
HAL Id: hal-03115051
https://hal.inrae.fr/hal-03115051

Submitted on 19 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Physicochemical, techno-functional, and fat melting
properties of spray-dried camel and bovine milk powders
Ahmed Zouari, Roua Lajnaf, Christelle Lopez, Pierre Schuck, Hamadi Attia,

Mohamed Ali Ayadi

To cite this version:
Ahmed Zouari, Roua Lajnaf, Christelle Lopez, Pierre Schuck, Hamadi Attia, et al.. Physicochemical,
techno-functional, and fat melting properties of spray-dried camel and bovine milk powders. Journal
of Food Science, 2021, 86 (1), pp.103-111. �10.1111/1750-3841.15550�. �hal-03115051�

https://hal.inrae.fr/hal-03115051
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A1ad65cd7-f988-4b44-b7ed-8ddcc56b60e3&url=https%3A%2F%2Fexplore.agilent.com%2F6470B-portfolio&viewOrigin=offlinePdf


Fo
od

En
gin

ee
rin

g,
Ma

ter
ial

s
Sc

ien
ce

,&
Na

no
tec

hn
olo

gy

Physicochemical, techno-functional, and fat melting
properties of spray-dried camel and bovine milk
powders
Ahmed Zouari , Roua Lajnaf, Christelle Lopez, Pierre Schuck, Hamadi Attia, and Mohamed Ali Ayadi

Abstract: In this study, three skimmed and one whole-fat spray-dried camel milk powders were produced and their
characteristics were compared to those of bovine milk powders. The physicochemical analysis of the produced powders
indicated that camel milk powders (whether skimmed or not) presented higher ash and whey protein contents as compared
to those of bovine milk powders. Our results indicated that the investigated camel and bovine milk powders exhibited
a high solubility index (>99%) with poor dispersibility and wettability indexes due to their small particles size (d50 ≤
12 μm) and their narrow size distribution (span ≤ 2). In addition, although camel and bovine milk powders presented the
same total fat content, lower free fat content was measured for camel milk powders. Besides, the whey protein nitrogen
index and the SDS-PAGE electrophoresis underlined that camel and bovine milk proteins remained intact after drying
with low denaturation extent. It is worth noticed that camel milk proteins were less denaturized due to the absence of the
heat-sensitive β-lactoglobulin in camel milk.Moreover, the low denaturation extent participated in the enhancing of the
foaming capacity and stability of camel and bovine milk powders. Finally, the calorimetric analysis showed that higher fat
melting temperatures were recorded in whole-fat camel milk powder and in their anhydrous form as compared to those
of bovine milk.

Keywords: spray drying, powder, dromedary milk, foam capacity, foaming, rehydration

Practical Application: Camel milk powder is an emerging non-bovine dairy product.Understanding its rehydration ability
and evaluating the impact of spray drying on its protein quality are promising approaches to obtain high-quality camel
milk powder with high reconstitution ability. Findings of this study indicated that spray drying is a suitable technique
to produce highly soluble camel milk powders with low denaturation extent. These results will benefit the research and
development department of food industry (especially those producing camel milk powder) as well as the direct consumers.

1. INTRODUCTION
A wide range of foods and food ingredients are commercial-

ized in the form of powders. Indeed, powder systems offer several
advantages to consumers and manufacturers, such as the shelf-life
extension, the packaging and transport costs reduction, and manu-
tention easiness. Actually, food powders (e.g., milk powders) are
often produced using the spray-drying technology.This technique
allows the production of milk powders with acceptable nutritional
and functional properties (Sharma, Jana,& Chavan, 2012).Most of
the quality indicators of milk powders are related to their physico-
chemical composition (e.g., water activity and free fat amount), as
well as their physical (e.g.,particle size), techno-functional (e.g., re-
hydration and foaming), and sensorial (e.g., color and odor) prop-
erties.
During spray drying, water is evaporated in a brief heat expo-

sure to dried-warm air. This exposure can modify the structure
and functionalities of some heat-sensitive milk proteins (Zouari,
Briard-Bion et al., 2020).The proteins denaturation and their sub-
sequent aggregation may result in the loss of their functionality
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especially their rehydration and color properties (Haque, Bhan-
dari, Gidley, Deeth, & Whittaker, 2015; Sharma et al., 2012). The
rehydration properties (i.e., solubility, dispersibility, and wettabil-
ity) describe the reconstitution process of milk powders in wa-
ter. Milk powders with reduced rehydration properties may im-
pair their sensorial acceptability and techno-functional properties.
One of the most important techno-functional properties of milk
powders is the foaming properties. These properties are related to
the interfacial properties of milk proteins, as well as their capacity
to adsorb to the water–air interface.
Nowadays, the consumption spectra of camel milk is becoming

wider and wider especially in many nonregular consuming coun-
tries. In general, camel and bovine milks present similar proximate
composition. The proteins fraction of camel and bovine milks is
essentially composed of caseins (around 80%) and whey proteins
(around 20%) (Felfoul, Jardin, Gaucheron, Attia, & Ayadi, 2017;
Omar, Harbourne, & Oruna-Concha, 2016). Actually, it was ac-
knowledged that the camel milk proteins contain higher β-casein
(47%) and lower ᴋ-casein (3.5%) content than those of bovine
milk (Omar et al., 2016; Zouari et al., 2018). Besides, the compo-
sition of bovine milk whey proteins showed a predominance of the
β-lactoglobulin (β-Lg) and the α-lactalbumin (α-La). The partic-
ularity of camel milk whey is the lack of β-Lg, overexpression of
α-La, and the presence of some specific proteins, such as peptido-
glycan recognition protein (PGRP) (Felfoul et al., 2017;Kappeler,
Heuberger, Farah, & Puhan, 2004; Lajnaf et al., 2018).
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Recent studies on camel milk powder have been focused on its
particle structure and surface composition (Zouari, Schuck et al.,
2020), as well as its behavior during drying (Habtegebriel, Ed-
ward, Wawire, Sila, & Seifu, 2018; Zouari et al., 2019; Zouari,
Mtibaa et al., 2020) and its physicochemical changes upon stor-
age (Ho et al., 2019; Zouari, Briard-Bion et al., 2020). However,
none of these explained the practical conditions to use skimmed or
whole-fat camel milk powder in future applications. In this con-
text, the objective of this study was to appraise the physicochemical
characteristics of camel milk powders at different inlet\oulet dry-
ing temperatures (160�80 °C, 180�80 °C, and 200�80 °C). The
free fat content, the loose and tapped bulk densities, the particles
size distribution, and the rehydration properties (insolubility, dis-
persibility, and wettability indexes) were investigated. Then, the
melting behavior of camel milk fat (anhydrous form and within
the powder) was evaluated.Afterward, the SDS-PAGE was used to
evaluate the denaturation extent of spray drying temperature on
camel milk proteins. Finally, the foaming capacity (FC) and stabil-
ity (FS) of skimmed (before drying) and reconstituted camel milks
(after drying) were determined. To create a comparative study, we
have also produced and evaluated bovine milk powders following
the same drying conditions and the same evaluation techniques.

2. MATERIALS AND METHODS

2.1 Milk samples
Fresh whole-fat camel (Camelus dromedarius) and bovine (Bos

taurus) milks were collected from two separated farms in south-
ern Tunisia (Gabes and Sfax governorates, respectively).Milk sam-
ples were immediately stabilized against microbiological develop-
ment with the addition of 0.02% (w/w) of sodium azide and were
transported to the laboratory within 2 hr after milking.Thereafter,
skimmed bovine and camel milks were obtained following one or
three successive centrifugations (2,000 g, 15 min, and 5 °C), re-
spectively. The fat contents of whole-fat and skimmed camel and
bovine milks were analyzed using Gerber method (Kleyn, Lynch,
Barbano, Bloom, & Mitchell, 2001).

2.2 Drying conditions
Camel and bovine milk samples, either whole-fat (27 g/L) or

skimmed (<1 g/L),were spray-dried using a single stage mini spray
dryer configured in cocurrent system (B-290 Büchi Labortechnik
AG, Flawil, Switzerland). Each milk was introduced to the sprayer
at 20 °C. During all experiments, the absolute humidity of the
inlet air was equal to 5 g of water per kg of dry air. The aver-
age droplets residence time in the drying chamber was equal to 1
s (experimentally determined). The rates of both drying air flow
(35 m3/hr) and pressurized air flow at the two-fluid atomizer noz-
zle (47 m3/hr, corresponding to a pressure of 0.41 bar) were held
constant. The milk feed rate was equal to 0.89 ± 0.12 kg/hr.Un-
der these drying conditions, three skimmed camel or bovine milk
powders (unique trials) were produced using 160�80 °C, 180�80
°C, and 200�80 °C as drying temperatures. The whole-fat camel
or bovine milk powders were only produced using 200�80 °C as
drying temperatures. The outlet drying temperature (80 °C) was
maintained by slightly managing the feed rate. The standard de-
viation for all temperatures was equal to 2 °C. At the end of the
drying process, the powders were collected in sterilized glass vessel
and placed at 4 °C until use.

2.3 Physicochemical characterization of the powders
The water activity of the produced powders was determined

using an aw-meter (Novasina RTD 200/0 and RTD 33, Pfäffikon,
Switzerland). Camel and bovine milk powder compositions were
determined as described by Schuck, Dolivet, and Jeantet (2012).
The free fat content was measured by mixing 10 g of camel or

bovine milk powders for 5 min with 50 mL of petroleum ether
(Schuck et al., 2012). The mixture was filtered through What-
man filter paper (Whatman N°40,Maidstone,UK).Then, the ob-
tained filtrate was evaporated at 60 °C under vacuum to remove
the petroleum ether. The free fat content (expressed in g/100 g of
total fat of the analyzed powder) was measured using the following
equation:

Free fat content = Weight o f fat a fter evaporation
Total fat o f the analyzed powder

× 1000

2.4 Densities and size distribution of powder particles
The loose bulk density and the tapped bulk density (150 tapes)

of the produced powders were measured as described by Zouari
et al. (2019) using a PT-N powder characteristics tester (Hosokawa
Micron,Osaka, Japan).
The size distributions of skimmed camel and bovine milk pow-

der particles were determined using a laser light scattering Mas-
tersizer 2000 (Malvern Instruments Ltd.,Malvern,UK), equipped
with a dry powder feeder (Scirocco 2000, Malvern Instruments,
Worchestershire,UK).The feeder was operating with a dispersion
air pressure of 4 bars. The d50 and the span (defined below) were
chosen as size distribution indicators.

span = d90 − d10

d50

where d10, d50, and d90 represent the particle size of the produced
powders lying below 10, 50, and 90% of the whole distribution,
respectively.

2.5 Rehydration ability of the powders
The rehydration ability of the produced powders was deter-

mined by considering the insolubility,wettability, and dispersibility
indexes (DIs) as described by Schuck et al. (2012). Ten grams of
each skimmed milk powder were vigorously mixed using a lab-
oratory blender (4,000 rpm) with 100 mL of MiliQ water and
antifoaming agent (Octanol, 2 to 3 drops) at 20 °C during 90 s.
Thereafter, the mixture was centrifuged at 160 g during 5 min.
The sediment volume (expressed in mL) was recorded,which cor-
responded to the insolubility index.
The wettability time reflects the necessary time (expressed in

min) to allow the total penetration of 10 g of camel and bovine
milk powders in 100 mL of MiliQ water at 20 °C without dis-
ruption. After sinking, the wetted milk powder was then mixed
with water using a glass spatula during 15 s. The resulting mixture
was filtered using a sieve of 200 μm mesh size. The dry matter of
the filtrate was then estimated by drying the filtrate at 105 °C for
7 hr in an oven.The DI was then determined following the below
formula:

DI = (W + w) .XDM
w. 100−XRW100

whereW is water weight,w is powder weight,XDM is dry matter of
the filtrate (%,w/w), and XRW is residual free water of the powder
(%, w/w).
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2.6 Denaturation extent of camel and bovine proteins
2.6.1 Whey protein nitrogen index. The noncasein nitro-

gen (NCN) and the nonprotein nitrogen (NPN) were determined
as described by Schuck et al. (2012). The whey protein nitrogen
index (WPNI) was calculated as follows:

WPNI
(
g N2 kg−1

) =
(
NCN
6.25

− NPN
6.19

)
× 10

2.6.2 Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using 15% of poly-
acrylamide under reducing conditions as described by Laemmli
(1970) with slight modifications. Skimmed and reconstituted
camel and bovine milks were first diluted with ultrapure water
(2:1, v/v).Then, 5 μL of diluted of each milk was added to 5 μL of
ultrapure water and 5 μL of buffer solution (SDS: 10% (w/w); 0.5
M β-mercaptoethanol; 0.5 M tris-HCl (pH = 6.8); glycerol 2%
(w/w); and bromophenol blue 0.1% (w/w). Afterward, the mix-
ture was heated for 4 min at 95 °C.
The electrophoresis analysis was carried out using a Mini-

Protean Tetra Cell (Bio-Rad Laboratories, Hercules, CA, USA)
with a constant voltage of 120 Volt during 2 hr. After migration,
proteins were detected by staining the gel for at least 30 min with a
coloring mixture composed of Coomassie BlueR-250 (0.1%,v/v),
acetic acid (80%),and ethanol (96%).Finally,the gel was placed into
two successive discoloration solutions (acetic acid (80%), ethanol
(96%), and ultrapure water). The approximate molecular weight
of each milk protein was evaluated using CLIQS Software (Ver-
sion 1.1,TotalLab Ltd,Newcastle upon Tyne,UK) calibrated with
molecular weights of known proteins (10 to 100 kDa, Promega
Corporation, Durham,NC,USA).

2.7 Differential scanning calorimetry
The thermal properties of camel and bovine milk fat within

the powders and in their anhydrous state were investigated us-
ing a differential scanning calorimeter (TA Q-1000, TA Instru-
ments, Eschborn, Germany). The calibration of the DSC sys-
tem was achieved with Indium (melting point 156.6 °C). About
10 mg of each powder sample was sealed in aluminum hermetic
pans. The behavior of fat within whole-fat milk powders was
recorded from 0 to 65 °C by increasing the temperature with a
rate of 1 °C/min. The anhydrous fat fractions of whole-fat camel
and bovine milk powders were obtained by extracting the total
fat (with hexane/isopropanol [3:1, v:v]). The melting profiles of
these fractions were recorded from −30 to 65 °C with a rate of
1 °C/min. The TA Universal Analysis 2000 software (Ta instru-
ments,Waters LLC) was used to determine the melting character-
istics of all analyzed fractions.

2.8 Foaming properties
The FC and stability of skimmed (before drying) and recon-

stituted (after drying) camel and bovine milk powder were deter-
mined as described by Lajnaf et al. (2018) with slight modifications.
Ten milliliters (V0, expressed in mL) of each sample (proteins con-
centration 0.1%, w/v) were whipped (at 25 °C) in a graduated
container (length 84 mm; diameter 38 mm) using an ULTRA-
TURAX T 25 basic (IKA WERKE, Germany) at a rapid speed
(13,500 rpm) for 2 min. The volume of whipped milks (V1, ex-

pressed in mL) was immediately recorded and used to calculate the
FC following the below equation:

FC (%) = V1 −V0

V0
× 100

The foaming stability (FS) is defined as the necessary duration
(expressed in seconds) to reduce the total foam volume by 50%.

2.9 Statistical analysis
All performed analyses and measurements in this work were car-

ried out in triplicate. The statistical differences were examined
using SPSS 19 software following the Student’s t-test, one-way
ANOVA, and Tukey post-hoc test with a confidence level of 95%.

3. RESULTS AND DISCUSSION

3.1 Physicochemical characteristics
3.1.1 Composition of the milks and powders. The com-

positions of whole-fat and skimmed camel or bovine milks are
presented in Table 1. The results indicated that, whether skimmed
or not, camel and bovine milks presented similar total solids, to-
tal protein, lactose, and fat contents (P > 0.05, Table 1). However,
both whole-fat and skimmed bovine milks contained significantly
higher casein amounts as compared with camel milks (P < 0.05,
Table 1). It is important to note that whole-fat and skimmed camel
milks presented higher whey protein and ash contents compared
to bovine milks (P< 0.05,Table 1).These differences are in agree-
ment with several other studies (Felfoul et al., 2016; Konuspayeva,
Faye, & Loiseau, 2009; Zouari, Briard-Bion et al., 2020). The lat-
ter studies indicated that the observed differences in camel and
bovine milk composition mainly depend on the feeding charac-
teristics and the water availability.
The physicochemical compositions of camel and bovine milk

powders are presented in Table 1. The water activity of both
skimmed and whole-fat milk powders slightly ranged from 0.24 to
0.25. This observation indicated that the fat did not interact with
water during water activity measurement. Actually, it was demon-
strated that fats were considered as nonreacting component with
water and had no influence on the water activity of milk powders
(Jouppila, Kansikas, & Roos, 1997;Zouari, Schuck et al., 2020). In
addition, Schuck et al. (2005) indicated that the water activity of
nonfat and high-fat milk powders is mainly controlled by the mois-
ture content of nonfat solids (i.e., proteins, lactose, and minerals).
For all drying conditions, the total protein and the caseins fraction
of bovine milk powders were significantly higher than those of
camel milk powders (P < 0.05,Table 1).Moreover, the whey pro-
tein fraction of camel milk powders was significantly higher than
that of bovine milk powders (P > 0.05, Table 1). Likewise, camel
milk powders contained higher ash and lower lactose quantities
(P < 0.05, Table 1). Moreover, both milk powders showed the
same fat content (skimmed: 1 g/100 g and whole-fat: 20.0 g/100
g).However, the free fat content in camel milk powders was in all
cases lower than that observed in bovine milk powders (P < 0.05,
Table 2). Similar observations were reported by Zouari, Schuck
et al. (2020). The latter indicated that camel milk fat was homo-
geneously distributed in the camel milk powder showing higher
encapsulation degree. This was linked to the smaller mean diame-
ter of camel milk fat globules compared to bovine milk fat globules
(Karray, Lopez,Ollivon,& Attia, 2005) and the higher mechanical
resistance to disruption of camel milk fat globules as compared to
those of bovine ones (Zouari, Schuck et al., 2020). These milk fat
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globule characteristics limited the free fat exposure to the camel
milk powder surface.
3.1.2 Size distribution and densities of powder parti-

cles. The loose bulk density and the tapped bulk density of the
produced camel and bovine milk powders are presented in Table 2.
The highest loose bulk density and the tapped bulk density were
recorded for camel milk powders as compared to those of bovine
milk powders (P < 0.05, Table 2). Similar observations were pre-
viously reported by Habtegebriel et al. (2018) and Zouari,Mtibaa,
et al. (2020).These authors reported that camel milk powders pre-
sented higher bulk densities than those observed for bovine milk
powders. Interestingly, for both milk powders, the loose and tapped
bulk densities decreased, while powder fat and free fat contents
increased (P < 0.05, Table 2). Kim, Chen, and Pearce (2005a) in-
dicated that the free fat amount impacted the flowability and the
loose bulk density of milk powder. Indeed, this author reported
that the removal of surface free fat induced an increase in the
flowability and the bulk density of the powders. This explained
the highest bulk density of camel milk powder as compared to
those of bovine ones, since camel milk powder showed the lowest
surface free fat content.
In our study, the analysis of the powder particles size distribu-

tion highlighted that camel milk powders have significantly lower
d50 than that of bovine milk powders (P < 0.05, Table 2). The
width of the size distribution is usually evaluated by measuring
the span value. For all produced camel and bovine milk powders,
the span value ranged from 1.3 ± 0.1 to 2.1 ± 0.1 for bovine
milk powders and from 1.4 ± 0.1 to 1.9 ± 0.1 for camel milk
powders (Table 2). Analyses of the d50 and the span indicated that
the produced camel and bovine milk powders presented a narrow
size distribution with low d50. This indicated that these powders
were composed of fine particles. Such kind of powders resulted
in high bulk density (Barbosa-Canovas, Ortega-Rivas, Juliano, &
Hong, 2005).
Besides, results of this study indicated that by increasing the in-

let drying temperature, the d50 decreased while the span is increas-
ing.This indicated that at high drying temperature, larger particles
were produced. Our results are in agreement with Fang, Rogers,
Selomulya, and Chen (2012) who reported that the inlet drying
temperature affected the powder particle size. Indeed, these au-
thors demonstrated that the particles were larger when dried at
high temperatures due to rapid water removal and the high oc-
currences of particle shrinkage. This resulted in larger particle size
(lower d50) and wider size distribution (higher span).
3.1.3 Whey protein nitrogen index. The Whey protein

nitrogen index (WPNI) of the produced camel and bovine milk
powders is presented in Table 2.This index is widely used in dairy
industry to classify the produced powders (from very low heat
treatment to high heat treatment) based on the heat sensitivity of
some whey proteins (Schuck et al., 2012). In this study, the pro-
duced camel or bovine milk powders showed approximately the
same WPNI (around 8.5 and 9.6 g of N2/kg) regardless of the in-
let drying temperature (Table 2). Indeed, it was reported that the
outlet drying temperature is the most denaturizing temperature.
During drying, the particles temperature quickly reaches the out-
let drying temperature (Woo, & Bhandar, 2013), which explained
the similarities of the obtained WPNI.
However, we noticed that whole-fat and skimmed camel milk

powder were less denaturized than those of bovine ones (P< 0.05,
Table 2).This could be related to the whey protein composition of
both camel and bovine milks and their heat sensitivity.In fact,Farah
(1986) analyzed the heat denaturation of camel whey proteins by
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Table 2–Physicochemical characteristics of bovine and camel milk powders.

Skimmed milk powders Whole-fat milk powder

Inlet�outlet
temperatures

160�80 °C 180�80 °C 200�80 °C 200�80 °C

Milk powder Bovine Camel Bovine Camel Bovine Camel Bovine Camel

Free fats
#

23.0 ± 0.1a 10.0 ± 0.1b 20.0 ± 0.1c 10.0 ± 0.1b 20.0 ± 0.1c 15.0 ± 0.1d 42.8 ± 1.0e 25.4 ± 2.1a

WPNI (g of N2/kg) 8.59 ± 0.1a 9.74 ± 0.1b 8.58 ± 0.1a 9.65 ± 0.1b 8.51 ± 0.1a 9.65 ± 0.1b 8.63 ± 0.1a 9.63 ± 0.1b

Size distribution
d50 (μm) 12.7 ± 0.1a 12.6 ± 0.1a 10.2 ± 0.1b 9.2 ± 0.1c 9.2 ± 0.1c 8.8 ± 0.2d 12.5 ± 0.1a 10.5 ± 0.2b

Span 1.3 ± 0.1a 1.4 ± 0.1a,b 1.4 ± 0.1a,b 1.6 ± 0.1b 1.7 ± 0.1b 1.9 ± 0.1b,c 2.1 ± 0.1c 1.8 ± 0.1b,c

Densities (kg/m)
Loose bulk density 245 ± 2.9a 301 ± 4.2b 231 ± 2.9c 299 ± 2.4b 257 ± 5.8d 289 ± 2.6e 202 ± 1.1f 231 ± 2.5c

Tapped bulk density 458 ± 5.5a,d 558 ± 6.1b 455 ± 1.6a 558 ± 1.9b 468 ± 6.9d 518 ± 5.7e 378 ± 3.5f 419 ± 4.2g

Rehydration ability
Insolubility Index (mL) 0.5 ± 0.1a 1.0 ± 0.1b 0.1 ± 0.01c 0.1 ± 0.01c 0.1 ± 0.01c 0.1 ± 0.01c 0.5 ± 0.1a 0.3 ± 0.1a

Wettability (min) 55 ± 3.0a 52 ± 2.0a 44 ± 1.0b 46 ± 3.0b 27.0 ± 3.0c 28.0 ± 2.0c 65.0 ± 2.0d 68.0 ± 2.0d

Dispersibility (%) 74.3 ± 0.1a 74.4 ± 0.4a 81.5 ± 0.8b 91.0 ± 0.1c 91.0 ± 0.1c 90.0 ± 0.2d 41.9 ± 1.3e 45.5 ± 0.9f

#: g/100 g of total powder fat.
WPNI, whey protein nitrogen index.
Same letter in the same row represents the statistical data significance (P>0.05).

means of WPNI and concluded that camel milk whey proteins
had a significantly lower heat sensitivity than those of bovine milk.
This explained the highest WPNI of camel milk powders.
3.1.4 Rehydration properties. The rehydration character-

istics of the produced powders are presented in Table 2. The re-
hydration properties reflect the reconstitution ability of the milk
powder in water.Our findings showed that the insolubility indexes
of skimmed or whole-fat milk powders ranged from 1 to 0.1 mL,
which corresponds to a solubility of 99% to 99.9%. This result
was in agreement with the literature data since it was reported
that the solubility of spray-dried skimmed bovine milk powder is
usually higher than 99% (Pugliese et al., 2017). The highest insol-
ubility index (IS = 1 mL, i.e., a solubility of 99%) was recorded
for camel milk powder produced using low air inlet drying tem-
peratures (160�80 °C).
In addition, skimmed or whole-fat camel and bovine milk pow-

ders showed a wettability time higher or close to 30 min for all
produced powders. Several studies showed that the wettability is
dependent on the surface characteristics and the size distribution
of milk powder particles (Gaiani, Banon, Scher, Schuck, & Hardy,
2005; Kim, Chen, & Pearce, 2002). In the current study, all mea-
sured d50 of all produced camel and bovine milk powders were
lower or closer to 12 μm. Such powder granulometry limited the
water penetration inside the milk powder leading to a low pow-
der wettability (Gaiani et al., 2005).Moreover, both milk powders
dispersibility values have increased with the intensification of the
drying temperature and the decrease of the particles d50.The high-
est DI (DI = 90%) was recorded for both milk powders at the
drying temperature of 200�80 °C. Langrish, Marquez, and Kota
(2006) have reported that at low inlet air drying temperatures, the
produced particles showed a collapsed structure with a high bulk
density. This could limit the water penetration to the powder par-
ticles, which may lead to a low wettability and dispersibility. Fur-
thermore, it was shown that some technological assessments, such
as instantization and agglomeration, are able to enhance the wetta-
bility and dispersibility of milk powders. In fact, these techniques
reduce the particles bulk density through increasing their size dis-
tribution making them porous (Cruz et al., 2005). This facilitates
the water penetration to the particles and improves the wettabil-
ity and dispersibility of milk powders. It is important to note that
the dispersibility of whole-fat camel and bovine milk powders de-
creased drastically as compared to the skimmed ones (Table 2).

This could be linked to the exposed fat at the powder particle sur-
face,which could limit the powder dispersibility in water (Zouari,
Schuck et al., 2020).
For the rest of the study, the drying temperatures of 200�80 °C

were adopted since the resulting powders showed the best rehy-
dration properties (Table 2).

3.2 Melting behavior of camel and bovine milk fats within
the powder and in anhydrous state

The melting properties of fats mainly depend on their fatty
acid and triacylglycerol composition, on the dispersion of the fat
(in emulsion droplets or in an anhydrous state) and on the ap-
plied thermal kinetics. Figure 1 shows the differential scanning
calorimetry (DSC) thermograms recorded on heating of whole-
fat camel and bovine milk powders and the respective anhydrous
fats obtained after extraction.The DSC thermograms recorded for
whole fat camel milk powders exhibited three main endotherms
corresponding to the successive melting of groups of triacylglyc-
erols dispersed within the lipid droplets,with a final melting point
of 46.3 ± 0.2 °C (Figure 1Aa). On heating, the anhydrous camel
milk fat exhibited four successive endotherms,with a final melting
point of 45.1 ± 0.2 °C (Figure 1Ba). The differences in the final
melting points could be attributed to the formation of different
crystals. The DSC melting thermograms recorded for camel milk
fat are in agreement with previous studies (Lopez, Karray, Lesieur,
& Ollivon, 2005). The DSC thermograms recorded for whole fat
bovine milk powders and anhydrous bovine milk fat exhibited four
main endotherms, with final melting points of 39.8 ± 0.5 °C and
38.8 ± 0.5 °C (Figure 1Ab and Bb). Our study perfectly agrees
with the data reported by Kim,Chen, and Pearce (2005b) and Vi-
gnolles et al. (2009).These authors found that the melting temper-
ature significantly decreased from 40.2 °C (for whole-fat bovine
milk powder) to 39.8 °C (for anhydrous bovine milk fat) showing
four distinct endothermic peaks.
The different melting properties observed between camel milk

fat and bovine milk fat, either dispersed within the powder parti-
cles or in anhydrous state, are mainly governed by the differences
in the fatty acid composition (Karray et al., 2005). From a tech-
nological point of view, the DSC determinations highlighted the
fact that the milk fats will be at least partially in a solid state below
their final melting temperatures.
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Figure 1–Differential scanning calorimetry thermograms recorded on heating
of (A) whole-fat milk powders (a: camel; b: bovine) and (B) anhydrous fat ex-
tracted from the powders (a: camel; b: bovine).

3.3 Protein analysis
Figure 2 shows the SDS-PAGE patterns of skim (A, C) and

reconstituted (B, D) camel and bovine milks, respectively. Under
the denaturizing conditions, the SDS-PAGE gives an approxima-
tion of the denaturation extent of the spray drying on camel and
bovine milk proteins. The first detected bands had a molecular
weight ranging from 60 to 100 kDa (Figure 2). These bands were
attributed to some whey proteins, of which the latest band corre-
sponded to the serum albumin (Figure 2, bands 5, 16, 28, and 38).
The estimated molecular weight (MW) of this protein was equal to
66 kDa for both camel and bovine milks. In addition, some other
whey proteins were detected in skimmed and reconstituted camel
milks corresponding to the PGRP (Figure 2,bands 10 and 22,MW
= 18 kDa) and α-La (Figure 2, bands 11 and 23,MW = 14 kDa),
respectively. In addition, the β-Lg (Figure 2C, bands 32 and 42,
MW = 15 kDa) and the α-La (Figure 2, bands 33 and 43,MW =
11 kDa) were identified in bovine milk.Our results highlighted the

absence of β-Lg in both skimmed and reconstituted camel milk
as already reported by several previous studies (El-Hatmi,Girardet,
Gaillard, Yahyaoui, & Attia, 2007; Felfoul et al., 2017; Lajnaf et al.,
2018). It was reported that the β-Lg was the most heat-sensitive
protein in bovine milk (Corredig & Dalgleish, 1999). Its absence
from camel milk further endorsed the highest measuredWPNI for
camel milk powders.
The camel milk caseins fraction showed comparable proteins

composition with that of bovine milk. In fact, some identified
bands were attributed to α-casein (Figure 2, bands 7, 18, 19, 30,
and 40), β-casein (Figure 2, bands 6, 17, 29, and 39), and κ-casein
(Figure 2, bands 8, 20, 31, and 41). For skimmed and reconstituted
camel milks, the estimated molecular weights were equal to 35, 27,
and 18 kDa for β-casein, α-casein, and κ-casein, respectively. The
αs1-casein (Figure 2, band 18) and αs2-casein (Figure 2, band 19)
were only detected in reconstituted camel milk with molecular
weights of 25 and 27 kDa, respectively. Our results are in perfect
agreement with several studies (Ereifej, Alu’datt, Alkhalidy, Alli, &
Rababah, 2011; Felfoul et al., 2017; Omar et al., 2016).
According to the present SDS-PAGE analysis, there was no dis-

appearance or appearance of new bands between both skimmed
and reconstituted bovine and camel milks.This confirmed the high
solubility indexes of camel and bovine milk powders (>99.9%).
Indeed, it was reported that the alteration of powder solubility is
mainly a consequence of milk protein denaturation and/or aggre-
gation through hydrophobic linkages (Thomas, Scher, Desorby-
Banon,& Desorby,2004).At this stage of the study, the SDS-PAGE
together with the WPNI analysis indicated that the amount of in-
soluble material was relatively low to alter the solubility of camel
and bovine milk powders.

3.4 Foaming properties
Figure 3 illustrates the foaming properties of skimmed (before

drying) and reconstituted (after drying) camel and bovine milks. In
this study, significant higher foaming properties were recorded for
the reconstituted milks as compared to those of skimmed ones
(P < 0.05, Figure 3). Our findings indicated that reconstituted
camel milk powder presented the highest foaming properties with
78.33 ± 2.63% and 480 ± 60 s for foam capacity (FC) and stabil-
ity (FS), respectively.The skimmed camel milk (before drying) pre-
sented a FC and a FS of 68.33± 2.88% and 253± 50 s,respectively.
Furthermore, results of the current study indicated that the re-

constituted bovine milk exhibited a FC and a FS of 72.33 ± 3.05%
and 330 ± 36 s, respectively.These values were significantly higher
than that observed for skimmed bovine milk (57.0 ± 2.63% and
210 ± 30 s for FC and FS, respectively). It is worth noticed that,
either as skimmed or reconstituted, camel milk displayed higher
FC and stability.
Similar findings were reported by Augustin and Clarke (2008).

These authors found that spray drying at 170 °C improved the FC
of the bovine milk proteins.We admitted that the improvement of
foam properties is highly depended on the physicochemical state
of milk proteins. In fact, it was reported that during heat treat-
ment, a partial deployment of whey proteins occurred (Corredig
& Dalgleish, 1999). We hypothesize that, even if the time con-
tact between the milk proteins and the warm-air was relatively
short, a little whey proteins’ denaturation could occur as a result of
overdrying (low water content of the produced powders, Table 1).
Such denaturation, as shown by SDS-PAGE and WPNI, enhanced
the whey protein flexibility and participated in the improvement
of the FC and stability (Osorio et al., 2014; Schmidt & McNeill,
1993).
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Figure 2–SDS-PAGE patterns of skimmed and reconstituted camel (A and B, respectively) and bovine (C and D, respectively) milks. Molecular Weight (MW):
protein markers (10 to 100 kDa). Note: The proteins were identified based on the estimated molecular weights, the Uniprot Database (http://www.uniprot.
org/), and the following studies: Ereifej et al. (2011); Felfoul et al. (2017); Omar et al. (2016).

4. CONCLUSION
In this work, three skimmed and one whole-fat camel milk

powders were produced under various spray-drying parameters.
The physical, biochemical, and rehydration characteristics, as well

as the fat melting properties of these powders, were investigated
and compared to those of bovine milk powders. Results of this
study indicated that the composition of camel and bovine milks
and powders was similar regarding the fat, protein, and lactose
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Figure 3–Foaming capacity and stability of
skimmed (before drying) and reconstituted (before
drying) camel and bovine milks. Same letter for
each characteristic indicated the statistical data
significance (P> 0.05).

contents. However, the findings indicated that higher whey pro-
teins and ash contents were observed in camel milk powders as
compared to the bovine ones. In addition, the investigated camel
and bovine milk powders presented a low d50 (≤ 12μm) and a
span ranging from 1.3 to 2.1. This indicated that these powders
were composed of fine particles. Such kind of particles highly im-
pacted the wettability and dispersibility of camel and bovine pow-
ders with no influence on their solubility (>99%). Furthermore, it
is worth noticed the highest bulk density of camel milk powder as
compared to those of bovine ones. Besides, analysis of the WPNI
indicated that regardless of the fat content, camel milk powders
(WPNI ≈ 9.6 g of N2/kg) were less denaturized than those of
bovine ones (WPNI ≈ 8.5 g of N2/kg). This was linked to the
absence of β-Lg from camel milk as indicated by the SDS-PAGE.
The latter analysis together with the WPNI showed that camel
and bovine milk proteins were relatively stable during spray dry-
ing (low denaturation extent). This trend was related to the low
outlet drying temperature of 80 °C. This low denaturation extent
improved the FC and stability of camel and bovine milk powders.
The present work gives some insightful information about camel
milk powder processing, which could help researchers and indus-
trials to conduct further investigations.
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