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a b s t r a c t

Fat content and heat treatment of milk affect the texture of direct acidified milk gels. Gels were produced
from cow or buffalo milk standardised to 3, 4.5 and 6% fat, and heated at 90 �C for 0, 6 or 12 min prior to
citric acid acidification at 85 �C. Effects on composition, microstructure and textural properties were
investigated. The total solids yield was on average 18% higher for buffalo than cow milk gels. A higher fat
content in the gels and softer gels regardless of milk origin. Buffalo milk gels were significantly harder
and had a denser protein network compared with cow milk gels with the same milk fat content and
produced under the same conditions. Increase in heating time caused softening of gels with 6% fat in-
dependent of milk origin. This work shows the potential of modifying cowmilk composition to modulate
the texture of gels.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The growing focus by consumers to reduce carbon footprint
pushes the frontier of new product development in the food in-
dustry. Meat has the largest impact on the carbon footprint of the
western diet, and therefore consumers look for meat alternatives.
Existing products provide a solid foundation from where we can
explore and develop new textures and consumer experiences. An
example of a widely used meat alternative is the indigenous Indian
milk product paneer. Paneer, also known as Indian cottage cheese,
is a heat and acid induced gel that due to its non-melting ability
upon heating it is a suitable meat alternative in cooking, for
example in curries, stews or for grilling.

Fundamental studies on heat and acid induced gels have been
performed on skimmed milk and whey protein gels, most often
using the slow releasing glucono delta-lactone or HCl as coagulant
and acidification, typically, performed at 30e60 �C (Aguilera &
Kessler, 1989; Lucey, 2010; Lucey, Wilbanks, & Horne, 2022).
However, studies regarding the properties of heat and acid induced
gels from milk acidified at higher temperatures (>70 �C) are
strongly connected to paneer which is traditionally produced from
buffalo milk (BM) or a mix of cow and buffalo milk. As described in
ier Ltd. This is an open access artic
the review by Kumar, Rai, Niranjan, and Bhat (2014) high-quality
paneer is produced from BM whereas cow milk (CM) results in a
fragile product that disintegrates during cooking. Paneer produced
from CM is thus considered of inferior sensory quality compared
with BM. The brittleness of CM paneer has been explained by lower
protein, calcium and fat content; however, modifications to the
manufacturing process or use of additives have shown to improve
its quality (Khan & Pal, 2011; Kumar et al., 2014).

Heat treatment of milk has previously been studied for optimi-
sation of CM paneer processing (Desai, Gupta, Patil, & Patel, 1991;
Vishweshwaraiah& Anantakrishnan,1985). The intensity (time and
temperature) of the heat treatment affect the extension of whey
protein denaturation along with calcium distribution between the
colloidal and serum phase, thereby influencing the heat induced
aggregation between whey and k-casein as well as the stability of
the casein micelles (Lucey, 2017; Masud, Shehla, & Khurram, 2007;
Sachdeva & Singh, 1988). Previous studies have shown that heat
treatment of milk also affects the fat content of paneer, causing
softeningof the texture, playing amajor role on sensorial acceptance
of CM and BM paneer (Sachdeva & Singh, 1988; Singh & Kanawjia,
1988; Vishweshwaraiah & Anantakrishnan, 1985).

However, studies comparing the combined effect of fat content
of the milk and heat treatment for CM and BM paneer produced
under the same conditions have not been found. Such a study is
necessary to better understand the differences in the textural
properties observed between CM and BM paneer. CM and BM are
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. 22 factorial design with one central point used both for cow and buffalo milk.
For cow milk each run was performed three times, while buffalo milk, used as refer-
ence, only the central point was repeated three times.

Fig. 2. Flow diagram illustrating production of buffalo and cow milk gels. Herein the
parameter changes in the production, fat content and heat treatment time.
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inherently different, reflected by a significant difference in amount
of total solids, casein content, fat content, and calcium content. BM
contains a higher amount of solids, (16.3% compared with 12.8% for
CM), fat (7e8% for BM compared with 3e4% for CM), casein
(3.5e4.2% for BM, compared with 2.8% for CM) and total calcium
(1.826 mgmL�1 for BM compared with 1.142mgmL�1 for CM) (Abd
El-Salam & El-Shibiny, 2011; Fox, Uniacke-Lowe, McSweeney, &
O'Mahony, 2015; Sindhu & Arora, 2011). An important structural
difference is that BM casein micelles are larger compared with the
CM, 110e160 nm and 70e110 nm respectively (Sindhu & Arora,
2011). The differences in composition, especially in terms of cal-
cium content, are expected to affect the structure and texture of the
gel. The amount of calcium associated with casein will increase
with the length of heat treatment, thus decreasing the possibility of
calcium-whey protein interactions (Anema, 2009; Koutina &
Skibsted, 2015; Wang & Ma, 2020). On the other hand, acidifica-
tion will cause calcium release from the casein micelles enabling
calcium mediated proteineprotein interactions (Koutina, Knudsen,
Andersen, & Skibsted, 2014; Le Gra€et & Gaucheron, 1999).

The distribution of fat and its interaction with protein, as well
as the density of the protein network structure, plays an important
role in the textural attributes of heat and acid induced gels. Once
the gel is formed by addition of the acid, the fat and the serum
phase, entrapped in the protein network, will act as fillers strongly
affecting the textural properties of the gel. Previous studies have
shown that fat droplets can act as active fillers in a protein gel
matrix and thereby increase gel hardness and water holding ca-
pacity (Aguilera & Kessler, 1989; Yost & Kinsella, 1993). The effect
of the filler on the firmness of a gel is dependent on the protein
matrix, type and state of the filler, here fat or serum, and the ratio
between them. Fat bound to the protein network serving as an
active filler will enhance the gel network and thus increase water
holding capacity. Whereas fat acting as an inert filler weakens the
strength of the protein network (Ring & Stainsby, 1982; Sala, Van
Aken, Stuart, & Van De Velde, 2007; Scholten, 2017). Therefore,
understanding the micro- andmacrostructure of the gels is the key
to understand the textural attributes. Aside from a very thorough
study by Kal�ab, Gupta, Desai, and Patil (1988) comparing micro-
structure of CM, BM and mixed milk paneer using scanning elec-
tron microscopy (SEM), to the best of our knowledge, limited
fundamental understanding is available concerning the effect of
milk composition and processing on microstructure of heat and
acid induced gels and the consequences for their textural
properties.

Through a comparison of composition and microstructure this
study aims to elucidate how milk fat content and heat treatment
time at 90 �C affects the textural properties of heat and acid
induced cow milk gels. As reference, buffalo milk gels were pro-
duced under the same conditions. The aim was to achieve a better
understanding of the textural properties of heat and acid induced
gels to support further studies and product innovation.

2. Materials and methods

2.1. Design of experiment

Two 22 factorial design with one central point was used for cow
and another buffalo milk. For both milks, the varied parameters
were length of the holding time at 90 �C, i.e., 0 or 12 min, and fat
content of the milk, 3 and 6%. The central point was 6 min and 4.5%
fat (see Fig. 1). For CM each set of production conditions was
repeated three times, in three independent days to take into ac-
count milk quality and ensure the robustness of the production. For
BM, which was used as reference, due to import limitations, only
the centre point was repeated three times.
2

2.2. Production of heat and acid induced gels

Raw CMwas collected on the day of production (ultimo October
and primo November) from the local farm Mannerup Moellegaard
with a herd of 160 Red Danes (Hovedvejen 227, Osted, 4320 Lejre,
Denmark). Raw BMwas acquired from Buffalo Farm Twente (primo
December) (Ahuisweg 1, 7591 PL Denekamp, the Netherlands).
Fig. 2 shows a flow diagram of the production. The milk was heated
to 50 �C and separated using an Electric Cream separator Milky FJ
130 EPR table separator (Milky Day, Hrdejovice, Czech Republic).
The milk was subsequently standardised in a 4 L stainless steel
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bucket making up 1 L of milk per sample to fat levels of 3, 4.5 and
6%. Fat content was measured using a Milkoscan™ FT2 (Foss, Hill-
erød, Denmark). The composition of the standardised milk is pre-
sented in Table 1. Under manual agitation each milk sample was
heated in a water bath to reach 90 �C, app. 2 min. The temperature
was then kept for 0, 6 or 12 min. The milk was moved to a 2 L
stainless steel bucket and cooled to 80 �C in a water bath under
agitation using a motor-controlled variable-speed overhead four-
bladed stirrer (IKA®-Werke GmbH & Co. KG, Staufen im Breisgau,
Germany) at lowest possible speed. Under continued agitation 2%
citric acid (Honeywell Fluka, Seetze, Germany) solution was added
until pH 5.2 was reached. The agitation was stopped and the co-
agulum was left to settle for 2 min before separating curd from
whey using a muslin cloth. The muslin cloth and curd were placed
in a mould and pressed for 15 min under a pressure of 0.05 kg cm�2

using a weight. The muslin cloth was removed and the pressed gel
was cooled for 1 h immersed in 800 mL precooled, 5 �C, deionised
(DI) water. DI water was subsequently strained off and the gel was
packed tight in plastic wrapping until analysis.
2.3. Composition of heat and acid induced gels

The fat content of the gels was determined by the Soxhlet
method, using a Soxtec extraction system 1043 (Foss). The gel
samples were weighed out, 3 g, in a cotton thimble and mixed with
10 g of silicon dioxide (Sigma Aldrich, Steinhem, Germany). The
receiving cups were weighed and 3 glass beads were added
together with 40 mL of petroleum ether, and fat was extracted over
3 h. The receiving cups were left for evaporation for 30 min before
weighing and the fat contentwas calculated per 100 g of product (%,
w/w).

The nitrogen content was determined using the Kjeldahl
method (IDF 20A: 1986Milk). Samplewasweighed on nitrogen free
paper, 0.5 g, and added to Kjeldahl tubes. Two Kjeldahl catalyst CK
3.9 g (VWR chemicals, Leuven, Belgium), silcon anti-foam agent
(Sigma Aldrich, Darmstadt, Germany) and 98% H2SO4 (Merck, UK)
were added and digestion was performed under increasing tem-
perature at 1 h 120 �C, 1 h at 250 �C, and 1.5 h at 410 �C. The tubes
were cooled and distilled with 33% NaOH into ortho-boric acid with
Kjedahl indicator (VWR chemicals, Leuven, Belgium) using Kjeltec
8100 (Foss). The nitrogen content was decided by titration with
0.1 M HCl (Sigma Aldrich), and converted to protein content
calculated per 100 g of product (%, w/w) with a conversion factor of
6.38.
Table 1
Composition of cow and buffalo milk after independently standardising 1 L of milk for e

Parameter (%) Time at 90 �C

3% fat

0 min 12 min

Cow
Fat 3.05 ± 0.08a 3.21 ± 0.07a

Protein 3.57 ± 0.02a 3.55 ± 0.04a

Casein 2.75 ± 0.02a 2.7 ± 0.03a

Lactose 4.54 ± 0.04a 4.5 ± 0.02a

Total solids 12.46 ± 0.1a 12.62 ± 0.1a

Buffalo
Fat 3.01 ± 0.01a 2.91 ± 0.002a

Protein 4.18 ± 0.01a 4.21 ± 0.001a

Casein 3.46 ± 0.02a 3.47 ± 0.01a

Lactose 5.03 ± 0.01a 5.06 ± 0.001a

Total solids 13.34 ± 0.02a 13.24 ± 0.001a

a Error is for cowmilk based on three measurements on three independent samples. Fo
6 min sample based on three independently standardised samples. Values with different
milk independently.

3

Total solids (TS) and moisture were determined by mixing 2 g of
the gel with 20 g of sand, white quartz (Sigma Aldrich, Buchs,
Switzerland) in dried glass beakers and placed in an oven at 104 �C
for 18 h. The samples were equilibrated to room temperature before
weighing. Total solids andmoisture contentwere then calculated as
the difference in weight before and after drying. The yield of pro-
tein, fat and total solids was calculated as the difference between
the initial and the possible recovery over the measured content,
given as a percentage.

Water activity (aw) was analysed using an AquaLAB (Meter,
München, Germany).

Calcium content was determined using an inductively coupled
plasma optical emission spectrometry (ICP-OES) 5100 system
(Agilent Technology, Santa Clara, CA, USA). Wavelengths,
393.366 nm, 396.843 and 422.637 nm were used for detection. A
calcium standard from Sigma Aldrich was used for quantification.
Two hundred milligrams of sample were weighed and digested
with 8 mL 65% (w/w) HNO3 (Sigma Aldrich, Renningen, Germany),
2 mL 37% (w/w) HCl (Sigma Aldrich, Darmstadt, Germany) and
2 mL H2O2 (Sigma Aldrich) in a Multiwave GOmicrowave digestion
system from Anton Paar (Graz, Austria). The samples were diluted
to 0.001% (w/v) with 5% (w/w) HNO3 (Sigma Aldrich) before
analysis.
2.4. Confocal laser scanning microscopy

The microstructure of the heat and acid induced milk gel sam-
ples were observed using inverted confocal laser scanning micro-
scopy (CLSM) (Inverted Point Scanning Confocal SP5 II, Leica
Microsystems, Wetzlar, Germany) with a 63 � water immersion
lens.

Fast green FCF (Sigma Aldrich, Steinhem, Germany) was used to
dye protein and Nile red (Sigma Aldrich) for fat. The dyes were
prepared as described by Lamichhane, Auty, Kelly, and Sheehan
(2020) at a concentration 0.01% (w/v) in DI water for Fast green
and in 1,2-propandiol for Nile red. Just prior to dying, the dyes were
mixed in ratio 1:3, Fast green and Nile red, respectively, and the cut-
out sample was covered with dye solution. The sample was then
moved to a thin glass slide to discard excess dye. Two samples were
prepared from each gel, resulting in 6 observed samples per
parameter pair for CM, 2 observed samples for BM corner points
and 6 observed samples for BM 4.5% 6 min. Nile red was excited at
488 nm (argon laser) and Fast green at 633 nm (helium laser), as
described by Ong, Dagastine, Kentish, and Gras (2012). The
ach heat treatment time, to the three fat levels 3, 4.5 and 6% fat.a

4.5% fat 6% fat

6 min 0 min 12 min

4.73 ± 0.10b 6.23 ± 0.02c 6.42 ± 0.13c

3.42 ± 0.01b 3.36 ± 0.01c 3.37 ± 0.03c

2.6 ± 0.03b 2.6 ± 0.02c 2.6 ± 0.02c

4.4 ± 0.06b 4.3 ± 0.06c 4.3 ± 0.02c

13.92 ± 0.01b 15.28 ± 0.07c 15.48 ± 0.13c

4.51 ± 0.02b 6.24 ± 0.001c 6.07 ± 0.002c

4.04 ± 0.01b 3.90 ± 0.002c 3.94 ± 0.01c

3.39 ± 0.01b 3.42 ± 0.02c 3.42 ± 0.006c

4.87 ± 0.016b 4.64 ± 0.002c 4.68 ± 0.006c

14.61 ± 0.05b 16.12 ± 0.001c 16.02 ± 0.003c

r buffalo milk the error is based on three measurements for each sample and for 4.5%
superscript letters are significantly different (p < 0.05) within cow milk and buffalo
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emission filters for Nile red were set at 555e620 nm, and for Fast
green at 660e710 nm.

Three Z-stacks of 50 images, with various stack heights
(0.5e60 mm), were acquired with a resolution of 512 � 512 pixels,
resulting in a total of 6 images for each parameter pair for CM and
BM centre point and 3 images for BM corner points.

Images were produced in imaging software ImageJ (W. Rasband,
National Institutes of Health, Bethesda, USA) using the plugin
Volume Viewer (Kai Uwe Barthel (barthel at htw-berlin.de) Inter-
nationale Medieninformatik, HTW Berlin, Berlin, Germany). Each
image was produced by layering 20e50 images.

2.5. Texture profile analysis

The textural characteristics in this study were determined using
Texture Profile Analysis (TPA). TPA of the gels were performed using
a TA.XT2i (Stable Micro Systems, Godalming, UK), using a SMS P/75
probe, a 5 kg load cell for CM gels and a 30 kg load cell for BM gels.
The instrument settings were as follows; test speed: 5 mm s�1,
target mode: distance, distance: 10 mm, cycle time 5 s, trigger force
2 g. The gel structure was porous and soft and therefore each
pressed gel was cut into nine cubes of 20 � 20 � 20 mm. Cubic
shape was obtained by removing the rinds with a knife. Rinds were
removed as syneresis and evaporation is expected to be higher.
Then, using a specially designed cheese cutting tool, 9 pieces of
20� 20� 0mmwhere cut. Texture parameters were reported as an
Fig. 3. PCA bi-plot of variables. Squares indicate cow and triangles buffalo gels. Filled objects
samples. The centre points are filled for buffalo and empty diamonds for cow. The heating ti
heating time.

4

average from measurements performed on eight such cubes (one
was saved for CLSM). Samples had a temperature of 5e7 �C at the
start of the compression. The software Texture Exponent (Stable
Micro Systems) was used to collect texture measurement data on
hardness, springiness and cohesiveness, which were selected as
representative descriptors for the sensorial and handling attributes
of the gels.
2.6. Statistical analysis

For the statistical data analysis and PCA bi-plot JMP 15.0.0 pro
(SAS institute Inc., Cary, USA) was used. Three independent studies
conducted done on CM and one on BMwith triplicate central point.
In addition, all compositional analyses were performed in triplicate.
A 2-way ANOVA, Student's t-test and a principal component anal-
ysis (PCA) was performed to compare the variables.
3. Results and discussion

To give an overview of all the variables and responses, and
support further discussion of the results, Fig. 3 shows a PCA bi-plot
(all the measurements are auto-scaled to have an equal variance).
The X and Y axis are defined as component 1 (explaining 53.4% of
the variance) and component 2 (explaining 27.8% of the variance),
respectively.
indicate 3% initial milk content samples, empty objects indicate 6% initial milk content
me is indicated as red: 0 min heating time, green: 6 min heating time and blue: 12 min
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The composition of heat and acid induced gels in terms of
moisture, calcium-to-protein content, calcium content and protein
content are positively correlated to gels produced from BM, which
has higher levels of these compounds. Higher levels of TS are
connected with CM gels and longer heating time. Low initial fat
content of milk, (3%) is positively correlated to high protein and
total solids content in the gels. While gels produced with high fat
content milk (6%) are related with gels with high fat and water
activity. As expected, initial fat content in the milk and fat content
of the gels were highly correlated.

3.1. Composition of the gels

The composition of the heat and acid induced gels of both cow
(CM) and buffalo milk (BM) is presented in Table 2, in terms of fat
and protein content, total solids (TS), moisture, water activity (aw)
protein-to-fat ratio and calcium content. Fat content and heat
treatment of the milk significantly influenced the composition of
the gels, with the exception of aw, from both CM and BM.

Fat, protein and calcium were higher for BM gels than CM,
except fat content for CM 3% fat and 12 min heating, whereas TS
was higher for CM gels. The unexpectedly higher measured TS
content of CM gels might be caused by water tightly bound to the
protein, which could not be removed during after drying for 48 h
when constant weight was achieved.

With the increase of milk fat levels from 3 to 6%, the protein
content of the CM gels decreased by 23 and 31%, for milk heated for
0 or 12 min, respectively. This decrease is a consequence of the milk
not being standardised on protein content, but on fat content, thus
gels with higher fat content have relatively lower protein content.
Standardising to only fat is a limitation, as protein content influence
gel formation, but could not be overcomewithout affecting mineral
balance that is also important for gel formation. The extend of heat
treatment of milk at 90 �C tend to decrease the protein content of
the gels for both fat levels 3 and 6% in CM and for BM. Thus, the
lowest protein content of CM and BM gels were observed for those
produced with milk heated for 12 min. The reason for such differ-
ences may be due to the higher protein denaturation and aggre-
gation at 12 min (Anema & Li, 2003; Anema & McKenna, 1996). As
no differences in protein content in the whey separated from the
gels was observed (data not shown), the protein loss could be
Table 2
Composition of cow milk and buffalo milk gels of three fat levels 3, 4.5 and 6% fat and h

Parameter Time at 90 �C

3% fat

0 min 12 min

Cow
Fat (%) 14.6 ± 0.5a 14.9 ± 1.4a

Protein (%) 23.8 ± 2.3a 20.2 ± 1.7a

Total solids (%) 55.7 ± 3.3ab 59.4 ± 3.2a

aw 0.936 ± 0.006ab 0.936 ± 0.005ab

Moisture (%) 44.3 ± 3.3ab 40.6 ± 3.2a

Protein-to-fat 1.6 ± 0.2a 1.4 ± 0.2b

Ca2þ (mg g�1 sample) 4.1 ± 1.0a 3.8 ± 0.3a

Buffalo
Fat (%) 14.8 ± 0.3a 13.9 ± 0.8a

Protein (%) 24.8 ± 0.9a 25.4 ± 0.8a

Total solids (%) 52.1 ± 0.7a 50.7 ± 0.1ab

aw 0.933 ± 0.003a 0.943 ± 0.009a

Moisture (%) 47.9 ± 0.7a 49.3 ± 0.1ab

Protein-to-fat 1.7 ± 0.1a 1.8 ± 0.1a

Ca2þ (mg g�1 sample) 9.8 ± 0.6ab 10.0 ± 0.6ab

a Error is for cow milk based on three measurements on three independent samples. F
6 min sample based on 3 independently standardised samples. Values with different supe
independently.
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explained by the fouling that was observed on the sides of the
stainless steel bucket, especially for higher fat content.

As expected, a higher fat content in the milk resulted in a higher
fat content in the gels and no difference (p > 0.05) were observed
between CM and BM gels. Heating time did not exert a significant
effect (p > 0.05) on the fat content of the gels (Table 2) regardless of
milk origin. The thermal treatment cause denaturation of milk fat
globule membrane proteins and thus aggregation and coalescence
of fat globules (Corredig & Dalgleish, 1997; Dalgleish & Banks,
1991). Thus, fat was lost to the whey or entrapped in the gel
structure during acidification and this process seems not to be
affected by the extend of heat treatment of the milk at 90 �C.
Vishweshwaraiah and Anantakrishnan (1985) observed increasing
fat loss to the whey whith increasing milk fat content, additionally
they observed that increasing the heat treatment temperature
(75e90 �C) reduced the fat loss, however, they did not investigate
the effect of the heat treatment time.

In Fig. 4A and B the yield of TS is presented for CM and BM
respectively, which combines the effects of protein, fat and min-
erals. The TS yield (p < 0.05) was on average 18% higher for BM than
CM gels. Yield, in terms of TS content was affected (p < 0.05) by the
holding time for CM, but not by the fat content of the milk. While
for BM, no significant effect of heat treatment time or fat content
was found. The highest increase in TS yield was observed for CM,
affected by the increase in holding time from 0 to 12 min at 6% milk
fat content. Vishweshwaraiah and Anantakrishnan (1985) found for
and Sachdeva and Singh (1988) for BM paneer, that increasing fat
content in the milk increased TS content in the gels. The same
trend, could in this study only be confirmed for gels produced with
high milk fat content (6%), where TS content significantly (p < 0.05)
increased for both CM (16%) and BM (14%) gels.

The protein-to-fat ratio, however, decreased 56% with
increasing milk fat content from 3 to 6% for both CM and BM.
Protein-to-fat ratio for CM decreased with the heating time due to
the relative loss of protein and fat, whereas BM gels were
unaffected.

Regarding calcium content (Table 2) and calcium-to-protein
ratio (Fig. 5), no significant effects of holding time during heating
at 90 �C were observed for CM gels, and only a slight difference was
found for BM. Due to the inherently higher content of calcium in
BM, the difference for buffalo milk may be due to more calcium
eat-treated at 90 �C for 0, 6 and 12 min.a

4.5% fat 6% fat

6 min 0 min 12 min

20.7 ± 1.9b 25.2 ± 2.6b 23.1 ± 2.5b

19.8 ± 1.8ab 18.1 ± 0.6b 13.9 ± 0.3c

55.1 ± 3.6ab 52.8 ± 1.5b 61.0 ± 1.5a

0.939 ± 0.008ab 0.935 ± 0.006a 0.943 ± 0.006b

44.9 ± 3.6ab 47.2 ± 1.5b 39.0 ± 1.5a

1.0 ± 0.1c 0.7 ± 0.1d 0.6 ± 0.1e

3.3 ± 0.5a 3.3 ± 0.4a 2.7 ± 0.1ab

22.2 ± 0.2b 25.1 ± 0.7c 26.3 ± 0.7c

21.3 ± 0.6b 20.9 ± 0.4b 18.2 ± 0.3bc

50.0 ± 0.6ab 45.4 ± 0.3b 51.6 ± 1.2a

0.942 ± 0.006a 0.941 ± 0.010a 0.937 ± 0.002a

50.0 ± 0.6ab 54.6 ± 0.4b 48.4 ± 1.2a

1.0 ± 0.03b 0.8 ± 0.03b 0.7 ± 0.02b

7.8 ± 0.5ac 8.4 ± 0.7ab 6.4 ± 0.2abcd

or buffalo milk the error is based on 3 measurements for each sample and for 4.5%
rscript letters are significantly different (p < 0.05) within cow milk and buffalo milk



Fig. 4. Total solids yield (%) for cow (A, white) and buffalo (B, grey) milk gels. Columns are divided in fat content 3, 4.5 and 6% and further divided in heat treatment length 0, 12 and
for 4.5% fat 6 min. For cow milk gels errors are based on three independent trials, for buffalo milk gels the error is based on the variation of the middle sample 4.5% fat and 6 min
heating. Different letters denote significant differences (p < 0.05).

Fig. 5. Calcium to protein content of the heat and acid induced gels from cow (A, white) and buffalo (B, grey) milk. The columns are divided in fat content 3, 4.5 and 6% and further
divided in heat treatment length 0, 12 and for 4.5% fat 6 min. Different letters denote significant differences (p < 0.05).
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mediated protein interactions when the calcium is released during
acidification (Adhikari, Mathur,& Patil, 1992, 1993; Sindhu& Arora,
2011).

The differences in the composition of the CM and BM gels, and
yield during production was thus mainly affected by the inherent
compositional differences between cow and buffalo milk, particu-
larly in terms of protein and calcium content.
6

3.2. Microstructure

The microstructure, observed by CLSM, of two CM heat and acid
induced gels is presented in Fig. 5 as representative of the obser-
vations done. The gels had a characteristic porous structure, thus
some of the images show crevices or pores in the gel that are
formed when the curd is pressed after the acidification process.
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White areas signify the background colour, thus indicating pores. In
the CLSM micrographs the brightness, especially the green colour,
also provides information about the porosity of the gel structure.
The darker green indicates surfaces of the pores or crevices, which
are positioned lower in the z-plane where the fluorescent emission
is reduced (Fig. 6B). Some images show the continuous protein
network of the gels, which has a brighter green colour (Fig. 6A). This
open and porous structure makes it possible to see how the fat is
arranged within the aggregated protein network, as well as within
the pores of the gels.

Overall, the protein network structure of CM heat acid induced
gels was found to be dense with many small pores containing
globular and uneven pores in which fat, serum and possibly air are
entrapped. Fat, serum and air are either interrupting or possibly
reinforcing the protein network. A similar dense structure, with
many irregularly spread small pores, was observed by Adhikari
et al. (1992, 1993) for BM and CM chhana, i.e., the paneer co-
agulum before pressing. As shown in Fig. 6C and D the protein
structure of the high fat gels shows protein structures inter-
connecting larger protein domains resulting in a more open protein
structure compared with the low fat gels (Fig. 6A and B). Monteiro,
Tavares, Kindstedt, and Gigante (2009) found in cream cheese that
formation of thin protein strings was very dependent on the pH and
a pH below 5.5 increased the amount of strings. In our case the gels
have a pH of 5.2.

In CM gels produced with 3% fat, both at 0 min and 12 min
(Figs. 6A and 7C), the fat was present in the protein network as
small (<5 mm) and medium (<20 mm) sized fat globules. Increased
fat content resulted in larger coalesced fat domains (>20 mm) in the
voids in the gel as seen for 4.5% 6 min and 6% 0 min (Figs. 6B and
7D). Sample 6% 12 min has smaller (<20 mm) but aggregated fat
domains (Fig. 7D).

The BM gels, Fig. 7B,D, exhibit a more uneven fat distribution
and less visual fat than the CM gels, which is unexpected since the
fat content was comparable or higher for BM. The difference might
be explained by the denser protein network in BM which more
effectively entrapped the fat, making it more difficult for the dye to
penetrate, and possibly the protein signal overshadows the fat
signal (Fig. 7D). BM 4.5% 6 min gels showed high amounts of fat
globules present both entrapped in the protein network and filling
the pores of the gel (image not shown), while gels 6% fat milk and
0 min holding time (Fig. 7D), a lesser degree of fat in the pores is
visible, which may be due to a large amount of fat entrapped in the
protein network.
Fig. 6. CLSM images depicting the observations on microstructure of cowmilk gels, as to sho
heating time (A) show a protein structure with few small pores, whereas 4.5% 6 min heating t
Nuances of green indicate the depth of the images, lighter green is closer to the lens capturin
ending within the image, whereas white is the background, indicating a pore continuing in
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Adhikari, Mathur, and Patil (1993) described calcium as a major
contributor to the texture and microstructure of heat and acid
induced milk gels. BM gels have a higher content of calcium.
Therefore, the BM gels are expected to have more calcium induced
protein interactions caused by heating, which may explain the
denser protein network compared with CM. However, with the
CSLM method used, no clear differences between CM and BM were
observed in regards to the effect of heat treatment. Similar to CM
gels the protein structure of low fat BM gels (3%) was very dense,
suggesting a strong proteineprotein network (Fig. 6A and B). As for
both the 3% CM gels, the 3% 0min BM gel has pores, but they are to a
high extend filled with fat and thus not open in the structure as was
observed for high fat samples (6%). The visual density of the low fat
gels could be explained by the higher protein content and with this,
a higher possible concentration of casein associated calcium.

Fig. 7D shows that the BM high fat gels have, as the high fat CM
gels, a more porous or open protein network. In the denser BM gels,
the openness of the structure is related to closely adjoining pores,
filled with either air or serum, in the continuous protein network.
In contrast, the open structure of the high fat CM gels (6%) is related
to larger pores.

For both CM and BM gels the visual evaluation of the samples
show larger differences in fat content and porosity of the gel than in
the structure of the protein network itself. Furthermore, the initial
fat content of the milk exerted a larger effect on the microstructure
than the heating time. This is probably due to the effect of the heat
treatment time on the protein and calcium content, more protein
and calcium will result in a denser structure. Whereas a higher fat
content and thus less protein and calciumwill lead to a more open
protein network with more and larger pores. Furthermore, there is,
as was also seen for the gel composition, a clear effect of the milk
source. CM gels have a more open microstructural network and BM
gels have a denser structure. This difference indicates that the
variations are due to the composition of milk, e.g., the calcium
content, protein and fat globule size as was also observed by Desai
et al. (1991).

3.3. Texture

The differences observed in composition and microstructure of
the heat and acid induced gels produced with CM or BM are also
reflected in their texture. In Fig. 8 the correlations between fat,
protein and moisture contents and hardness, cohesiveness and
resilience are shown. Hardness, representing the firmness of the
gel, cohesiveness, the resistance to stress, and resilience, as a
w the differences in the porosity. Green indicates protein and red indicates fat. 3% 0 min
ime (B) shows protein structure with large pores filled with large (>20 mm) fat globules.
g the image whereas dark green is deeper in the gel. Black or dark areas indicate pores
to the next frame.



Fig. 7. CLSM images depicting the observations on microstructure of the cow (A, C) and buffalo (B, D) milk gels. The samples shown are 3% 12 min heating time (A), 3% 0 min heating
time (B), 6% 12 min heating time (C) and 6% 0 min heating time (D). The milk was heated and hold at 90 �C. Green indicates protein and red indicates fat. Nuances of green indicate
the depth of the images, lighter green is closer to the lens capturing the image whereas dark green is deeper in the gel.
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measure of the original shape recovery after application of the
stress, are important sensorial and handling characteristics (biting,
cutting and cooking) of the gel.

A decrease of hardness was observed, for BM, with increasing fat
content (Fig. 8A). A similar tendencywas seen for CMgels, however in
this case not significant, as larger variationswere observed depending
on the intensity of the heat treatment. The CLSM images showed the
fat phase well integrated in the protein network, although the in-
teractions between surface of fat globules and specific proteins in the
protein network, that will define if fat will act as an inert filler or not
and influence the texture of the gels, can not be extracted (Aguilera&
Kessler, 1989). However, our texture results suggest that fat may pri-
marily act as an inert filler, causing a softer and more elastic product.
For both BM and CM, at high fat contents (>20%) the increase of the
heating time leads to large reduction in hardness.

Furthermore, the increase in fat content results in a decrease in
cohesiveness and resilience irrespective of milk origin. BM gels
tend to be harder, more cohesive and resilient than CM at same fat
content. This is probably due to a stronger protein network
entrapping the fat. Further dedicated studies are needed to better
understand protein-fat interactions in heat acid induced gels.

The effect of heat treatment and milk source on hardness might
be explained by the protein content, aggregation and the calcium
dissociation from the casein micelles. Fig. 8B,E,H illustrates the ef-
fect of protein content on the textural parameters. Protein content
affects all three parameters significantly (p < 0.05), higher protein
content results in a harder, more cohesive and more resilient gels.
The rapid acidification might in the less aggregated samples (short
holding time, here 0 min) induce more caseinecasein association,
as less whey protein will interact with micelles, making the gels
harder. Whereas more aggregated whey protein and whey-protein
casein interactions (long holding time, here 12min) would have
8

fewer available surface sites for acid-induced aggregation, due to
whey protein covering the casein micelles (Corredig & Dalgleish,
1999). Additionally, the association of calcium in the casein
micelle cause a decrease in soluble calcium content with heat
treatment. Assuming that the calcium release rate at acidification is
not affected by the length of heat treatment, fewer possible calcium
induced protein interactions will be feasible in the long heated
samples compared with the shortly heated samples (Horne, 2003).
Prolonged holding time results in a softer gel because of the higher
amount of aggregated whey protein, more watereprotein interac-
tion and fewer possible calcium induced protein interaction. The
cohesiveness and resilience increase with increasing protein con-
tent. The decrease can be explained by less proteineprotein in-
teractions both due to higher fat content interrupting the protein
structure and less calcium induced protein interactions. Under-
pinning this, a higher protein-to-fat ratio resulted in harder, more
resilient and more cohesive gels.

In the graphs in Fig. 8C,F, I, it can be seen that more moisture,
counter-intuitively, results in harder, more cohesive and resilient
gels, independently of the milk source. Despite showing similar
tendencies for all three parameters BM gels were harder, more
cohesive and more resilient compared with CM gels (p < 0.05), in
agreement with Kumar et al. (2014).

CM gels have lower water content, are softer, less cohesive and
show lower resilience than BM gels. Beside the water associated
with caseins, most of themoisture in the gels is present in the pores
and crevices as freewater.Water activity (aw) of approximately 0.94
was observed for all gels, as can be seen inTable 2. It is expected that
unboundwaterfilling the pores or entrapped in the gel structure has
no or little influence on the texture,while the casein orwheyprotein
associated water will act as a plasticiser in the protein structure,
meaning that more bound water should result in a softer gel. The



Fig. 8. The texture profile analysis (TPA) parameters hardness (A, B, C), cohesiveness (C, D, E) and resilience (G, H, I) are shown as function of the fat (A, D, G), protein (B, E, H) and
moisture (C, F, I) content of the gels. Source:�, buffalo; ,, cow. Heating time: red: 0 min, blue: 6 min, black: 12 min. The error bars are for cow milk gels the standard error for gels
produced from 3 individual runs, for buffalo milk gels the standard deviation over the 8 pieces in one gel for 3 and 6% fat samples and standard error for 3 individually produced gel
for the 4.5% 6 min samples.
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lowermoisture content of CM gels, associated to softer texture, may
indicate that CM has a higher content of bound water compared
with BM that was not removed with the drying method used, as
previously discussed. For both CM and BM, the moisture content of
the gels decrease with heating time of milk for 6% fat gels (Table 2),
yet the low moisture (CM 39.0% and BM 48.4%) of 12min gels are
softer than the high moisture gels (CM 47.2% and BM 54.6%) with
0 min holding time. Longer heat treatment causes more calcium to
leave the casein micelle, decreasing the amount of water associated
to the casein. This is expected to result in water being more loosely
bound for 12min gels and thus easily lost by spontaneous syneresis
or evaporation. BM has a higher content of calcium and also more
and larger casein micelles compared with CM, and therefore the
ability to bind more water (Arora & Khetra, 2017). Further studies
are needed to understand water holding in these gels.
4. Conclusion

Comparing heat and acid induced milk gels produced from BM
and CM under the same processing conditions results in highly
different gels in respect to texture. Heat treatment and fat content
of the milk affect the composition and structure of the gels. A
higher fat content in the milk resulted in a higher fat content in the
gels, whereas heating time did not exert a significant effect on the
fat content of the gels regardless of milk origin. Though the dif-
ference in protein content between gels were effects of the fat
standardisation, the extension of heat treatment of milk at 90 �C
tended to decrease the protein content of gels. The lowest protein
content of CM and BM gels was observed for gels produced with
9

milk heated for 12 min. The TS yield was on average 18% higher for
BM than CM gels. For CM, TS yield was affected by the heating time
of the milk, but not by the initial fat content of the milk. While for
BM, no significant effect of heat treatment time or fat content was
found on the TS yield. The most important effects found between
BM and CM gels, are, to a large extent, due to or caused by differ-
ences in calcium content between the two milks. The higher con-
tent of calcium in BM, likely caused a higher degree of
proteineprotein interactions, making the gels harder and denser
compared with CM. Fat entrapped in the gel structure, seems pri-
marily to act as an inert filler, causing a softer and more elastic
product. For both BM and CM 6% the increase of the heating time
lead to a reduction in hardness. The differences in water content of
the gels also affect the texture of the gels. Unexpectedly the softer
textures were observed in gels with lower moisture content, which
may be due to plasticiser effects of bound water. Except for BM 3%
gels, moisture content was negatively affected by the extension of
heat treatment, which could be explained by calcium mobility
during heating and acidification.

Better understanding of calcium enforced protein interactions
and the role of fat and water on the textural properties of the gel is
therefore needed to control the texture of heat and acid induced
cow milk gels.
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