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*Highlights (for review)

1 Highlights

N
(@]

Spray-dried camel milk powders were stored at 11.15-32.27% RH (37°C) over 18 weeks.

w
(@]

An increase in surface lipid caused an increase in surface hydrophobicity.

N
@)

Wettability was not affected, and dispersibility and solubility dropped during storage.

5 o There was a strong correlation between surface lipid content and powder solubility.

)]
o

Powder property changes were more profound at 32.27% RH than at lower RH levels.



*Manuscript

10
11
12

13

Changes in surface chemical composition relating to rehydration
properties of spray-dried camel milk powder

during accelerated storage

Thao M. HO®®; Trinh T. TON"S; Claire GAIANI’; Bhesh R. BHANDARI® and
Nidhi BANSAL"

 Department of Food and Nutrition, P.O. Box 66, 00014, University of Helsinki, Finland.
® School of Agriculture and Food Sciences, The University of Queensland, St Lucia Campus,
QLD, 4072, Australia.
¢ Faculty of Food Science & Technology, Nong Lam University, Vietnam.
d Université de Lorraine, LIBio, 2 avenue de la Forét de Haye, TSA 40602, 54518, Vandeeuvre-
les-Nancy, France.

*Corresponding author. Email: n.bansal@ug.edu.au; Phone: +61 7 33651673, Fax:+61 7

33651177.


mailto:n.bansal@uq.edu.au

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

Abstract

In this study, alterations in surface chemical composition relating to rehydration properties of
spray-dried camel milk powders during accelerated storage (11 - 32% RH, 37°C) over 18 weeks
were investigated. The results showed that the surface of the fresh spray-dried camel milk
powder was dominated by lipids (approximately 78%), followed by proteins (approximately
16%). During storage, the surface protein and lactose content decreased while the surface lipid
content increased, resulting in an increase in surface hydrophobicity and slight agglomeration of
the powder, especially for powder kept at 32% RH. Although fresh camel milk powder had very
poor wettability, it displayed very high dispersibility and solubility. During storage, dispersibility
and solubility declined with increasing storage time and increasing RH levels, which correlated
with an increase in surface lipid content. However, at the end of the storage period, camel milk

powder still retained very high solubility (>93%).

Keywords: Camel milk powder, surface chemical composition, rehydration property, accelerated

storage.
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1. Introduction

Camel milk is well known for its high nutritional content. As compared with other ruminant
milk, camel milk is low in cholesterol, high in minerals (K, Na, Fe, Cu, Zn, and Mg), and high in
vitamin C (Kaskous, 2016). The lipid content in camel milk mainly consists of long-chained
poly-unsaturated fatty acids. A good indicator of the nutritional quality of milk is the ratio of
unsaturated fatty acids to saturated fatty acids. This ratio is 0.43 to 0.45 in camel milk, which is
much higher than that of cow milk (e.g. 0.30) (Gorban and lzzeldin, 2001). Proteins in camel
milk are rich in essential amino acids, lack allergenic B-lactoglobulin, and contains many
protective proteins (lactoferrin, lactoperoxidase, lysozyme, and immunoglobulins), thus
providing camel milk with antibacterial, antiviral, antidiabetic, anti-ageing, and anticarcinogenic
properties (Abrhaley and Leta, 2018; Kaskous, 2016). However, the global supply of camel milk
is very limited as camels are typically raised in countries with arid conditions as found in deserts
(FAO, 2016). One of the optimal approaches to extend shelf life, reduce transportation cost, and
expand applications of camel milk is the production of camel milk powder that can be distributed
globally. There are a few camel milk powder products on the market produced by small-scale
freeze and spray drying. However, research studies on the production of camel milk powder and
changes in its functional properties during storage are limited. To the best of our knowledge,
there are only a few studies focused on the effects of drying conditions on physical and
nutritional properties of camel milk powder (Al-Juboori et al., 2013; Ibrahim and Khalifa, 2015;
Kaskous, 2016; Sulieman et al., 2014), and none of them investigated the stability of camel milk

powder during storage.

One of the most important functional properties of milk powder is rehydration, as this is a
prerequisite for the incorporation of milk powder in food products (Thomas et al., 2004).

Rehydration of milk powder includes a number of sub-processes (e.g. wettability, sinkability,
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dispersibility, and solubility), which can overlap with each other and are difficult to measure and
study in isolation (Fitzpatrick et al., 2016). Wettability refers to the ability of a powder to be
wetted on the surface by water, while sinkability refers to the ability of powder particles to
overcome the surface tension of water and sink into the water. The terms ‘“sinkability” and
“wettability” are often interchangeable, because the powder is usually considered to be wetted
from the point when it starts to sink into solution (Selomulya and Fang, 2013). The wettability of
a powder can be determined through wetting time measurement, the Washburn method, dynamic
contact angle measurement, and the turbidity method (Fitzpatrick et al., 2016). Dispersibility is
the ease with which the lumps and agglomerates of powder break into individual particles in
water and can be measured via the International Dairy Federation standard method, optical fibre
sensor, and particle sizing instrument e.g. Malvern Particle Sizer (Selomulya and Fang, 2013).
Solubility refers to the ability of a powder to be dissolved into liquid to form a stable solution.
There are several methods to determine powder solubility, including measurement of dissolved
solids content over time, turbidity, and particle size (static light scattering) measurements
(Fitzpatrick et al., 2016). Rehydration ability is influenced by many factors, in particular the
chemical composition (both in bulk and on the surface) and physical properties of milk powder

and even measurement methods.

During storage of milk powder, rehydration properties of milk powder are greatly affected by
physical processes and chemical reactions associated with lactose and protein and lipid
components, such as crystallisation of lactose, oxidation of lipids, and Maillard reaction
(Tehrany and Sonneveld, 2010). In addition, the migration of lipids on the milk powder surface
is responsible for poor rehydration of milk powder during storage (Gaiani et al., 2007). The rate
of these changes is dependent on the water activity (ay) of milk powder, which is greatly affected

by the surrounding relative humidity (RH) due to the hygroscopic nature of the milk powder, and
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is accelerated at high storage temperature (Gonzales et al., 2010; Stapelfeldt et al., 1997;
Thomsen et al., 2005). Thus, milk powder must be stored at low RH levels to preserve its
functional properties. In a previous study (Ho et al., 2019), the effects of different RH levels (11
- 32% RH, 37°C) on the physiochemical properties of spray-dried camel milk powders (e.g. true
density, colour, fat oxidation, lactose crystallisation, particle morphology), especially solubility
during storage, were reported. However, changes in chemical composition on the surface of the
powders, which is also expected to play an essential role in the rehydration process, have not
been investigated. In this study, we examined the changes in surface chemical composition (e.g.
lactose, lipid, and proteins) in relation to rehydration properties (wettability, dispersibility, and
solubility) of spray-dried camel milk powder during storage at the same conditions reported in

the previous study (11 - 32% RH, 37°C) using X-ray photoelectron spectroscopy (XPS).
2. Materials and methods

2.1. Materials

Raw camel milk was obtained from a camel farm in Queensland, Australia. The milk was kept at
5°C during transportation and storage. The milk was subjected to spray drying within 48 h after
collection. All chemicals used in this study were analytical grade and were purchased from

Sigma Aldrich (New South Wales, Australia).
2.2. Production of camel milk powder

A pilot anhydrous spray drier (The University of Queensland, Australia) with a water
evaporation capacity of 3 to 4 L/h equipped with a twin fluid nozzle was used to dry camel milk.
The compressed air inlet of the atomizer was set at 40 kPa. The inlet and outlet temperature of
the drying air were controlled at 160 and 70°C, respectively. The powders collected from the

cyclone were kept in vacuum-sealed aluminium pouches for further analyses and stored at -80°C.
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2.3. Storage of spray-dried camel milk powder

The changes in rehydration and surface chemical composition of spray-dried camel milk powder
kept at 11, 22 and 32% RH at 37°C over 18 weeks were investigated. Spray-dried camel milk
power (35 g) was evenly spread into a 2-cm layer in a polystyrene petri dish (20 cm in diameter).
For each RH level, six such petri dishes were prepared corresponding to six time intervals (week
3, 6,9, 12, 15, and 18) for sample analyses. The petri dishes were placed on the platform of
plastic boxes (high density polyethylene, 25 L) in which RH was controlled at 11, 22 and 32%
using oversaturated salt solutions of LiCl, CH3COOK, and MQgCl,, respectively. The
oversaturated salt solutions were prepared at least 2 days before commencing the experiment and
were checked for a,, (AquaLab 3 Water Activity Meter, Decagon Devices, Inc., Pullman, USA).
The RH in the headspace of the container was monitored to ensure that the desired RH levels
were achieved (Digital hygrometer, KT-908, Ozstock, Australia). All boxes were tightly closed
and placed in an incubator (HettCube 400R, LabGear, Australia) to maintain temperature at 37°C
during storage. For each time interval, one petri dish sample at each storage condition was
removed from the plastic box, transferred to a 10-mL plastic container, and then kept at -80°C

for further analyses.
2.4. Determination of spray-dried camel milk powder properties
2.4.1. Gross composition of camel milk powder

Moisture, protein, lipid, and lactose content were determined by the vacuum oven method
[AOAC (2005), 925.10], Kjeldahl method [AOAC, (2005), 2001.14], Gerber method [AOAC,

(2005), 989.05], and titrimetric method (AS, 1994), respectively.
2.4.2. Surface properties of spray-dried camel milk powder

a). X-ray photoelectron spectroscopic (XPS) analysis
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Surface atomic chemical elements of carbon, oxygen, and nitrogen of camel milk powder
(approximately 10-nm surface depth) were determined using a KRATOS Axis Ultra X-ray
photoelectron spectrometer (Kratos Analytical, Manchester, UK) equipped with a
monochromatic Al Ko X-ray (hv =1486.6 eV) operated at 150 W. Camel milk samples were
sprinkled onto the surface of the sample holder using sticky carbon tape and were then outgassed
under a very high vacuum overnight. The analysis was performed with a survey scan from 0 to
1200 eV with a dwell time of 100 ms, pass energy of 160 eV at steps of 1 eV, with a single
sweep. The obtained spectra were analysed using CasaXPS software (Casa Software Ltd., United
Kingdom) to determine the relative percentage (%) of carbon (C), nitrogen (N) and oxygen (O)

elements on the sample surfaces (Figure S.1 in supplementary material).

From the relative atomic percentages of the elements (C, O, and N), the relative amounts (%) of
protein, lipid, and lactose at the powder surface were determined using a classical matrix formula

(Gaiani et al., 2006; Nawaz et al., 2016).

However, it was difficult to isolate and purify lactose, protein, and lipid components from spray-
dried camel milk powder samples and these pure components are not commercially available.
Therefore, for the purpose of comparison among camel milk powder samples, the values of pure
cow milk powder components (anhydrous milk fat, lactose [Sigma-Adrich], and pure milk
proteins) were used for calculation. These values were reported by Gaiani et al. (2006) as
follows: lactose (C = 61.6, O = 38.4, N = 0), milk proteins (C = 68.2, O = 18.5, N = 13.3), and
anhydrous milk fat (C = 87.0, O = 12.3, and N = 0.7). The results are the mean of two
independent repeats. Each analysis scanned an area of 600 x 600 pm, meaning that one

experiment is already the mean of the surface of hundreds of particles.

b). Scanning electron microscopy (SEM)
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SEM analysis of samples was performed using a Hitachi SU3500 Scanning Electron Microscope
(Hitachi High-Technologies Europe GmbH, Germany). The samples were fixed on double-sided
carbon tape and kept in a desiccator with silica gel for at least 24 h before observing under SEM.
Samples were coated with iridium using a Quorum Q150T metal coater (Quorum Technologies
Ltd., UK). The accelerating voltage during SEM scanning was set at 5 kV. The selected images

are representative of at least five images observed.
2.4.3. Rehydration properties of spray-dried camel milk powder
a). Wettability

The wettability of spray-dried camel milk powders was evaluated via wetting time and dynamic
wettability measurement (Ji et al., 2016). The wetting time is defined as the time required to
obtain the complete wetting of 6 g of powder dropped on the surface of 100 mL water contained

in a 400 mL glass beaker at room temperature (25°C).

A modified Washburn method was applied for dynamic wettability measurement. Approximately
1.5 g of powder was carefully placed into a pre-weighed borosilicate cylindrical glass tube (15
cm in length and 0.1 cm inside diameter) with the bottom end covered with a piece of filter paper
and gauze. The powder was packed into the tube via tapping the glass tube containing the
powder on the bench surface 10 times. Then, the glass tube was fixed on a burette stand such that
its bottom end just contacted the water surface by which water can penetrate into the powder via
capillary forces. After 15 min, the amount of water adsorbed by the powder was determined from
the difference in the weight of the tube containing wetted powder and the total weight of the
empty tube and initially used powder. Wettability was expressed as the percentage of the amount

of water adsorbed by the powder with respect to that of the initially used powder.

An optical microscope (Scientific Instruments & Optical Sales, Australia) with a 5.0 MP camera

system using TSView?7 software (Fuzhou Tucsen Image Technology Co., Ltd., China) connected
8
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to the video entry port of a computer was used to take an image of the powder just after the
particles contacted with water. The water was placed on a glass slide and a few camel milk
powder particles were then dropped on the water surface. Images were taken with a 20X
objective without a cover slip such that the powder particles were not disturbed. The selected

Images were representative of at least 10 images observed.
b). Dispersibility

Dispersibility was determined by measuring the changes in particle size distribution (PSD) of the
powder dispersed in water during agitation at constant speed (2000 RPM) using a laser light
scattering analyser (Malvern Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK)
(Mimouni et al., 2009). Approximately 8 mg of camel milk powder was dispersed into a 100-mL
beaker (used as dispersion unit) containing 80 mL of milliQ water such that a desirable
obscuration level of 15% can be achieved. The PSD was continuously measured at 2-min

intervals until no change in PSD, which took approximately 60 min.
c). Solubility

Powder solubility was determined following the method reported by Ho et al. (2019). Aqueous
solutions (5% wi/w) of camel milk powders were prepared by mixing the powder in distilled
water using an overhead stirrer (400 RPM, Heidolph RZR 2050, Kelheim, Germany) attached to
a five-blade propeller. During stirring, the temperature of the solutions was maintained at 30°C in
a water bath. The solutions were stirred for 30 min to completely disperse the powders into
water. Then, approximately 45 mL of the stirred solution was taken and centrifuged (Eppendorf
Centrifuge, 5702, Thermal Fisher Scientific, Australia) at 1000 x g for 15 min at 20°C. All
supernatant and separated fat were carefully removed. Any residual fat around the centrifugal
tubes was wiped out with tissue paper without disturbing the insoluble solids at the bottom of

centrifuge tubes. The insoluble solids were flushed with distilled water and transferred to pre-
9
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weighed moisture pans. The moisture pans were dried in a Thermoline vacuum oven (Scientific
Equipment, Australia) at 105°C (absolute pressure 80 kPa) overnight and then weighed after
cooling in a desiccator. An increase in the weight of the moisture pan was the amount of
insoluble solids. Total solids in the dispersion before centrifugation were determined by vacuum
oven drying of approximately 5 g of dispersion at 105°C until constant weight (drying

overnight). The solubility (S, %) of camel milk powder was calculated using following equation

(eq. 1).

Wes — W;
S(%): tSW lS*

ts

100 (eq. 1)

Where W is the weight of total solids (soluble and insoluble) in the solution (g) and Wi is the

weight of insoluble solids (g).
2.5. Experimental design and statistical analysis

The experiments were performed following a fully randomized design with three replications.
Experimental data were subjected to analysis of variance (ANOVA) at a significance level of p =
0.05 using the Minitab Express statistical programme (Minitab Inc., USA). For the

characterization of inclusion complexes, each criterion was repeated at least two times.
3. Results and discussion
3.1. Chemical composition of spray-dried camel milk powder

After spray-drying, camel milk powder had about 25% (w/w) of protein, 23% (w/w) of fat, 45%
(w/w) of lactose and 5% of moisture content (wet basis) corresponding to 0.34 a,. During
storage, the moisture content of camel milk powder changed differently depending on RH levels.
At the end of the storage period (week 18), the moisture content of camel milk powder kept at

11, 22 and 32% RH was 2.73, 3.49 and 4.85%, respectively.

10
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3.2. Surface properties of spray-dried camel milk powder
3.2.1. XPS

The surface elemental composition (C, O, and N) of camel milk powders kept at different
conditions is shown in Table 1. These elements were calculated from Ojs, Nis, and Cys peaks
from XPS spectra with binding energies of 528 - 533, 397 - 408, and 281 - 293 eV, respectively.
Due to very good detection sensitivity of the XPS equipment, there was a peak for Cl element
(Clyp) (Figure S.1 in supplementary material) in the XPS spectra of some camel milk samples.
The presence of chlorine in camel milk powder possibly comes from either the
sanitisers/disinfectants used in the dairy farm for cleaning the containers or milk minerals.
However, this was found at extremely low concentration (< 0.1%) and was disregarded in the
calculation of the surface element composition. Although the results showed that RH levels did
not affect changes in element composition on the milk powder surface, a significant increase in
C content and a decrease in N and O levels were observed over the storage period, especially at
week 18. These results are consistent with those reported by Kosasih et al. (2016) on spray-dried
whole cow milk powders (a, = 0.22) kept at 37°C over 18 weeks in zipped aluminium bags.
However, this contrasts with findings reported by Kim et al. (2002) for spray-dried dairy
powders (skim milk powder, whole milk powder, cream powder, and whey protein concentrate).
Kim et al. was observed that during storage at 40°C in an oven for 2 days, the O content on the
surface of all powders increased by 0.14% to 1.5% due to fat oxidation and oxygen
chemisorption. The differences in the reported results are probably due to dissimilarity in

material properties and storage conditions.

From the percentage of elemental composition (Table 1), the surface chemical composition
(lipid, protein, and lactose) were calculated and the changes in these composition during storage

at different conditions are illustrated in Figure 1. The surface of fresh camel milk powder (week

11
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0) was dominated by lipids (approximately 78%), followed by proteins (approximately 16%),
and lactose (approximately 6%). These results are consistent with the majority of those reported
in the literature, as other studies revealed an overrepresentation of lipids at the surface in
comparison with the bulk (Kim et al., 2002 and Gaiani et al., 2007). Nevertheless, Kosasih et al.
(2016) reported different results for spray-dried whole cow milk powders in which lipids,
proteins, and lactose at the surface of the powders were either 58.1%, 15.4%, and 26.5%,
respectively. These differences may be attributed to differences in spray-drying processes, milk
properties, and even the matrix formula used to calculate the surface chemical composition. Kim
et al. (2009) observed that surface chemical composition of milk powder were largely
determined by spray-drying conditions such as feed solid concentrations, drying temperatures,
size of droplets, and degree of homogenisation (e.g. size of fat globules). A high surface lipid
content in fresh camel milk powder could be the results of spray drying at high outlet
temperature (e.g. 70°C), which could make the temperature of the powder surface higher than the
melting temperature of lipids in camel milk powders (range 10 to 46°C) (Rahman et al., 2012).
Thus, lipids can exist in fluid form during spray drying, which led to the preponderance of lipid

on the powder surface (Gaiani et al., 2007).

As shown in Figures 1 (a, b, and c), the surface chemical composition of camel milk powders
changed over the storage period. The surface fat content increased while the surface protein and
lactose content decreased. After week 12, the surface lipid content was significantly different
than that at week 0 (p < 0.05). These changes were the results of the migration of lipid towards
the powder surface caused by the melting of some lipid fractions in the powder as stored at high
temperature (Murrieta-Pazos et al., 2012). The decline in surface lactose and protein contents
was a compensation for the increase in surface fat content. It was observed that spray-dried

camel milk powder was in an amorphous form and the lactose components in the powder

12
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experienced a slight crystallisation during storage (Ho et al., 2019). Crystallisation of lactose
causes stress to the oil droplets inside the powder particles and forces the lipid to spread onto the

powder surface (Faldt and Bergenstahl, 1996).

As indicated in Figure 1d, a C/O ratio related to surface hydrophobicity of camel milk powder
increased steadily during storage. The most significant change (p < 0.05) in surface
hydrophobicity occurred at the end of storage period (week 18). The increase in surface
hydrophobicity of camel milk powder during storage was caused not only by lipid migration, but
also by the partial unfolding of proteins that expose the hydrophobic residues on the surface
(Fyfe et al., 2011). In addition, changes in surface hydrophobicity of the powder are caused by
Maillard compounds that modify surface composition. Our previous study (Ho et al., 2019)
revealed that during storage of spray-dried camel milk powder, the secondary structure of
proteins unfolded from a-helices to B-sheets, loops and B-turns, and Maillard reaction was

initiated.

Changes in surface chemical composition and surface hydrophobicity of camel milk powders
kept at different RH levels were not significant (p > 0.05). As reported, the rate of many
deteriorating reactions in the milk powder during storage is minimum at a,, < 0.35. Stapelfeldt et
al. (1997) observed that when whole cow milk powder was kept at a,, = 0.11 to 0.33 and 25 to
45°C for 2 months (except for storage at a,, = 0.33 and 45°C which induced a marked alteration
in lipid oxidation, Maillard reaction, and sensory properties), the overall quality of powder was

completely retained at most storage conditions.
3.2.2. SEM

Spray-dried camel milk powders consisted of different sized spherically shaped particles with
wrinkled and folded surface (Figure 2). There were some dents and large vacuoles containing

small dried milk particles on the surface of the particles. These morphological characteristics are
13
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common in spray-dried cow whole milk powders (Kosasih et al., 2016). However, the shape of
the spray-dried milk powder particles changed with changes in the atomization process, drying
conditions, and material composition (Langrish et al., 2006). Although the shape of the camel
milk particles were almost unchanged over the storage period, the agglomeration of the powder
was likely increased, especially those kept at 32.27% RH. The agglomeration of spray-dried
camel milk powders is possibly due to the increase of lipid content on the surface of the particles
(Bhandari, 2007). This is consistent with the XPS analytical results that indicated an increase in

surface lipid content during the storage period.
3.3. Rehydration properties of spray-dried camel milk powder
3.3.1. Wettability

All spray-dried camel milk powder samples did not entirely immerse into water (a large
proportion of the powder still floated on the water surface) after 10 min. As they were not wetted
in less than 120 seconds (Schuck et al., 2012), it can be concluded that they are non-wettable.
The poor wettability of spray-dried camel milk powder could be due to the hydrophobic
properties on the particle surface (high C/O ratio values) caused by the presence of a large
amount of surface lipids. These results were similar to those reported by Kosasih et al. (2016), in
which spray-dried whole cow milk powders did not wet within 5 min. However, wettability of
milk powder is dependent on particle size, density, porosity, surface charge, surface area of
powder, and presence of amphipathic substances (Kim et al., 2002). During contact with water, a
layer (the black layer as seen in Figure S.2 in supplementary document) was immediately formed
surrounding the powder particles. These layers could be non-hydrated regions which kept the
powder floating on the water surface and prevented water from penetrating inside the powder
particles. A similar phenomenon was reported for dispersing high-protein milk powder in water

(Jietal., 2016).
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The Washburn method was applied to further differentiate these powders with poor wettability
behaviour. As shown in Figure 3a, the amount of water adsorbed was not significantly different
among the samples and ranged from 1.5 to 2.5% (w/w) (p > 0.05). This indicates that the storage
conditions (RH level and storage time) did not affect wettability of camel milk powders. The
high amount of lipid on the powder surface was a reason for the poor wettability of camel milk

powders.
3.3.2. Dispersibility

At t = 0 min, which was counted as when all powder particles were immersed into water (e.g.,
approximately 30s), the PSD of powder was the broadest (ranging from 0.04 to 1.0 pum, shown as
three peaks indicated by (1), (2) and (3) symbols in Figure 3b). An increase in measurement time
led to a gradual decline in peaks (1) and (3) and a steady increase in peak (2). After 50 min,
peaks (1) and (3) almost disappeared and the PSD displayed only peak (2) with a much narrower
distribution range. These changes were observed for all camel milk powder samples. These
results indicate that under the mechanical force due to stirring, the agglomerated powder
particles gradually broke up and started to disperse into water as individual particles, while the

small separated particles dissolved into water (Selomulya and Fang, 2013).

Typically, d(0,5) values (which are the size at which 50% of the particles are smaller and 50%
are larger) are selected to investigate the dispersibility of high protein dairy powders (Ji et al.,
2015; Ji et al., 2016). However, changes in d(0,5) values in our study were too small to
distinguish among the powder samples, while alterations in d(0,9) values (which are the size of
particles below which 90% of the samples lie) were much larger. Thus, d(0,9) values were used
to evaluate the dispersibility of camel milk powders. Because d(0,9) values measured at t = 0
min were different among the powder samples, to compare the dispersibility among the camel

milk powder samples, all d(0,9) values were converted to d(0,9) ratios by dividing the d(0,9) at
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time t (min) to that at t = 0 min. The changes in d(0,9) ratios during the dispersion of the camel

milk powders in water over 60 min are shown in Figure S.3 (supplementary material).

As shown in Figure S.3, the decline rate of d(0,9) ratios occurred rapidly within the initial 10
min of dispersion for all powder samples. Therefore, for comparison purposes, the slopes of the
regression lines for the dispersion data up to 10 min were calculated (Table 2). The higher
absolute slope values indicate faster dispersibility of the powder. For each RH level, the slope
values decreased with an increase in storage time, indicating decline in dispersibility. This was
especially apparent for powders kept at 22% and 32% RH longer than 12 weeks. The wettability
of the powder in water has a strong correlation with the hydrophilicity of the powder surface
while dispersibility of the powders in water under mechanical force were mainly determined by
the powder surface charge (zeta-potential) and specific gravity (e.g. particle size) of powder

(Mitsui and Takada, 1969).
3.3.3. Solubility

As shown in Figure 3(c), fresh powder dissolved almost completely in water with a solubility of
98.62 + 1.47%. This solubility level was almost unchanged until week 9 for all RH levels. From
week 9, solubility started to gradually decline, especially that of powders kept at 22 and 32% RH
(decline to 91.21 + 4.78 and 90.85 + 4.09 %, respectively) at the end of storage period. These
results indicate that in long-term storage (e.g. more than 12 weeks), the solubility of camel milk
powder is affected by storage RH conditions in which the higher RH level resulted in greater
reduction in solubility. The reduction in solubility of the milk powder could be caused by cross-
linking of proteins (Anema et al., 2006), Maillard reaction (Le et al., 2011), crystallisation of
lactose, or the presence of a high amount of lipid on the powder surface (Thomas et al., 2004). In
a previous study (Ho et al., 2019), storage of spray-dried camel milk powder at 11% to 32% RH

(37°C) over 18 weeks resulted in unfolding of proteins, slight crystallization of lactose, and
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Maillard reaction. Similarly, due to the migration of free fat to the powder surface and the
spreading of fat on the surface, during storage at 37°C the solubility of spray-dried whole cow
milk powder (a, = 0.2) reduced by approximately 15% over 18 weeks of storage (Kosasih et al.,

2016).

3.4. Correlation of surface chemical composition and solubility of camel milk powders

Solubility is the final stage of the rehydration process of milk powder, thus solubility is a more
reliable criterion than wettability and dispersibility to evaluate the rehydration property of milk
powder. To evaluate if there is any correlation between surface chemical composition and
rehydration ability of camel milk powder, regression analyses between the surface lactose and
lipid and the powder solubility were performed (Figure 4). While surface proteins and lactose
displayed a much lower degree of correlation (R®> = 0.5565 and R?* = 0.5565, respectively),
surface lipid showed a very strong correlation with powder solubility (R*> = 0.7856). An increase
in surface lipid led to powder solubility decline. An increase in surface hydrophobicity caused by
migration of lipid may be the reason for the declining power solubility. Fyfe et al. (2011)
reported that the increase in hydrophobicity at the surface appeared to contribute to the decrease
in the solubility of high protein milk powder during storage. In addition, Gaiani et al. (2007)
reported that during storage of native phosphocaseinate powder, the increase in wetting time was

due to migration of lipid on the powder surface.

4. Conclusions

Here we report the effects of accelerated storage at 11% to 32% RH and 37°C on the surface
characteristics of spray-dried camel milk powder over an 18-week period. The XPS results
indicated there was a change in surface chemical composition (protein, lipid, and lactose),

especially at week 18. During storage, the increase in surface lipid content led to an increase in

17



382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

surface hydrophobicity and agglomeration of powder particles (SEM results). For rehydration
properties, due to a preponderance of surface lipid (e.g. 78%) of camel milk powder, which
formed non-hydrated regions that prevented the powder from wetting, it was impossible to
determine the wettability of camel milk powder via measurement of wetting time. The Washburn
method did not distinguish the wettability among the powder samples. However, the
dispersibility and solubility of the powder exhibited the effects of storage time and RH levels.
When compared to fresh camel milk powder, powders kept at 22% to 32% RH showed a marked
decline in dispersibility and solubility from week 15. The increase in surface lipid content could
explain the decrease in solubility of camel milk powder as there was a strong correlation between

them.
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3 Table 1: Surface elemental composition (%) of carbon (C), oxygen (O), and nitrogen (N) of camel

4 milk powders kept at different RH conditions .

5 Table 2: Slope values obtained from regression curves indicating changes in d(0,9) ratios during

6 dispersion of camel milk powders (stored at 11-32% RH) in water .



7 Table 1: Surface elemental composition (%) of carbon (C), oxygen (O), and nitrogen (N) of camel milk powders kept at different RH

8 conditions(*).

Storage 11% RH 22% RH 32% RH
time

(week) C N O C N @) C N O
0 83.68+0.22 239+047 13.94+0.69 83.68 £ 0.22 2.39+047 13.94 + 0.69 83.68+0.22 239+047 13.94+0.69
3 84.48+0.54 211+0.01° 13.42+0.55 84.27 £ 0.52 2.30+0.11 13.44 + 0.42 84.46+0.19 223+0.01 13.32+0.20
6 84.02+0.30 2.14+0.21° 13.85+0.08 84.44 £ 0.13 2.14+£0.13 13.43+0.01 84.37+0.25 212+0.05 13.52+0.30
9 85.12+0.76 2.10+0.07° 13.29+0.03 84.92+0.51 1.95+0.15 13.14+0.35 8436 +0.11 2.18+0.13 13.46+0.24
12 85.54 +0.40° 1.63+0.28° 12.84+0.13 85.19+0.01 1.99 +0.08 12.83 £ 0.06 85.09+0.12° 1.87+0.23 13.05+0.35
15 85.51+0.39° 1.26+0.08° 13.25+0.30 84.70£0.12 2.14+£0.12 13.17 £ 0.00 86.17+0.66° 1.62+0.06 12.22+0.71"
18 86.15+0.24"° 1.32+0.11° 12.54+0.13 86.41+0.21 1.38+0.11° 12.21+0.08 86.56 +0.35° 1.49+0.34 11.96 +0.00"

9

For each column, b, ¢, d, e, f, g and h letters indicating significant difference when compared with week 0 (p < 0.05).



10 Table 2: Slope values obtained from regression curves indicating changes in d(0,9) ratios

11 during dispersion of camel milk powders (stored at 11-32% RH) in water (*).

Storage time (week) 11% RH 22% RH 32% RH
0 -0.067 +0.005 -0.067 + 0.005 -0.067 % 0.005
3 -0.062 + 0.006 -0.069 + 0.002 -0.065 + 0.001
6 -0.066 + 0.003 -0.063 + 0.004 -0.063 + 0.003
9 -0.054 + 0.000 -0.066 + 0.000 -0.062 + 0.005
12 -0.055 + 0.007 -0.053 + 0.004 -0.055 + 0.005"
15 -0.058 + 0.004 -0.048 + 0.004° -0.061 + 0.000
18 -0.056 % 0.002 -0.059 + 0.003° -0.052 + 0.000"

12 ) Minus (-) before the numbers indicates reduction of d(0,9) values during dispersion process. For each

13 column (RH level), a, b indicate a significant difference when compared with week 0 (p < 0.05).
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Surface chemical composition (%) of lactose (a), proteins (b), and lipid (c) and
changes in C/O ratio (d) of camel milk powders kept at different RH conditions
(11-grey for 11%, 22-red for 22%, and 33-blue for 32% RH). For each RH level
and criteria, ) indicates a significant difference when compared with week 0

(p <0.05).

SEM of fresh spray-dried camel milk powder (a) and of powders kept at 11, 22 and

32% RH at week 18 (b, c, and d, respectively).

Wettability determined by Washburn method (a), representative changes in particle
size distribution of power particles dispersed in water, and solubility (c) of spray-
dried camel milk powder kept at different conditions. For each RH level, a and b

indicate significant difference when compared with week 0 (p < 0.05).

Regression analyses between the surface chemical composition and the solubility

of camel milk powders. S - solubility, Li - lipids, P - proteins, La - lactose.
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Figure 1: Surface chemical composition (%) of lactose (a), proteins (b), and lipid (c) and

16

changes in C/O ratio (d) of camel milk powders kept at different RH conditions (11-grey for

17

11%, 22-red for 22%, and 33-blue for 32% RH). For each RH level and criteria, ” indicates a

18

significant difference when compared with week 0
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(p <0.05).

20



21

22

23

24

25

26

27

28

29

30

31

32

33

34

(a) Week 0 (b) Week 18 — 11% RH

5.00kV 7.8mn 50.0pum

»
Y LN

N
: :, A

- S GEN My e mar BE s R RN RO
5.00kV 7.9mm x600 SE 50.0um

Figure 2: SEM of fresh spray-dried camel milk powder (a) and of powders kept at 11, 22 and

32% RH at week 18 (b, c, and d, respectively).
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