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The antioxidant and antibacterial activities of camel and bovineα-lactalbumin (α-La) in both calcium-loaded (holo)
and calcium-depleted (apo) forms were investigated and compared. Antioxidant assay showed that camel and bo-
vineα-La exhibited significant Ferric-reducing antioxidant power (FRAP), ferrous iron-chelating activity (FCA) and
antiradical activities especially in their apo form. Camel apo α-La also exhibited attractive antibacterial activities
against Gram-negative bacteria (Pseudomonas aeruginosa) and against fungal pathogens species (Penicillium bilaiae,
Aspergillus tamari and Aspergillus sclerotiorum). Likewise, emulsifying properties (emulsification ability (EAI) and
stability (ESI) indexes) and the surface characteristics (surface hydrophobicity, ζ-potential and interfacial tension)
of the α-La were assessed. Maximum EAI were found at pH 7.0, with higher EAI values for the camel apo α-La
(EAI ~19.5 m2/g). This behavior was explained by its relative high surface hydrophobicity and its greater efficiency
to reduce the surface tension at the oil-water interface. Furthermore, emulsions were found to be more stable at
pH 7.0 compared to pH 5.0 (ESI ~50%) due to the higher electrostatic repulsive forces between oil droplets at
pH 7.0 in consistence with the ζ-potential results. This study concluded that the camel apo α-La has antibacterial,
antioxidant, and emulsifying properties in agricultural and food industries.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Camel milk is an important product consumed in both raw and
fermented forms and provides all the essential nutrients for populations
in hot regions of Middle East and Africa [1]. This milk is known to have
better functional value when compared to bovine milk due to its thera-
peutic properties including anti-diabetic hypo-allergic and anticancer
properties [2].

Camel milk differs from bovinemilk in its physico-chemical compo-
sition and the structure of its proteins leading to different biological and
techno-functional properties [3,4]. As for other mammalian milks,
camel milk proteins can be classified into two major fractions: caseins
and whey proteins representing respectively 75.4% and 25.5% (w/w)
of the total camel proteins [5].
of Sfax, Sfax Tunisia, University

ail.com (R. Lajnaf).
In bovinewhey, themain proteins are the β-lactoglobulin (β-Lg),α-
lactalbumin (α-La), serum albumin and the immunoglobulins,
representing 55%, 24%, 15% and 5% (w/w), respectively [6]. Compared
with bovine whey, camel whey is claimed to be devoid of β-Lg which
has been demonstrated to be one of the most dominant cowmilk aller-
gen limiting cow's milk consumption and the preparation of infant for-
mulae [7].

Thus, theα-La is themain protein fraction of camelwhey, accounts for
~18.8% (w/w) of the total camel milk proteins with a concentration of
2.2 g/L [8–11]. Theα-La is a globular small, acidic and hydrophilic calcium
metalloprotein present in the soluble fraction of milk of all mammalian
species [12]. The main biological function of this protein is to participate
in lactose synthase (LS) complex [13]. As the bovine α-La, camel α-La is
composed of 123 amino-acid residues, in which 39 residues are different
when compared to its bovine counterpart. Consequently, the similarity
and identity between these proteins according to the sequence alignment
data are 82.9% and 69.1%, respectively [11,14,15].

Furthermore, camel α-La has a molecular weight (MW) of ~14.43
whereas its bovine counterpart has a MW of 14.18 kDa. Its isoelectric
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point (pI) is between 4.1 and 4.8, and therefore in milk (pH ~ 6.5) it is
negatively charged [14].

Both α-La have no free thiol groups and 4 buried disulfide bonds
with cysteine residues at the same positions (Cys6/Cys120, Cys28/
Cys111, Cys61/Cys77, and Cys73/Cys91). Whereas, the conformation
of camel α-La shows a higher sensitivity and to the calcium loss and a
greater thermal stability when compared to its bovine equivalent [15].

In addition to structural differences betweenboth proteins, camelα-
La showed a greater level of digestibility with both enzymes chymo-
trypsin and trypsin as well as a highest antioxidant activity when com-
pared to the α-La of cow milk [16]. The foaming properties of camel α-
La were studied by Lajnaf et al. [17]. No significant difference of the
foaming and interfacial properties (at the air-water interface) was
found between camel and bovine α-La at neutral pH. On the other
hand, these properties were found to increase considerably at acid pH
(pH 4.3) where the α-La assumes the molten globular state, thus en-
hancing its foaming properties [11]. However, only few works exist on
the emulsifying and interfacial properties of camel α-La and informa-
tion on their interfacial behavior depending on pH value will be inter-
esting to determine [18,19].

Most importantly, the paper is dedicated to investigate the differ-
ences between camel and bovine α-La in calcium-depleted (apo) and
calcium-saturated (holo) states in comparative antioxidant, antimicro-
bial and emulsifying studies. Antioxidant and antimicrobial activities
of theα-Lawere examined by various in vitro assays. Thus, the examina-
tion of the biological activities and emulsifying properties of the camel
α-La revealed an interesting ingredient for food industry due to its nu-
tritional value, which is of a great scientific and industrial relevance.

2. Material and methods

2.1. Materials

Camel milk samples (Camelus dromedarius) used in this work were
purchased from a modern camel farm in the south of Tunisia. Fresh
cow milk was purchased from a local breeding which is located in the
region of Sfax (Tunisia).

Once purchased, both samples were immediately cooled to 4 °C and
transported to the laboratory within 24 h. pH values were directly mea-
sured (744-pH meter, Metrohm, Herisau, Switzerland) after collecting
milk and before storing. The fat was removed by centrifugation (Thermo
Scientific HeraeusMegafuge Centrifuge, Germany) at 3000g for 20min at
4 °C [20] and the skimmedmilkwas stored at−18 °C before experiments.

2.2. Purification of camel α-La

After defatting milk, the casein fraction of camel milk was separated
from the soluble fraction by rennet addition (1.4 mL/L of milk) at 37 °C
during 1–2 h [21,22].

The coagulumwas centrifuged at 5000g for 15min at 20 °C (Thermo
Scientific Heraeus Megafuge Centrifuge, Germany), the curd containing
the camel caseins was discarded and the supernatant representing the
remaining liquid whey, known as the sweet whey, was kept for the α-
La purification. Afterwards, the camel α-La was isolated by ultrafiltra-
tion (UF) membrane technology using a tangential filtration mode
(Millipore UF systems). A Labscale™ TFF System (USA) with MW cut-
off regenerated cellulosemembranes of 30 kDa (Millipore Coroperation,
Billierca, MA) was applied to separate the α-La from the other camel
whey proteins [11,16].

Bovine α-La was isolated from skimmed bovine milk using the
method described by previous studies [23,24]. Once isolated, both
camel and bovine α-La samples were lyophilized (Bioblock Scientific
Christ ALPHA 1–2) for further analysis.

The purity of the isolated α-La was checked by RP-HPLC (Reverse
Phase High-Performance Liquid Chromatography) (Agilent 1260 Infin-
ity quaternary LC, Germany) [4,25] using a separation column C18
206
(Zorbax Eclipse Plus C18, 250 mm length x 4.6 mm, particle size 5 μm,
Packing Lot: B14292).

Overall, 500 μL of the isolated protein were added to 3.7 mL of the
solvents A and B in 70:30 ratio (v/v) as follows: solvent A (acetonitrile,
water, and trifluoroacetic acid in a ratio 100:900:1, (v/v/v)) and solvent
B (acetonitrile, water, and trifluoroacetic acid in a ratio 900:100 (v/v/
v)). 20 μL of the filtered mixture (through 0.45 μm nylon filter) were
then injected into the column. Once the sample was injected, a gradient
was immediately generated by increasing linearly the proportion of sol-
vent B as function of time from 20% to 46% in 40min for the elution at a
flow rate of 1.0 mL/min and at a column temperature of 25 °C. Protein
signal was recorded by UV detection at 220 nm wavelength.

Purchased standard (bovineα-La fromSigmaAldrich)was dissolved
in deionized water (from Milli-Q system, Millipore, USA) and then di-
luted in solvent A and solvent B mixture (70:30) as samples separately.

The purity of the isolated α-La was assessed by calculating the area
of their peaks in each chromatogram and expressed as percentage of
total protein.

2.3. Preparation of apo and holo forms of the α-La

Lyophilized α-La samples were dissolved in deionized water (Milli-
Q system, Millipore, USA) at a protein level of 1 g/L. Apo and holo α-La
formswere generated by dissolving thenative purified protein (1 g/L for
protein content) in 20 mM-Tris-HCl buffer at pH 7, containing 3.5 mM-
EDTA (Sodium ethylene diaminetetraacetate) and 2 mM-CaCl2, respec-
tively [15,26]. The EDTA-treatedα-La sampleswere then kept under ag-
itation during 60 min at room temperature (21–23 °C) to make sure all
bound calcium ions were removed.

The pH of the α-La solutions was adjusted from the initial, to 5.0 or
7.0, using either 1 M HCl or 1 M NaOH [27].

2.4. Antioxidant activities

2.4.1. DPPH assay
The antiradical activity of the purified α-La protein in its holo and

apo formswas carried out by theDPPH (1,1-diphenyl-2-picrylhydrazyl)
method as described by Bersuder et al. [28]. A volume of 500 μL of each
α-La sample at a concentration of 1 g/L was added to 375 μL of ethanol
(99%) and 125 μL of DPPH solution 0.02% in ethanol (w/v) as free radical
source.

The mixture was shaken under dark during 60 min and the absor-
bency was then measured at 517 nm using a UV mini 1240, UV/VIS
spectrophotometer (SHIMDZU, Kyoto, Japan). Ethanol and BHA (butyl-
ated hydroxyanisole) were used as blank and positive control, respec-
tively. DPPH-radical-scavenging-activity was calculated using the
equation Eq. (1) and expressed as percentages:

DPPH � radical−scavenging−activity¼ C þ B−Sð Þ=Cð Þ � 100 ð1Þ

where C (control) is the absorbance of 500 μL of water, 125 μL of DPPH-
ethanol solution and 375 μL of ethanol atλ=517 nm; S (sample) is the
absorbance of 500 μLα-La sample added to 375 μL of ethanol and 125 μL
of DPPH-ethanol solution at λ= 517 nm, and B (blank) was the absor-
bance of 500 μL sample extract and 500 μL ethanol at 517 nm.

2.4.2. Ferric-reducing antioxidant power (FRAP)
The FRAP (ferric-reducing antioxidant power) methodwas assessed

according to the procedure described by [29,30]. Briefly, 900 μL of FRAP
reagent (containing 300 mM acetate buffer, pH 3.6, 20 mM FeCl3 solu-
tion and 10 mM TPTZ (2,4,6-Tripyridyl-s-Triazine) in 40 mM HCl and
in a ratio 10:1:1) were mixed with 100 μL of the α-La sample. The mix-
ture was incubated at 37 °C during 20 min. The absorbance was read at
λ = 593 nm using a UV mini 1240, UV/VIS spectrophotometer
(SHIMDZU, Kyoto, Japan).
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The FRAP was calculated and expressed as micromoles of Trolox
equivalent (TE) per g of protein sample (μM-TE/g) using a standard
curve of Trolox (0–50 μM).

2.4.3. Ferrous iron-chelating activity (FCA)
The chelating activities of theα-La sample towards Fe2+ were mea-

sured by the methods of Boyer and McCleary [31] modified by Al-
Shamsi et al. [32]. Briefly, 4.7 mL of each protein sample (1 g/L) were
added with 0.1 mL of 2 mM FeCl2 and 0.2 mL of 5 mM ferrozine (3-(2-
pyridyl)-5,6-bis(4-phenyl-sulphonic-acid)-1,2,4-triazine). The mixture
was then incubated during 20min at room temperature and the optical
densitywasmeasured against a blank (without protein) atλ=562 nm.

The ferrous chelating activity (FCA) exhibited by the α-La sample
was calculated using the following equation Eq. (2):

FCA %ð Þ ¼ 1− Asample=Ablank
� �� �� 100 ð2Þ

where Asample and Ablank are the absorbance of theα-La sample and con-
trol (without protein) reaction respectively at λ = 562 nm.

2.5. Detection of antimicrobial activities

2.5.1. Antibacterial activity
Two Gram-positive (Enterococcus faecalis ATCC 25912 and Staphylo-

coccus aureus ATCC 25923) and two Gram-negative (Pseudomonas
aeruginosa ATCC 27853 and Escherichia coli ATCC 25922) bacteria
were selected for the bacteria test in this work. LB (Luria Bertani) agar
plates were inoculated with 100 μL of an overnight culture containing
approximately 107 CFU (Colony FormingUnits)/mL of the respective in-
dicator strain.

100 μL of the culture suspension containing approximately 107 CFU/
mL were spread over the LB agar plates. The α-La solutions (1 mg/mL)
were delivered into wells (5 mm diameter) which are cut into the
agar plates [33]. Diffusion was carried out at 4 °C for 2 h. Afterwards,
the plates were incubated during 24 h at 37 °C and the inhibition
zones were examined. The antibacterial activity of the α-La was evalu-
ated by measuring the diameter (in millimeters) of the inhibition zone
around the wells.

2.5.2. Antifungal activity
Antifungal activity of the α-La was evaluated against 4 fungal path-

ogens species including Aspergillus sclerotiorum (MG204869.1), Asper-
gillus protuberus (MH137674.1), Aspergillus tamarii (KY828882.1) and
Penicillium bilaiae (MF681615.1). A volume of 100 μL of each fungal sus-
pension (containing approximately 106 conidia per mL) was spread on
the surface of the Petri dishes. Wells (5 mm diameter) were punched
and filled with 100 μL of the α-La solutions (1 mg/mL). Plates were
then incubated at 25 °C during 5 days. The antifungal activity was eval-
uated by measuring the diameter of inhibition zones around the wells.

2.6. Emulsifying properties

A volume of 20 mL (85%, v/v) of the different α-La samples (1 g/L,
pH 5 or 7) was homogenized with 3.5 mL (15%, v/v) of corn oil for
30 s at room temperature using the Ultra-Turrax T25 high-speed
mixer (IKA Labortechnik, Germany) performed at 21500 rpm [34]. Af-
terwards, an aliquot of each freshly created emulsion (100 μL) was pi-
petted and dispersed into 900 μL of 0.1% SDS (sodium dodecyl-sulfate)
solution (w/v). The SDS-emulsion mixture was vortexed during 10 s
and the absorbance was measured at λ = 500 nm using a UV mini-
1240 PC spectrophotometer.

Emulsions were kept undisturbed and then 100 mL aliquots were
taken after 10min and dispersed into 900 μL of 0.1% (w/v) SDS solution.
The absorbance was also measured at λ = 500 nm as described above.
207
Emulsifying activity index (EAI, m2/g) and emulsion stability index
(ESI, %) of α-La solutions were determined using Eqs. (3) and (4) sug-
gested by Pearce and Kinsella [35]:

EAI m2=g
� � ¼ 2� 2:303� A500 � dilution½ �= C � 1−Φð Þ � 104

h i
ð3Þ

ESI %ð Þ ¼ A10=A0½ � � 100 ð4Þ

where, A500 represents the absorbance of the diluted emulsion at
500 nm, C is theα-La concentration (g/mL),Φ is the oil fraction volume
(Φ=0.15), 100 is the dilution, A0 andA10 represent respectively the ab-
sorbance at 500 nm at time zero and after 10 min.

2.7. Interfacial properties

The interfacial tension for camel and bovine α-La solutions was
measured using a TSD (Tensiometry System Digital) 971 (Gibertini
Elettronica, Italia) equipped with the “Du Noüy methodology” as de-
scribed in previous works [27,36]. All α-La protein samples were mea-
sured at a concentration of 1 g/L.

First, 20 mL of the protein solution were added within a 40 mm di-
ameter glass sample beaker. Then, Du Nüoy ring (20 mm diameter)
was immersed followed by the addition of upper corn oil layer (20 ±
0.5 mL). The ring was pulled upwards to stretch the created oil-water
interface to calculate the interfacial tension value (mN/m) by determin-
ing the maximum force (Fmax) using the following Eq. (5)

γ ¼ Fmax=4πRβ ð5Þ

where γ: the interfacial tension (mN/m), Fmax: themaximum force (mN),
R: the radius of the used ring (20mm), β: the correction factor which de-
pends on two main factors: the dimension of the ring and the density of
the liquid. All interfacial tension measurements were realized at 25 °C.

2.8. Determination of the hydrophobicity

The surface hydrophobicity of the isolatedα-Lawasmeasured using
the method described by Al-Shamsi et al. [32] and Lajnaf et al. [34].
Briefly, 1 mL of the α-La sample (at a concentration of 1 mg/mL) and
200 μL of 1 mg/mL bromophenol-blue (BPB) were added and kept
under agitation during 10min at room temperature, followed by centri-
fugation at 2000 g for 15 min at 25 °C. The absorbance of supernatants
(diluted 1:10 in distilled water) was read at λ = 595 nm using an
UVmini-1240 spectrophotometer. A control was prepared using Tris-
HCl buffer (20 mM, pH 8.0) instead of protein sample.

The surface hydrophobicity was determined from bound-BPB
amounts by Eq. (6):

Bound−BPB μgð Þ
¼ Absorbance of control−Absorbance of sampleð Þ=Absorbance of control½ � � 200 μg

ð6Þ

2.9. Electrical charge (ζ-potential measurements)

The ζ-potential of the camel and bovine α-La solutions was deter-
mined at 25 ± 1 °C using a Zetasizer Nano-ZS90 (Malvern Instruments,
Westborough, MA). All α-La samples were measured at a concentration
of 1 mg/mL.

The ζ-potential (ζ, mV) was evaluated from the electrophoretic mo-
bility (UE) using Henry's equation (Eq. (7)):

UE ¼ 2εζ f kαð Þ=3ɳ ð7Þ

where ε is the permittivity (Farad/m); ɳ is dispersion viscosity (mPa.s);
and f(k.α) the function related to the ratio of particle radius (α, nm) and
the Debye length (k, nm−1).
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2.10. Optical microscopy of the emulsion

One milliliter of the created emulsion was taken and diluted with
9mLof 0.1% SDS (w/v). Emulsionswere vortexed during 10 s in a Falcon
tube [9]. Afterwards, 100 μL were pipetted from the diluted emulsion
and placed between lame and lamella to be an optical microscope
(Nikon Eclipse E400, Kanagawa, Japan) with a 40× objective magnifica-
tion and connected to digital camera.

2.11. Statistics

The significance of the main effects of type (apo and holo) and pH
(5.0, 7.0) on camel and bovine α-La emulsifying properties (EAI and
ESI indices), surface characteristics (ζ-potential, surface
hydropohobicity and interfacial tension measurements), antioxidant
and antimicrobial activities was tested by three-way analysis of vari-
ance (ANOVA). Statistical analyses were performedwith IBM-SPSS soft-
ware (Version 19). All experiments were carried out at least in triplicate
and results were reported as the mean ± one standard deviation.

3. Results and discussion

3.1. Purification of camel and bovine α-La

The HPLC chromatograms of solutions containing the isolated α-La
from camel and bovine milk are shown in Fig. 1a and b respectively.

The camel α-La percentage increased from ~18.8% in camel milk to
~91.2% after protein isolation (Fig. 1a). On the other hand, the purity
of bovine α-La percentage rose from ~4.7% before purification (in cow
milk) to ~89.3% after purification (Fig. 1b).

These percentages of the protein purity are consistentwith thework
of Muller et al. [23], Lajnaf et al. [11] and Salami et al. [16]. For the camel
α-La chromatogram(Fig. 1a), a protein fraction protein (F)with a reten-
tion time (RT) 18.77 min was still present after the protein purification
at a percentage of 8.8%. This peak could correspond to casein traces or
the Peptidoglycan Recognition Protein (PGRP) which is a specific
whey protein of camel milk [11,37]. As also seen in Fig. 1b, two protein
fractions with RT of 26.08min and 30.23min still remained after bovine
α-La purification. These protein fractions were suggested to be identi-
fied as caseinomacropeptide (RT 26.08 min) and the β-Lg (RT
30.23 min) representing ~5.8% and ~4.9% respectively of the total pro-
tein isolate.

3.2. Antioxidant properties

3.2.1. DPPH free radical-scavenging activity
The DPPH radical scavenging activity is most frequently utilized

assay to measure the overall antioxidant activity of food ingredients
and processed food products. The DPPH radical scavenging activity of
the isolated camel and bovine α-La are shown in Table 1.
Fig. 1. HPLC chromatograms recorded at 220 nm for purified cam
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The DPPH rates (in %) found for camelα-La were 25.16± 2.84% and
37.33 ± 4.03% for the holo state and apo state, respectively, while for
bovineα-La, values of 15.08 ± 1.50% and 28.16 ± 2.82% were obtained
for the holo and apo states, respectively. Thus, Camelα-La exhibited sig-
nificantly greater antioxidant activitywhen compared to bovineα-La in
both holo and apo states (p < 0.05).

Furthermore, significant improvement in DPPH radical scavenging
activity was observed in apo form as compared to the holo form in
both camel and bovine α-La, with the highest activity in apo camel α-
La (p < 0.05). These findings are consistent with those of Salami et al.
[16] who found that camel α-La carried higher antioxidant activity
rather than its bovine counterpart in both native and molten globular
states. Overall, proteins have antioxidant activity through amino acid
residues including cysteine, tryptophan andmethionine. These residues
are involved in free radical scavenging in proteins as they possess the
highest antioxidant activity compared to the other amino acids [38].
Furthermore, not only the amino acid composition of proteins is impor-
tant in scavenging the free radicals but also their positioning and their
accessibility [39].

Sequence comparison of both α-La shows higher amount of these
amino acids of camel α-La in agreement with [14,16]. Thus, the highest
DPPH activity of camel α-La in both apo and holo states can be ex-
plained the higher content of the solvent-exposed amino acids available
for scavenging of free radicals and the different conformational features
between both α-La especially after calcium removal.

3.2.2. Ferric-reducing antioxidant power (FRAP)
Anothermethod formeasuring the antioxidant potential of the puri-

fied camel and bovine α-La is the ferric-reducing antioxidant power:
FRAP assay. Ferric-reducing power of a protein is an estimation of its
ability to reduce Fe3+ to Fe2+ by electron-donation from electron-rich
amino acid side chains. This measurement is determined using a
redox-linked colorimetric reaction. Samples with higher FRAP values
aremore able to donate electrons or hydrogen and to interrupt free rad-
ical chain reactions [40].

As shown in Table 1, FRAP values of the α-La samples were signifi-
cantly improved after calcium removal. Thus, the calcium-depleted
apo-form of α-La samples showed a significantly higher FRAP value
when compared with their holo counterparts regardless of the α-La or-
igin (p < 0.05). FRAP value of camel apoα-La (11.74± 0.32 μM-TE/g of
proteins) was significantly higher rather than bovine apo α-La
(10.41 ± 0.23 μM-TE/g of proteins), but no significant differences
were observed between camel and bovine holo α-La (~7.5 μM-TE/g of
proteins).

The FRAP value of purchased bovine α-La in previous studies was
found to be similar to that of purified bovine α-La in our study. It
achieved a value of 8.19 ± 1.19 μM-TE/g of proteins [41].

Furthermore, after the removal of calcium bound ion, the α-La has
been found to change in conformation to a more open structure [27].
Possibly, this structure could enhance reducing activity towards ferric
el and bovine α-La (chromatograms a and b, respectively).



Table 1
Antioxidant properties: DPPH (DPPH-radical-scavenging-activity), The FRAP (ferric-reducing antioxidant power) and FCA (ferrous chelating activity) of camel and bovine apo and holoα-
La.

Protein α-La form FRAP (μM-TE/g of protein) DPPH (%) FCA (%)

Bovine α-La Holo α-La 7.31 ± 0.21a 15.08 ± 1.50a 13.58 ± 7.11a

Apo α-La 10.41 ± 0.23b 28.16 ± 2.82b 68.40 ± 5.56b

Camel α-La Holo α-La 7.24 ± 0.50a 25.16 ± 2.84b 15.21 ± 3.12a

Apo α-La 11.74 ± 0.32c 37.33 ± 4.03c 81.27 ± 4.55c

a-c Different letters in the same column indicate significant differences (p < 0.05) between protein fractions.
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ions, and suppress their pro-oxidant effect. The open structure of both
α-La have then higher FRAP values, due to their exposed electron-rich
side chains.

3.2.3. Ferrous iron-chelating activity (FCA)
Ferrous iron-chelating activity (FCA) is among the most important

antioxidant properties. This activity involves studying and determining
the ability of the tested compound to chelate the metal ions. Among
metal ions, ferrous ions (Fe2+) are associated with cells oxidative dam-
age through the generation of hydroxyl radical which contributes to ox-
idative stress and results in lipid peroxidation [42]. As depicted in
Table 1, no significant difference was observed between Fe2+ chelating
capacity values of holo camel and bovine α-La (FCA ~14%). Whereas,
when calcium was depleted, FCA values of both α-La significantly in-
creased with higher values for the camel α-La (FCA ~81.27%)
(p < 0.05). The increase in FCA values of α-La, after calcium removal,
could bedue to increased exposure of certain aromatic and hydrophobic
amino acid residues, which actively participated inmetal chelation [32].
Highermetal-chelating activity of proteins is attributed to the better ac-
cessibility of the antioxidant amino acid residues to themetal ions [43].

α-La has two chelating sites for minerals: the first one binds Ca2+

and the second is specific for Zn2+, but it is able to bind Co2+ and
Cu2+ [44]. Baumy and Brule [45] noted that the α-La has a high affinity
to several bivalent cations such as Ca,Mn, Zn, Cu, Mg and Fe. Indeed, the
binding ability ofα-La is 6.0 of Fe2+ ions per proteinmolecule at pH 6.6.

3.3. Antimicrobial activities

Antimicrobial activity results of camel and bovine α-La are pre-
sented in Table 2. The bovine α-La (holo and apo forms) and camel
holoα-La had no bactericidal activity against Staphylococcus aureus, En-
terococcus faecalis, Escherichia coli and Pseudomonas aeruginosa and no
antifungal activity against Penicillium bilaiae, Aspergillus tamari, Aspergil-
lus sclerotiorum and Aspergillus protuberus.

The same trends were reported for bovine α-La by Håkansson et al.
[33] and Sedaghati et al. [46] who found that native α-La exhibited no
antimicrobial activity on Gram-positive and Gram-negative bacteria.

On the other hand, the analyzed apo camel α-La, exerted significant
antibacterial activities towards Pseudomonas aeruginosawith inhibition
zones of 15 ± 0.5 mm. Furthermore, apo camel α-La exhibited antifun-
gal action on Penicillium bilaiae, Aspergillus tamari and Aspergillus
sclerotiorum with inhibition zones of 9 ± 1.2, 16 ± 0.8 and 15 ±
0.5 mm, respectively.

In the same way, Svensson et al. [47] reported that the monomeric
α-La is inactive, whereas, it could be converted to the active form
Table 2
Antimicrobial activities (zone of inhibition in mm) of camel apo and holo α-La.

Protein α-La form Antibacterial activities

Microbial species – Pseudomonas aeruginosa
Camel α-La Holo α-La –

Apo α-La 15 ± 0.5 mm

Bovine α-La exhibited no antimicrobial activity.
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under different conditions as calcium removal. Håkansson et al. [33]
confirmed that human α-La must be in its apo state in order to convert
to the active form. They found that EDTA-treated apo α-La was active
against Streptococcus pneumoniae at a concentration of 0.5 mg/mL.
However, apo camel α-La had non-inhibitory effect on Staphylococcus
aureus, Enterococcus faecalis, Escherichia coli and Aspergillus protuberus.

In addition to its antimicrobial activities, recent studies have shown
that camel α-La is even able to bind oleic acid leading to the creation of
a complex (named CAMLET: camel α-La made lethal to tumor cells).
This complex exerted a potent anticancer activity against four cancer
cell lines particularly breast cancer cells through the induction of selective
apoptosis and causing arrest of the cell-cycle [48]. On the other hand, both
camel and bovine α-La in their complexes with oleic acid are character-
ized by reduced tertiary structure and high levels of native secondary
structure [49]. However, camel α-La was shown to be more disordered
and possessed stronger aggregation propensities when compared to bo-
vine α-La. The structural differences between the camel and bovine α-
La were preserved and in some cases increased in their oleic acid com-
plexes, which increased in its lethality against cancer cells [49,50].
3.4. Emulsifying properties

The EAImeasures howwell the tested proteins can coat the surface of
an oil droplet within a dilute emulsion, while the ESI gives an estimate of
the emulsion's relative stability after a pre-determined time [35].

EAI andESI values of the purifiedα-La as a function of themilk origin
(bovine and camel milk), pH value (5.0 and 7.0) and conformational
states (apo and holo states) at a protein concentration of 1 g/L are
shown in Fig. 2. The electronic microscopy images of the created emul-
sions are shown in Fig. 3. Thus, findings indicated that α-La proteins at
pH 7.0, coated the oil-droplets better than those at pH 5.0 with higher
EAI values of apo camel α-La proteins especially camel one (EAI ~19.5
and 17.2 m2/g for apo camel and bovine α-La, respectively at pH 7.0)
(Fig. 2a). Fig. 3 showed also that the oil-droplet diameter visually de-
creased with the increase of pH level during emulsion preparation. On
the other hand, in acidic conditions, better emulsification activity values
were obtained with the bovineα-La when compared to its camel coun-
terpart in both apo and holo states.

Statistical analyses showed that camel α-La experienced a much
larger magnitude difference in EAI values (p < 0.05). For instance,
camel α-La increased from 6m2/g at pH 5.0 in both holo and apo states
to 15.8 and 19.5 m2/g at pH 7.0 (difference of 9.8 and 13.5 m2/g for
camel holo and apo α-La, respectively), whereas bovine holo α-La in-
creased from 11.2 m2/g at pH 5.0 to 15.8 m2/g at pH 7.0 (difference of
Antifungal activities

Penicillium bilaiae Aspergillus tamarii Aspergillus sclerotiorum
– – –
9 ± 1.2 mm 16 ± 0.8 mm 15 ± 0.5 mm



Fig. 2. Emulsifying Activity Index (EAI) (a) and Emulsion Stability Index (ESI) (b) of camel
and bovine apo and holo α-La, at a protein concentration of 1 g/L and as function of pH
value (5.0 and 7.0). a-eSamples represented with different letters are significantly
different from each other (p < 0.05). Error bars show the standard deviations of mean
values of EAI and ESI.
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4.6 m2/g), and apo bovine α-La increased from 10.4 m2/g at pH 5.0 to
17.2 m2/g at pH 7.0 (difference of 6.8 m2/g).

These results are in agreementwith those of Lam andNickerson [27]
carried out with bovine α-La. These authors have found that the EAI
values of holo and apo bovine α-La were higher at pH 7.0 than pH 5.0
Fig. 3.Microscopy images of oil-in-water emulsions stabilized by bovineα-La (a: holoα-La pH 7
La pH 7.0; f: holoα-La pH 5.0; g: apoα-La pH 7.0; h: apoα-La pH 5.0). The experimentswere p
for magnification.
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due to electrostatic-repulsive charges which may help the α-La obtain
a more open structure when compared to acidic conditions. Indeed,
electrostatic repulsive forces lead proteins to spread out across an oil-
droplet surface which enhances its coverage.

Furthermore, electrostatic repulsion keeps theα-La protein from ag-
gregation resulting in a better adsorption to the oil-droplet surface
[27,36]. Besides, previous studies reported that apo bovine α-La is sug-
gested to be more open than the holo α-La due to the absence of the
bound calcium ions possibly allowing the protein to be more flexible
and to reorient with greater ease at the oil-water interface [27].

A similar behavior was observed by Ellouze et al. [18] for camelα-La
suggesting that the effect of pH level is significant for camelα-La. These
authors found that EAI values of camel α-La were lower at pH 6.0 than
pH 9.0 due to the proximity of the pI, where protein molecules were
found to carry the lowest negative charge. Thus, the reduction of the
electrostatic repulsion forces close to the pI makes the α-La unable to
form stable interface layers at the oil-water interface [18].

ESI values of both camel and bovineα-Lawere significantly higher at
pH7.0 than those at pH 5.0 regardless of the protein formand origin and
in agreement with previous findings for bovine α-La [27]. Bovine α-La
gave the highest stability of emulsions at pH 7.0 reaching 50% for both
holo and apo states, followed by camel holo α-La (ESI ~46%) and then
camel apo α-La (ESI ~41%) (Fig. 2b). On the other hand, at pH 5.0, ESI
values of holo bovine α-La were significantly higher than those of
holo camel α-La (ESI ~10% and 5% for holo bovine and camel α-La, re-
spectively). Furthermore, emulsions made with apo camel and bovine
α-La at pH 5.0 were found to be unstable (ESI < 2%).

Similarly, Lam and Nickerson [27] reported a similar increase of bo-
vineα-La ESI values at neutral pH values. Indeed, the higher net charge
of the α-La at pH 7.0 would increase the electrostatic-repulsive forces
between protein films surrounding oil-droplets leading to the creation
of more stable emulsion, than at pH 5.0 where films would have re-
duced electronegative charges since theα-La is near its pI value. Indeed,
Electrostatic repulsion preserves droplets from flocculating which en-
hances the emulsion stability of α-La. Contrarily, at pH values close to
the pI of the protein, the magnitude of the electrical charge on the oil-
droplets surface would be decreased. Hence, the negative charge of
whey protein is insufficient to generate electrostatic-repulsive forces
between the created oil-droplets of the emulsion leading to droplets ag-
gregation forming large flocculates [51].

For the camel whey proteins, Lajnaf et al. [34] reported that ESI
values of sweet whey were significantly higher than those of acid
whey regardless of heating temperature value. On the other hand, bo-
vine α-La was found to have higher emulsion stability when compared
to camelα-La reaching an emulsion stability value of 53min. This stabil-
ity could proceed through steric interaction in all pH levels and enhanc-
ing the electrostatic repulsion far from the pI [18,19].
.0; b: holoα-La pH5.0; c: apoα-La pH 7.0; d: apoα-La pH5.0) and camelα-La (e: holoα-
erformed in 20mM Tris-HCl buffer, pH 7.0, at 25 °C at a protein concentration of 1 g/L. Bars



Table 3
Surface properties: ζ-potential measurements (mV), surface hydrophobicity (μg of BPB-bound) and the interfacial tension (mN/m) of camel and bovine apo and holoα-La as function of
pH (5.0 and 7.0). The experiments were performed in 20 mM Tris-HCl buffer, pH 7.0, at 25 °C at a protein concentration of 1 g/L.

Protein α-La form ζ-Potential (mV) Surface hydrophobicity (μg of
BPB-bound)

Interfacial tension (mN/m)

pH value – pH 5 pH 7 pH 5 pH 7 pH 5 pH 7
Bovine α-La Holo α-La −3.5 ± 0.5a −19.4 ± 0.7c 46.3 ± 3.1a 14.9 ± 2.5d 15.5 ± 0.5a 22.9 ± 0.7d

Apo α-La −4.4 ± 1.2a −19.7 ± 0.7c 54.1 ± 2.1b 33.1 ± 4.1e 13.4 ± 1.2b 21.5 ± 0.6e

Camel α-La Holo α-La −2.1 ± 0.4b −17.9 ± 0.2d 55.8 ± 2.1b 15.1 ± 4.5d 13.1 ± 0.9b 22.1 ± 0.5de

Apo α-La −1.9 ± 0.5b −16.6 ± 0.5e 63.9 ± 3.1c 42.9 ± 1.2a 10.3 ± 0.5c 17.6 ± 0.7f

a-g Different letters in the same measurement indicate significant differences (p < 0.05) between protein fractions.
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3.5. Surface characteristics

3.5.1. Surface hydrophobicity
The surface hydrophobicity of bovine and camel α-La as a func-

tion of pH value (pH 7.0 and 5.0) and the conformational states
(apo and holo states) is shown in Table 3. Overall, the surface hydro-
phobicity of camel α-La was significantly higher than that of its bo-
vine counterpart.

Indeed, at pH 7.0, the BPB-bound amounts were 14.9 ± 2.5 μg/mL
and 33.1 ± 4.1 μg/mL for holo and apo bovine α-La, respectively, and
15.1± 4.5 μg/mL and 42.9± 1.2 μg/mL for holo and apo camelα-La, re-
spectively. At pH 5.0, the isolated α-La proteins carried a higher BPB-
bound amounts when compared to those at neutral pH regardless of
the milk origin. The maximum hydrophobicity values were achieved
with the apo α-La in these conditions where BPB-bound amounts of
camel and bovine apo α-La reached 63.9 and 54.1 μg/mL of the protein
solution, respectively. In support of these results, Atri et al. [15] reported
that camel α-La shows a greater surface hydrophobicity when com-
pared to its bovine counterpart in both apo and holo states at pH 7.5. In-
deed, primary structure of camel α-La contains more hydrophobic
amino acids such as tryptophan. Furthermore, after calcium removal,
the camel α-La showed a greater surface hydrophobicity due to the in-
crease in tryptophan residues exposure to solvent and the greater hy-
drophobicity of the N-terminal part of the α-helical domain of the
protein.

In the sameway, Lajnaf et al. [34] have found that surface hydropho-
bicity was greater for acid whey than sweet whey especially after
heating treatment. Indeed, whey proteins have a more open structure
with exposed hydrophobic moieties in acidic conditions rather than at
neutral pH. Lam andNickerson [36] confirmed that, whey proteinsmol-
eculeswere highly negatively charged at neutral pH. Thismay repel BPB
from binding to the protein. On the contrary, the reduction of the elec-
trostatic repulsion near whey protein's pI and their open structure
could promote protein-BPB interactions.
3.5.2. Determination of ζ-potential
Surface charge values (or ζ-potential) for bovine and camel α-La

(holo and apo states) at a protein concentration of 1 g/L in response to
pH value (5.0 and 7.0) were measured and given in Table 3. At pH 7.0,
the ζ-potential values were ~−19.4 ± 0.7 and ~−19.7 ± 0.7 mV for
holo and apo bovine α-La, respectively and ~−17.9 ± 0.2 and ~
−16.06 ± 0.5 mV for holo and apo camel α-La, respectively. At
pH 5.0, both camel and bovineα-La carried a low net charge regardless
of the conformational state (apo or holo) (~−4mV and ~−2mV for bo-
vine and camel α-La, respectively).

The lownet surface charge at pH5.0 is believed to be associatedwith
the proximity toα-La's pI as reported by Lam andNickerson [27]. Camel
α-La carried lower negative charge compared to bovine α-La in agree-
mentwith previous studies [34,52]. Hence, camel whey proteins carried
lower negative charge than bovine proteins suggesting that this differ-
ence can be mainly attributed to the pI of both α-La (4.65 and 4.87 for
bovine and camel α-La, respectively).
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3.5.3. Interfacial properties
The interfacial tension between corn oil and the α-La solutions (at a

concentration of 1 g/L) in response to pH values (5.0 and 7.0) and con-
formational states (apo and holo states) are shown in Table 3. Overall,
both camel and bovine α-La were found to significantly reduce the in-
terfacial tension at oil-water interface from 29.1 mN/m (p < 0.05).

At pH 7.0, findings indicate that the apo form of both α-La are more
efficient than the holo form in reducing the interfacial properties at the
oil-water interface, with lower surface tension values of the camel apo
α-La (21.5 and 17.6 mN/m for bovine and camel α-La, respectively).
These results are in agreement with the highest EAI values observed
with the same solution of camel apo α-La at pH 7.0 (Section 3.4). Dick-
inson andMatsumura [53] and Ibanoglu and Ibanoglu [54] reported that
the treatment with EDTA leads to better tensioactive properties by
changing the conformation of α-La due to the increased flexibility and
rate of unfolding of the protein.

No significant difference was observed between surface tension
values of camel and bovine holo α-La (γ ~ 22 mN/m). Lajnaf et al. [17]
reported that camel and bovineα-La have the same efficiency to reduce
the surface tension at the air-water interface, whereas, the adsorbed
layer made with bovine α-La is more rigid when compared to that of
camel α-La suggesting that a stronger protein-protein interactions (hy-
drophobic, hydrogen, and electrostatic interactions) for the bovine pro-
tein at the air-water as compared to camel one.

At pH 5.0, the order of effectiveness to reduce the surface tension at
the oil-water interface was: camel apo α-La (γ = 10.3 ± 0.5 mN/
m) > camel holo α-La (γ = 13.1 ± 0.9 mN/m) = bovine apo α-La
(13.4 ± 1.2 mN/m) > bovine holo α-La (15.5 ± 0.5 mN/m). pH level
plays a key role in the adsorption of the α-La at the interface. Indeed,
at neutral pH the electrostatic repulsion between the α-La molecules
leads to greater difficulties in aligning at the oil-water interface to create
a viscoelastic film. Whereas, near its pI, theα-La carried less of negative
charge allowing for higher interactions and better adsorption to the in-
terface [27,36]. On the other hand, camel whey proteins exhibited the
highest effectiveness to reduce the surface tension at the oil-water in-
terface in acidic conditions despite their lower EAI values in these con-
ditions. Hence, the interfacial behavior of camel whey proteins at the
oil-water interface is mainly maintained by the camel α-La due to its
high hydrophobicity [34]. Ellouze et al. [18] observed that the α-La iso-
lated from camel milk exhibited the fastest increase in the surface pres-
sure at the oil-water interface when pH is close to the pI of the protein,
allowing it to adsorb more rapidly.

4. Conclusion

The emulsifying properties, in vitro antioxidant and antibacterial ac-
tivities of purified camel and bovine α-La were compared in this study.
The experiments were performed in the presence of saturating concen-
trations of calcium (CaCl2) aswell as in the presence of EDTA, yielding to
the holo and apo forms of α-La.

Results showed that both camel and bovine α-La exhibited signifi-
cant antioxidant activity especially with respect to FRAP, iron chelating
and antiradical activities in their apo forms. Furthermore, camel apo α-
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La showed moderate antibacterial activities in vitro against Gram-
bacteria (Pseudomonas aeruginosa) and against fungal pathogens spe-
cies (Penicillium bilaiae, Aspergillus tamari and Aspergillus sclerotiorum).

Camel and bovine α-La emulsifying properties depended on the pH
level and the conformational states of the protein (apo or holo states). A
Higher surface coverage of the oil droplets (EAI) was obtained for apo
α-La especially the camel apo α-La which carried the highest ability to
reduce the surface tension values at the oil-water interface. On the
other hand, the stability of the created emulsions seemed greatest at
neutral pH due to the presence of the electrostatic repulsive forces be-
tween α-La molecules as confirmed by the ζ-potential measurements.
Finally, these results confirmed the strong potential of camelα-La espe-
cially in its apo state for potential applications in food, pharmaceutical
and cosmetic industries.
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