dynamic low amplitude oscillatory rheology. For a con-
sidered condition, the final values of storage modulus (G’)
and loss modulus (G”) of camel milk gels were signifi-
cantly lower than those of cow milk gels. The increase of
the added CaCl, levels improved significantly the gelation
properties of camel and cow milk gels, since a reduction in
the gelation time and an increase in the gel firmness were
observed. Following the addition of Na,HPO,*2H,0 at 10
and 20 mM, no significant effect on the gelation rate and
the firmness of camel milk gels was observed, while, a
significant decrease in the gelation rate and firmness were
observed for cow milk gels.
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Introduction

Milk acidification is traditionally induced by using bac-
terial cultures and/or glucono-d-lactone (GDL) which
converts lactose into lactic acid (Sadeghi et al. 2014). The
hydrolysis of GDL leads to the formation of gluconic acid
inducing a decrease of pH (Koh et al. 2002). With this
decrease: (1) the solubilization of the colloidal calcium
phosphate gradually begins and becomes fully soluble at a
pH of ~5.20 (Le Graet and Brule 1993); and (2) the
surface charges of the casein micelles decreased, leading
to reduce the steric and electrostatic stabilization of milk
and the formation of gel at pH ~4.80 (Lucey et al.
1997).

Camel milk is mostly consumed as fluid contrary to
other types of milk (Yagil et al. 1984). This could be
explained by the difficulty of the camel milk transforma-
tion regardless of the gelation type i.e., acid, enzymatic or
mixed (Attia et al. 2000; El Zubeir and Jabreel 2008). This
trend has been attributed by the authors to the casein
micelles structure. Indeed, the low content of k-casein and
the large size of casein micelles of camel milk compared
with cow with cow milk contribute to prolong the coagu-
lation time (Al Haj and Al Kanhal 2010; Kappeler et al.
2003). Additionally, the presence of several natural
antimicrobial agents in camel milk such as lysozyme,
lactoferrin, lactoperoxidase and immunoglobulin limit the
effect of lactic acid bacteria (Ramet 2001).

Calcium and phosphate are considered as important
elements of the mineral fraction of cow and camel milk
with total concentrations varying in the 25-35 mM for both
types of milk (Bornaz et al. 2009; Gaucheron 2005). These
mineral components are in equilibrium state between the
micellar and the serum phase and contribute significantly to
the formation of coagulum (Ramasubramanian et al. 2008).
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In addition, the addition of calcium significantly increased
the curd yield (Makhal et al. 2015).

In the literature, the rheology properties of acid-induced
cow milk protein gels following the addition of calcium
have been studied (Gastaldi et al. 1994; Guillaume et al.
2002; Ramasubramanian et al. 2008). One of the main
conclusions of these studies was that added calcium
decreased the gelation time and improved the firmness of
the gels. Regarding the effect of phosphate on the acid-
induced coagulation of cow milk, few studies have been
published (Mizuno and Lucey 2007; Ozcan et al. 2008).
The authors pointed out that the enrichment of milk with
phosphate delayed the onset gelation and decreased the gel
firmness.

Although several studies were published regarding the
effect of calcium and phosphate on the acid gelation
properties of cow milk gels, to the best of our knowledge,
very limited scientific report were available in the literature
concerning the effect of these minerals on camel milk gels.
Thus, in the present work, rheological properties of the
GDL-induced coagulation of camel and cow milk gels
following the addition of CaCl, and Na,HPO,*2H,0O at
two concentrations (10 and 20 mM) will be studied.

Materials and methods
Milk samples

Fresh camel milk (2 L distributed into plastic bottles of
30 mL capacity) was obtained from an experimental sta-
tion located in region Foum Lahcen, province Tata
(Moroccan desert). Camels of Crezni genotype, aged of
6 years with two child births were used. Camels were kept
on pasture feeding and supplemented with barley and
clover.

Fresh cow milk (2 L distributed into plastic bottles of
30 mL capacity) of Holstein—Friesian genotype was col-
lected from a regional farm of Lille (France). Cow were
maintained on pasture feeding and supplemented with a
corn-based concentrate.

Once arrival to the laboratory, milk samples were kept at
—18 °C up to analysis. All the analyses were conducted in
duplicate (2 samples for each condition).

Physicochemical analyses of camel and cow milk

The pH, protein, fat and dry matter contents of camel and
cow milk were determined as described by Karoui and
Dufour (2003). Prior to pH measurements, the pH meter
(Hach sensION + pH3 Laboratory) was calibrated with
standard pH solutions prepared using buffer capsules of pH
7 and 4.
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Distribution of casein micelles size of milk

Skimmed milk was obtained by centrifugation at 3740 g
for 15 min (Froilabo-SW14R, France). Number-based
particle size distribution of skimmed milk was obtained
with SALD-2300 laser diffraction particle size analyzer
(Shimadzu Scientific Instruments, France) using wet type
measurement. Milk was directly injected into the disper-
sion cell (containing deionized water under agitation) until
a light intensity distribution more than 10% was reached
and the particle size distribution was determined. The
refractive index of 1.55 was used according to the findings
of Griffin and Griffin (1985) who have used refractive
index of 1.57. For the dispersant, a blank was measured
with deionized water at which the light intensity distribu-
tion is less than 10%.

Samples preparation for the gelation

Milk samples (10 samples in total for each milk species)
were thawed during 12 h at 4 °C and then kept at room
temperature (~ 18 °C) for 15 min to avoid thermal shock.
Milk samples (25 mL for each sample) were placed in a
water-bath equilibrated previously at 36 °C for 5 min.
Then, calcium chloride anhydrous (CaCl,, Merck, Darm-
stadt, Germany) and di-Sodium hydrogen phosphate
dehydrate (Na,HPO,*2H,0O, Merck Darmstadt, Germany)
powders were separately added to the milk at two con-
centrations (10 and 20 mM). Milk coagulation was per-
formed by progressive acidification with GDL (Glucono-
delta-lactone «CgH;yOg», Merck schuchardt OHG,
Hohenbrunn, Germany) added at 3% (w/v) with stirring for
2 min and rheological measurement was immediately
performed. Control milk (without added CaCl, and Na,.
HPO,4*2H,0) was also studied.

Rheological and pH measurements throughout acid
induced coagulation

The experiments were performed using a controlled-strain
rheometer (Physica MCR 301, Anton Paar Company,
Germany) with low amplitude oscillation and a tempera-
ture set at 36 °C by applying a Peltier plate. A volume of
20 mL was placed in two concentric cylinders, with an
inner diameter of 26.66 mm, length of 40.02 mm, and a
gap of 1.13 mm. A layer of liquid paraffin was placed onto
the surface of milk sample to prevent evaporation during
coagulation, and then measurement was started. The
oscillation experiments were performed by applying a
constant frequency of 1 Hz and a strain of 0.05% during
180 min that was in the linear viscoelastic range of these
types of gels network. Then, a frequency sweep from 1 to
10 Hz was performed by applying a strain of 0.05%,
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followed by an amplitude sweep from 0.05 to 150% with a
frequency of 1 Hz. Taking into account the elastic modulus
(@), the following parameters were assessed: (1) the
gelation time defined as the time when G’ =1 Pa as
reported by Lucey et al. (1998a) and Ramasubramanian
et al. (2014); (2) the gelation rate defined as dG'/dt corre-
sponding to the slope obtained by linear regression of G’
versus time from onset of gelation over a period of 15 min;
and (3) the asymptotic value of G’ after 180 min of gela-
tion (G'45ym)-

The pH was determined every 5 min during 180 min.

Statistical analysis

In order to detect difference between milk samples, rheo-
logical parameters were compared using a one-way
ANOVA (p < 0.05). ANOVA was applied using XLSTAT
2013 (Addinsoft SARL USA, New York, NY, USA)
software.

Results and discussion
Physicochemical parameters of camel and cow milk

Physicochemical properties of camel and cow milk showed
that dry matter, protein and fat contents of camel milk
(108.30 & 10.74, 27.32 & 0.06 and 34.50 + 0.50 g L™,
respectively) were lower than those of cow milk
(120.50 & 1.45, 33.75 £ 0.16 and 37.50 £ 0.71 g L™,
respectively), in agreement with others (Al Haj and Al
Kanhal 2010; Hailu et al. 2016; Jumah et al. 2001).

The added GDL induced a decrease of the pH values
reaching 3.48 and 4.02 after 180 min for camel and cow
milk gels, respectively. This decline in the pH values for
both types of milk gels is related to the added GDL, in
agreement with the findings of Lucey et al. (1998a).

Compared with control camel and cow milk gels, the
addition of CaCl, and Na,HPO,*2H,0O to milk induced
change in the pH, particularly for added Na,HPO,*2H,0
(Fig. 1a,b). Fora considered time, an increase and a decrease
of pH values were observed for milk gels enriched with
phosphate and calcium. After 180 min of added GDL, milk
samples added with CaCl, presented pH values of 3.46 and
3.84 for camel and cow milk gels, respectively, while those
added with Na,HPO,*2H,0 presented higher pH values of
3.75 and 4.45 for respectively camel and cow milk gels.

Size distribution of casein micelles
The size distribution of casein micelles of camel and cow

milk are presented in Fig. 2. The casein micelles size of
camel milk was of 468 £ 1.00 nm, while it was only of
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Fig. 1 Evolution of pH values as a function of time of a camel and

b cow milk gels (data are means of duplicates with standard
deviation)

137 £ 1.50 nm for cow milk. This result was in agreement
with the findings of Bornaz et al. (2009) reporting that
casein micelles diameter of camel milk varied in the
280-550 nm range, larger than that of cow milk having a
diameter in the 90-210 nm range. This difference between
the both types of milk might be explained by the variation
in the physico-chemical composition (e.g., k-casein
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Fig. 2 Diameters of casein micelles (nm) of camel and cow milk
determined by laser light scattering (data are means of duplicates)
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content, etc.) where a smaller micelle size was known to be
associated with a higher amount of k-casein ~3.47 and
13% for camel and cow milk, respectively as pointed out
by others (Davies and Law 1980; Kappeler et al. 2003;
Walsh et al. 1998).

Rheological properties of calcium/phosphate-
induced camel and cow milk gels

The evolution of G’ following the addition of CaCl, and
Na,HPO,4*2H,0 to cow and camel milk gels as a function
of time are shown in Fig. 3a, b. Calcium/phosphate-added
milk induced the gelation of both camel and cow milk,
irrespective of the CaCl, and Na,HPO,*2H,0 concentra-
tion. For both types of gels: (1) the higher the calcium
concentration, the higher the gel firmness; and (2) the
higher the phosphate concentration, the lower the gel
firmness (Fig. 3a, b). The G’ ,4ym of control camel milk gels
showed average value of 1.61 Pa and increased signifi-
cantly (p < 0.05) to 2.23 and 3.81 Pa with the addition of
CaCl, at 10 and 20 mM, respectively (Fig. 3a; Table 1).
The low elasticity and the weakness of camel gels could be
ascribed to the lack of network structure through the
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hydrophobic interactions which involved low energy and
little resistant to mechanical treatment (Mahaut et al.
2000).

The gelation time and gelation rate of the calcium/
phosphate-induced camel milk gels compared with control
milk gels were determined (Table 1). As observed, shorter
gelation time and higher gelation rate were observed for
camel milk gels with added calcium (20 mM) since a
significant decrease of gelation time (p < 0.05) and an
increase in the gelation rate compared with control camel
milk gels were observed with added CaCl, at 20 mM.
These modifications in the gelation time and gelation rate
with added CaCl, could be attributed to the increase of
ionic calcium concentration inducing: (1) a pH decrease
resulting from the negative charge decrease at the surface
of caseins; and (2) the formation of more bridges between
casein proteins and calcium (Koutina et al. 2016; Rama-
subramanian et al. 2012).

As observed in Fig. 3a and Table 1, no significant dif-
ferences (p < 0.05) were noticed between the gelation rates
and G’asym values of control camel milk gels and those
added with Na,HPO,*2H,O (10 and 20 mM). However,
the addition of Na,HPO,*2H,O at 20 mM induced a
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Fig. 3 Evolution of storage modulus (G’) as a function of time (a, b) and frequency (¢, d) of camel and cow milk gels added with CaCl, and

Na,HPO4*2H,0 (data are means of duplicates)
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significant delay (p < 0.05) of the gelation time compared
with control camel milk gels and those added with 10 mM
phosphate. This trend could be probably attributed to the
formation of a phosphocalcic complex between calcium
and added phosphate as pointed out by Tsioulpas et al.
(2010).

A similar trend was observed for cow milk gels fol-
lowing the addition of CaCl,; however, the effect of cal-
cium was more pronounced in cow milk gels than that of
camel milk gels (Fig. 3b; Table 1). From the obtained
results, it could be concluded that G’ asym Values exhibited
higher significant values (p < 0.05) with the increase of
added CaCl, concentration. Indeed, according to Table 1,
the highest G'yym value was observed following the
addition of 20 mM CaCl, (i.e., 231 Pa), while it was only
of 20.28 Pa for control cow milk gels, in agreement with
others who observed after 360 min of skim cow milk gels
acidification G/ asym values of 319 (Lucey et al. 1998a) and
244 Pa (Oh et al. 2007). In addition, the difference in
G’asym values between control and those enriched with
calcium could be attributed to the increase of the micellar
calcium phosphate amount leading to higher establishment
of calcium bridges between milk proteins and the forma-
tion of more elastic gel (Guillaume et al. 2002). From
Fig. 3b, it was observed that the G’ values of gels added
with CaCl, increased rapidly during the first 18 min, cor-
responding to pH value of ~5.20. This trend could be
related to the dissociation and rearrangement of casein that
increase with the solubilization rate of colloidal calcium
phosphate (Gastaldi et al. 1996). After the first 18 min, the
G’ values showed small change with the decrease of pH
from 5.20 to 4.70 that could be attributed to the reincor-
poration of casein into the micelle structure (Gastaldi et al.
1996). In the 24-62 min range, the G’ values increased,
where the pH value was of ~4.70. Beyond 62 min, the G/
values showed a slight decrease during ~ 10 min, and after
remains constant until the end of gelation (180 min).
Regarding the gelation time and gelation rate of cow milk
gels, a similar trend was observed for camel milk. Indeed,
the increase of the added CaCl, levels to 20 mM reduced
significantly the gelation time (p < 0.05) and increased the
gelation rate compared with control milk (Table 1). These
modifications could be explained by the increase of the
neutralization rate of the negatively charged casein,
resulting from the increase in ionic calcium amount (Dal-
gleish 1983).

The impact of Na,HPO,*2H,0 added to cow milk gels
was found more pronounced than that of camel milk gels,
since a significant delay in the gelation onset, a reduction
of the gelation rate, and the formation of a weak gels were
obtained with the increase of the added Na,HPO,*2H,O
levels. Indeed, from Fig. 3b and Table 1, it could be
observed that the gelation rate and G’ asym values decreased
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Table 1 Gelation kinetic parameters of control camel and cow milk and those added with CaCl, and Na,HPO4*2H,0
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significantly (p < 0.05) with the increase of Na,HPO,*2-
H,O concentration in comparison with control milk gels
(Table 1). The decline of curd-firming rate and G'yym
values could be explained by the decrease in the colloidal
calcium phosphate cross-linking leading to the dispersion
of casein as described by Mizuno and Lucey (2007) and
Ozcan et al. (2008) reporting that the addition of low
concentrations of tetrasodium pyrophosphate to milk
induced slow protein gelation. As shown in Table 1, the
gelation time increased significantly (p < 0.05) with the
increase of the level of added phosphate. This trend could
be attributed to the formation of a phosphocalcic complex,
leading to decrease the calcium ions and thus increase the
negative charges of casein micelles (Tsioulpas et al. 2010).

The evolution of G’ as a function of frequency and strain
amplitude sweep tests are reported in Figs. 3 and 4.
According to Fig. 3c, d, an increase in the G’ values of
calcium-induced milk gels was observed with the increase
of frequency from 1 to 10 Hz, irrespective of milk species.
Considering each milk gels, separately, the difference
between G’ and G” (data not shown) was less than 1 log,
particularly for camel milk gels, indicating the formation of
weak gels (Lapasin and Pricl 1995). Indeed, when fre-
quency increased from 1 to 10 Hz, G’ values of control
camel and cow milk gels varied from 2 to 19 Pa and from
22 to 46 Pa, respectively (Fig. 3c, d). The obtained results
were in agreement with the findings of Martin et al. (2009)
who reported that G’ and G” of GDL-induced skim milk
gels increased in the 0.016—-1.60 Hz range.

Compared with control milk gels, the incorporation of
calcium at 10 and 20 mM induced an increase in the G’ and
G” values as a function of applied frequency (i.e., 1-10 Hz
range) (Fig. 3c, d). These results were in agreement with
those of Ramasubramanian et al. (2014) who observed an
increase of G’ for calcium-induced cow milk gels with
increase of frequency from 0.1 to 10 Hz, reflecting that the
formed bonds in the gels matrix have less time to relax
when the time scale of the applied stress is shorter (Mishra
et al. 2005). Similar results for control milk gels were
obtained with added phosphate (Fig. 3c, d). For example,
with added Na,HPO,*2H,O at 20 mM, an increase in the
G’ values from 1.55 to 21 Pa and from 16.31 to 41.27 Pa
was observed with increasing frequency from 1 to 10 Hz
for camel and cow milk gels, respectively.

Over the entire frequency range (from 1 to 10 Hz), the
slopes obtained using a linear regression of log G’ versus
log frequency exhibited similar values i.e., ~1.17,
R? = 0.96 for all camel milk samples indicating that the
evolution of G’ depend on the frequency, and reflecting the
formation of a weaker gel structure (Fig. 3c). Those of cow
milk gels showed lower values, where slopes of ~0.17
(R? = 0.99) and ~0.35 (R®> = 0.92) were observed with
10 and 20 mM calcium-induced milk gels, and control milk
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gels, respectively (Fig. 3d). Similar results were obtained
with added phosphate (Fig. 3c, d).

The low slopes obtained from cow milk gels reflects that
the evolution of G’ values was independent of frequency,
indicating the formation of gels with higher firmness that
could be related to the increase of the number of formed
bonds in the gel matrix. No data was available concerning
the slopes obtained for camel milk gels. However, those
obtained from cow milk gels were in line with the literature
(Lucey et al. 1998a; Oh et al. 2007). Indeed, Sandra et al.
(2012) observed fair slope values as a function of fre-
quency following the addition of CaCl, suggesting a higher
extent of cross-linking as a result of calcium bridges
formed in the milk gels. Figure 4a, b illustrates that the
highest breaking stress values of camel and cow milk gels
were obtained with added CaCl, (10 and 20 mM). Indeed,
the breaking stress of camel milk gels exhibited a maxi-
mum value of 1.89 and 1.94 Pa with 10 and 20 mM added
CaCl,, while it was only of 1.80 for control milk gels
(Fig. 4a). The breaking strain showed similar values of
102% for the three cases.

A similar trend was observed for cow milk gels
(Fig. 4b), since the breaking stress for control milk gels
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and those added with 10 and 20 mM CaCl, was respec-
tively of 49.31, 97.92 and 131.75 Pa, with a breaking strain
of 102% for control milk gels and 48% for those with
added CaCl,. The increase of the breaking stress with the
addition of CaCl, could be explained by the increase of the
insoluble calcium level of casein micelles, leading to
decrease the large pores and increase the strength interac-
tions and bonds between caseins particles (Lucey et al.
1997).

Maximum breaking stress values of 1.47 and 1.45 Pa
and a breaking strain of 102% were observed, respectively
for 10 and 20 mM phosphate-induced camel milk gels
(Fig. 4a). For cow milk gels (Fig. 4b), the maximum
breaking stress following the addition of 10 and 20 mM
Na,HPO,*2H,0 showed similar values of ~46 Pa, with a
breaking strain of 150 and 102%, respectively. The
decrease in the breaking stress compared to added calcium
could be ascribed to the reduction in the number of col-
loidal calcium phosphate cross-links, and the dispersion of
casein particles as reported by Ozcan et al. (2008).

Comparison of the final storage modulus of camel
and cow milk gels as a function of added mineral
levels

Changes in G’asym values of Na,HPO,*2H,0O and CaCl,-
induced camel and cow milk gels were in the following
order: cow milk gels > camel milk gels (Fig. 5). Indeed,
for a considered concentration of Na,HPO,*2H,O and
CaCl,, the G',4ym of cow milk samples exhibited significant
higher values (p < 0.05) than those obtained with camel
milk gels. Furthermore, the G’ 45y, of calcium-induced milk
gels was significantly higher (p < 0.05) than that of
phosphate-induced milk gels. The difference in the phy-
sico-chemical composition of both types of milk such as
dry matter, protein and fat might be considered as the
principal reason of this variation. In fact, the low contents
of dry matter, protein and fat in camel milk compared with
cow milk induced some modifications in the gelation
properties. In this context, Jumah et al. (2001) reported that
the lower levels of dry matter and protein of camel milk,
the weaker acid-induced gel. This could be explained by
the fact that: (1) the lower fat content of camel milk
induced the formation of a weak gel since fat globules
could interact with the protein matrix improving the firm-
ness of recombined milk gels (El Zubeir and Jabreel 2008;
Lucey et al. 1998b); and/or (2) the larger size of camel
casein micelles affect the rheological properties of milk
gels (Glantz et al. 2010), in agreement with the results
obtained in Fig. 2 indicating that casein micelles size of
camel milk (468 nm) is larger than that of cow milk
(137 nm).
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Fig. 5 Effect of added CaCl, and Na,HPO4*2H,0 on asymptotic
value of G’ after 180 min of gelation (G’ ,5ym) of camel and cow milk
gels (data are means of duplicates)

Conclusion

The results of the present study showed some difference
between the rheological properties of acid-induced camel
and cow milk gels. The increase of the added CaCl, con-
centration from 10 to 20 mM reduced significantly the
gelation time and increased the firmness for both camel and
cow milk gels compared with control milk gels.

The addition of Na,HPO,*2H,O at 10 and 20 mM
exhibited a slight effect of the gelation properties of camel
milk gels compared with control milk gels. This effect was
more pronounced for cow milk gels, since a significant
delay in the gelation onset and decreases of the gel firmness
were observed. However, the detailed mechanism by which
added CaCl, and phosphate affects the rheological prop-
erties of acid-induced camel milk gels needs to be further
investigated.

The different measurements were performed on frozen-
thawed milk samples and it would be interesting to test
these results on fresh milk samples although a recent study
conducted on caprine milk pointed out that milk freezing
up to 2 months at —27 °C did not present significant effect
on the coagulation properties (Kljajevic et al. 2016).
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