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Ultrasonication, redox-pair generated free radical method and their combination (Ultrasonication/redox-pair
method) was used for production of camel whey-quercetin conjugates. FTIR and SDS-PAGE confirmed successful
production of whey-quercetin conjugates using ultrasonication and ultrasonication/redox-pair method. FTIR
suggested existence of covalent (appearance of new peak at 3399 cm™') and non-covalent linkages (shifting of
peak at 3271 cm™?}, 1655 cm ™! (amide I), 1534 cm™ ! and 1422 cm ™! (Amide II)) in the whey-quercetin con-
jugates. Moreover, SDS-PAGE of conjugates produced by ultrasonication as well redox-pair method indicated
shifting of protein bands slightly towards high molecular weight due to increase in the mass of proteins due to the
binding of polyphenols. All conjugates showed improved techno-functional and bioactive properties in com-
parison to whey proteins. Conjugates produced through ultrasonication showed smaller particle size, improved
solubility, emulsifying and foaming properties while conjugates produced through ultrasonication/redox-pair
method depicted superior antioxidant properties in comparison to whey. Furthermore, conjugated samples
showed higher inhibition of enzymatic markers involved in diabetes and obesity with highest potential recorded
in conjugates produced using ultrasonication. Therefore, ultrasonication can be successfully used individually as
well as in combination with redox-pair for production of whey-quercetin conjugates with enhanced bioactive and
techno-functional properties.

functional and antioxidant properties [38]. Free radical method involves
use of a redox-pair such ascorbic acid/H205 to generate free radicals that

1. Introduction

Conjugation of proteins with polyphenols is a research hot-spot in
the field of food science due to diverse applications of pro-
tein—polyphenol conjugates in food industry. Proteins and polyphenols
can associate through non-covalent as well as covalent interactions.
Unlike non-covalent interactions, protein-polyphenol covalent in-
teractions are very rare in nature and as such least studied. Covalent
conjugation of polyphenol with whey protein molecules leads to the
formation of a new-type of macromolecular that has enhanced techno
functional and bioactive properties [5]. Covalent conjugation of pro-
teins with polyphenols can be accomplished through different methods
such as alkaline method, free radical method, enzymatic method, and
chemical coupling. Among these methods’ covalent conjugation by free
radical mediated method is preferred due to economic and non-toxicity
considerations. Successful grafting of various polyphenols with different
proteins using free radical approach has been reported with improved
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mediate the reaction between proteins and polyphenols. However, the
industrial application of redox-pair mediated free radical method to
produce protein—polyphenol conjugates is limited by various drawbacks
such as low degree of conjugation and high reaction time [26]. Xu et al.
[64] recently reported that ultrasonication can be successfully used for
grafting soy-protein isolates with cyanidin-3-galactoside. However,
there is very scarce literature related to the utilization of ultrasonication
on the production of protein—polyphenol conjugates. Recently ultra-
sonication was reported to improve the conjugation of tea polyphenols
with egg white proteins when coupled with alkaline method of conju-
gation [26]. Also, ultrasonication was reported to improve the binding
of allicin to whey proteins [24]. However, to the best of our knowledge
there is no existing literature that reports use of ultrasonication for
production of whey-quercetin conjugates. Furthermore, there is no
study that compares ultrasonication with the redox-pair method and
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their combination to produce whey-polyphenol conjugation.

Whey proteins due to their versatile functionality have been used in
different food formulations such as ice creams, beverages, baked prod-
ucts infant formulae [30]. Despite of being a rich source of essential
amino acids with high bioavailability and therapeutic properties, its use
in food industry is limited due to its deterioration during processing.
Denaturation induced due to thermal and pH variation during process-
ing not only results in precipitation and turbid appearance of whey
proteins but also induces formation of protein network that make pro-
cessing a difficult task [39]. To overcome these drawbacks various
methods have been used to modify whey for improved use in food in-
dustry. Recently, production of modified whey-polyphenol conjugates
with enhanced techno-functional as well as bioactive properties is
generating high research interest and has been identified as the hotspot
in the field of food science [13]. Moreover, recent research on whey
proteins from camel milk is gaining considerable importance in today’s
world due to its therapeutic properties [3,6,7]. Camel whey has been
reported for their high techno-functional potential that warrants its use
in food industry [32,33,68]. Camel whey proteins differ from bovine
whey due to the absence of beta-lactoglobulin [40] and consists of
higher amounts of lactoferrin (pI = 8.63), serum albumin (pI = N.A.)
and a-lactoalbumin (pI = 4.87) [18] compared to bovine whey. Laleye
et al. [34] reported that camel whey proteins were less soluble and more
heat sensitive than bovine whey with least solubility at a pH of around
4.5. The heat sensitive and less soluble nature of camel whey in com-
parison to cow whey has been attributed to absence of p-lactoglobulin
that makes its utilization in food industry an uphill task. Camel whey
was reported to have higher emulsifying activity index and surface hy-
drophobicity than bovine whey while its emulsifying stability index was
inferior. Moreover, lack of efficient techniques and under-investigated
status of camel whey limits its full-scale utilization in food industry.

Considering recent developments and existing gaps, this study was
designed to compare ultrasound and redox-pair (Ascorbic acid/H203)
mediated free radical method for production of camel whey-quercetin
conjugates. The conjugates produced were characterized and studied
for techno-functional and bioactive properties. Furthermore, most of the
bioactivities of whey protein-polyphenol conjugates till date have been
confined to antioxidant properties only. To the best of our knowledge
the in-vitro antidiabetic and anti-obesity potentials of any fabricated
protein—polyphenol conjugate have not been reported till date. As such
the effect of conjugation of whey with polyphenol on inhibition of key
enzymatic markers involved in diabetes and obesity was also compared.

2. Material and methods

Chemicals and reagents required for SDS-PAGE (Richmond, CA)
were procured from Sigma Aldrich (St. Louis, MO, USA). Quercetin, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis (3-ethylbenzothiazo-
line-6-sulfonic acid (ABTS), pancreatic a-amylase (VI-B > 5 units/mg of
solid), and yeast p-glucosidase (type I, lyophilized powder > 10 units/
mg of protein), ascorbic acid, HyO2 and rest of the chemicals were
procured from Sigma Aldrich (St. Louis, MO, USA). All the chemicals
used in the study were of analytical grade and were used without any
further purification.

2.1. Production of whey-quercetin conjugates

Freeze dried camel whey was produced in the laboratory of Dept. of
Food Science, United Arab Emirates University (UAEU) as per the
method described by Baba et al. [7]. A 20% solution of freeze-dried
whey was subjected to dialysis using a dialysis tubing (SnakeSkin®,
Thermo Fisher Scientific) with 3.5 KDa molecular weight cut off
(MWCO) for 48 h at 4 °C to remove salts and lactose followed by freeze
drying. Three different methods with some modifications were used to
produce conjugates: redox-pair method [56], ultrasonication [64] and a
conjoint use of ultrasonication and redox-pair method (ultrasonication/
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redox-pair method).

2.1.1. Redox-mediated whey-quercetin conjugate

Redox-pair consisting of 1 g of ascorbic acid and 4 mL of HyO3 (5
mM) were added to aqueous whey solution (2 g /100 mL). After storing
the solution for 2 h to allow generation of free radicals, quercetin (1 g /5
mL of DMSO) was added to ensure a protein: polyphenol ratio of 1:0.5.
This ratio has been reported to achieve maximum conjugation of poly-
phenol with protein as reported in case of p-LG-chlorogenic acid con-
jugates [15]. The reaction mixture was stored at room temperature for
24 h that served as redox-mediated whey-quercetin conjugate (PR).

2.1.2. Ultrasonication

Another two groups of whey-quercetin conjugates with and without
redox-pair were also synthesized using ultrasonication. The reaction
mixture was prepared as mentioned above but instead of storing for 24
h, it was immediately ultrasonicated at time 30 and 60 min. Ultra-
sonication (Branson 550, Danbury, USA) was carried out using a tapered
Microtip titanium probe (3.2 mm) in pulsed mode with 30 s off cycle,
amplitude 70% that generated a power of 150 W. Samples (200 mL)
were immersed in the ice bath during the ultrasonication process to
ensure that the temperature did not exceed 30 °C. Whey solution (1 g/
100 mL) served as control.

The resulting solution were labelled as:

Whey: Control solution of whey protein.
PR: Whey with redox pair only.
PUS1: Reaction mixture without redox-pair & ultrasonicated for 30

min
PUS2: Reaction mixture without redox-pair & ultrasonicated for 60
min
PRUS1: Reaction mixture with redox-pair & ultrasonicated for 30
min

PRUS2: Reaction mixture with redox-pair & ultrasonicated for 60
min
Quercetin: Control solution of quercetin

All the whey-quercetin conjugates viz, PR, PUS1, PUS2, PRUSI,
PRUS2 were again subjected to dialysis using a dialysis tubing (Snake-
Skin®, Thermo Fisher Scientific) with a 3.5 KDa molecular weight cut
off (MWCO) for 48 h with 8 changes in water to remove undissolved
quercetin. The samples were further centrifuged at 3000g for 15 min to
ensure removal of undissolved quercetin. Samples were prepared in
triplicates and further divided into two sets: a liquid set for determining
surface hydrophobicity, particle size, zeta potential, emulsion and
foaming capacity while another was freeze dried for rest of the analyses.

2.2. Characterization of whey-quercetin conjugates

2.2.1. UV-Vis spectroscopy

All the samples (0.05 mg/mL) were subjected to UV-vis spectroscopy
from 200 to 800 nm (SkanlIt, Thermofisher). Two different solvents were
used because pure quercetin (control) is sparingly soluble in water .

2.2.2. SDS-Page

All whey-polyphenol conjugate samples and control were charac-
terized using SDS-PAGE under reducing condition as described by
Magsood et al. [40], with slight modifications. Samples were charac-
terized under reducing conditions using a 12% acrylamide-bis acryl-
amide solution (resolving gel) and 4% stacking gel. Samples were run
using a Mini Protean III apparatus (Bio-Rad, Techview, Singapore)
having a gel size of 7 x 8 cm x 0.75 mm. Before loading 10 pL of sample
onto the gel, sample and sample buffer (12% glycerol; 1.2% SDS; 5.4%
f-mercaptoethanol; bromophenol blue) at a ratio of 2:1 was boiled at
100 °C for 3 min. Coomassie Blue stain was used for visualizing the gel.
Electrode buffer (1L) used consisted of 3 g of Tris, 14.4 g of glycine and
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1 g of SDS in distilled water (pH 8.3). Electrophoresis was performed at
constant current of 15 mA for each gel.

2.2.3. Total flavonoid content (TFC)

The total flavonoid content of samples was determined as per the
method described by Herald et al. [19]. Briefly, 25 pL of each sample
was added to the microplate followed by addition with 100 pL of
distilled water and 10 pL of NaNOs (50 g/L). The reaction mixture was
allowed to react for 6 min followed by addition of 15 pL AlCl3 (100 g/L),
50 pL NaOH (40 g/L) and 50 pL of distilled water. After 30 s of shaking,
absorbance was taken at 510 nm in a microplate reader (Multiskan Sky,
ThermoFisher). Sample blank was run to remove the interference from
sample. A standard curve % = 0.994) of quercetin (10-1000 pg/mL)
was used to calculate the TFC content of samples and expressed as ug
quercetin equivalent per gram of the sample (ug QE/g).

2.2.4. Fourier transform Infra-red spectroscopy (FTIR)

FTIR spectra of whey-quercetin conjugates was recorded using ATR-
FTIR spectrophotometer (Spectrum Two UATR, PerkinElmer, UK) as
described by Ahmad et al. [1]. Freeze dried samples were placed on the
ATR crystal and the spectra was collected in the wave number ranges of
400-4000 cm ™.

2.2.5. Particle size and zeta potential

The particle size distribution and zeta potential of samples was
determined directly after production of conjugates when the particles
were still dispersed in the collection fluid. An aliquot from each sample
was diluted (1:100) with deionized water to reach a proper intensity as
required by the equipment (NanoPlus DNS, Micromeritics, USA). The
analysis was carried out at a temperature of 25.0 °C and refractive index
of 1.3328 (water) was selected. The particle size and zeta potential were
generated using inbuilt software.

2.2.6. Surface hydrophobicity

Surface hydrophobicity was determined according to the method of
Chelh et al. [12] with slight modifications. Briefly, 1 mL of each sample
(1 mg/mL) was mixed with 200 pL of bromophenol blue (BPB) (1 mg/
mL) and vortexed. Control consisted of similar volume except for sample
replaced with tris-HCl buffer (20 mM, pH 8). The reaction mixture was
shaken for 10 min at room temperature and centrifuged for 15 min at
2000 g. The supernatant was diluted with deionized water (1:10) and
absorbance was measured at 595 nm. The amount of BPB bound was
measured using equation below. Greater the BPB content means higher
surface hydrophobicity.

Amount of BPB bound(ug) =

(Ac — Ay)
e 2 %200,
T X 200ug

c

where A, is the absorbance of control and A is the absorbance of sample

2.3. Functional properties

2.3.1. Protein solubility

Freeze dried samples (1 mg/ml) were suspended in water (1 mg/mL),
centrifuged at 12,000g for 30 min and the supernatant was analyzed for
protein content using the Bicinchoninic acid assay method. Aliquot (25
pL) from supernatant of each sample was added to working reagent that
consisted of Reagent A (bicinchoninic acid) and Reagent B (cupric sul-
phate) in the ratio of 50:1. Aliquot and working reagent were mixed in
the ratio of 1:8. The reaction mixture was incubated at 37 °C for 30 min
and analyzed at 562 nm. Bovine serum albumin was used as standard for
calculating the protein content using equation (y = 0.0007x + 0.1312;
r? = 0.9943).

2.3.2. Foaming property
The foaming properties of whey-quercetin conjugates was deter-
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mined as described by Li et al. [36]. Approximately 20 mL of the liquid
sample was homogenized (Ultra Turaxx, T 25, Germany) in a 50 mL
graduated cylinder at 10000 rpm for 90 s using a high shear mixer to
generate a foam. The foaming capacity and foaming stability of samples
was calculated using the formulae:

V.
Foaming capacity(%) = VZ x 100
i

V,
Foaming stability(%) = Vf x 100
2

where V; is the initial volume before shearing, V; is the volume of the
foam after shearing and V; volume of the foam 60 min after shearing.

2.3.3. Emulsifying property

Oil-in-water emulsion was made by homogenizing sunflower oil and
water in the ratio of 1:3 at a speed of 10,000 rpm for one minute. The
emulsion was pipetted out at 0 and 10 min followed by 100 times
dilution with SDS (1 mg/mL) solution. Absorbance was determined by
spectrophotometer (Multriskan Sky, Thermoscientific, Finland) at 500
nm. The emulsification activity index (EAI) and emulsion stability index
(ESI) were calculated as follows:

Emulsi tivity index( 2/)72x2.303><A0><DF
mulsion activity index(m”/g) = [)X(/)XH)(lOOOO

A
Emuslion stability index(%) = f x 100
0

2.4. Antioxidant activity

2.4.1. DPPH radical scavenging activity

DPPH radical scavenging activity was performed as described by
Baba et al. [4] with some modifications. Briefly, 150 pL of each sample
(1 mg/ml) (Hepes buffer pH = 7.5, 0.1 M) was mixed with 150 pL. DPPH
(0.15 mM) in ethanol and incubated for 30 min and the absorbance was
measured at 517 nm and DPPH radical scavenging activity was
expressed in terms of quercetin equivalent antioxidant capacity (QEAC)
per mg of sample by comparing IC50 value of quercetin to IC50 value of
sample (IC50 of quercetin / IC50 of sample). The IC50 value of sample
was calculated by plotting different concentrations of sample while the
IC50 value of quercetin was calculated from a quercetin standard curve
(r> = 0.986) produced by using different concentrations of quercetin
(5-200 pg/ml). ABTS radical scavenging activity

ABTS working reagent was prepared by mixing ABTS solution
(0.014 M) and K5S,0g (0.0048 M) in a ratio of 1:1 in an amber bottle and
allowed to react for 12 h. The solution was diluted 100 times with
methanol to achieve an absorbance below 1. Briefly 30 pL of each
sample (1 mg/ml) (Hepes buffer pH = 7.5, 0.1 M) was mixed with the
270 pL ABTS working reagent and incubated for 2 h in dark. Trolox
served as standard and was used to obtain the ICsy value. The absor-
bance was taken at 734 nm. quercetin equivalent antioxidant capacity
(QEAC) per mg of sample by comparing IC50 value of quercetin to IC50
value of sample (IC50 of quercetin / IC50 of sample). The IC50 value of
quercetin and samples was calculated by plotting different concentra-
tions of sample concentration while the IC50 value of quercetin was
calculated using a quercetin standard curve (r2 = 0.991) produced using
different concentrations of quercetin (5-200 pg/ml).

2.5. In-vitro antidiabetic and anti-obesity properties

2.5.1. a-Glucosidase inhibition (AGI) and DPP-IV inhibition (DI)

The AGI inhibition activity of conjugates was determined according
to the method described by Baba et al. [7] with slight modifications.
Briefly, 50 pL of each sample (5 pg/mL) was mixed with 100 pL of
enzyme (0.2 U/mL) in 50 pL of Hepes buffer (0.1 M, pH = 6.8). The
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mixture was incubated at 37 °C for 10 min followed by addition of p-
nitrophenol-p-p-glucopyranoside (p-NPG) (10 mM). The mixture was
incubated for 30 min at 37 °C and the absorbance was measured at 405
nm.

The DPP-IV inhibitory activity of the conjugates was determined
according to the method described by Kamal et al. [27] with slight
modifications. Briefly 50 pL of sample (5 pg/ml) was mixed with 50 pL of
enzyme (0.01 pg/mL) in 50 pL of Hepes buffer (0.1 M, pH = 8.0). The
mixture was incubated at 37 °C for 10 min followed by addition 50 pL of
GLY-PRO-Paranitro anilide (500 uM). The mixture was incubated for 30
min at 37 °C and the absorbance was measured at 405 nm.

The percentage inhibition of enzyme markers was calculated using
equation:

A — A,
“inhibition = [~ =] x 100

C

where A, is the absorbance of control and A is the absorbance of sample
obtained after subtracting the sample blank (all the reagents except
enzyme).
2.5.2. Cholesterol esterase and pancreatic lipase inhibition

Cholesterol esterase inhibition (CEI) was determined according to

the method described by Jafar et al. [20] with slight modification. The
CWPHs were incubated with a substrate (50 pL) containing 5 mM p-

2.50 ~
2.00 A
1.50 A

1.00 A

Absorbance

0.50 A
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nitrophenyl butyrate in 100 mM sodium phosphate buffer, and 100 mM
NacCl in a 96-well microtiter plate. About 50 pL of porcine pancreatic CE
(5 pg/mL) was added to each well and incubated at 37 °C for 30 min. The
p-nitrophenol released from enzymatic hydrolysis of p-nitrophenyl
butyrate was spectrophotometrically determined at 405 nm using a
microplate reader.

Pancreatic lipase inhibition (PLI) was determined according to the
method described by Jafar et al. [20]. Briefly, 50 pL of sample was mixed
with pancreatic lipase (20 pL) and p-nitrophenyl butyrate (25 pL) in
Hepes buffer (pH = 7.4) in a 96 well microplate reader. Using Hepes
buffer the reaction mixture was raised to 150 pL. The reaction mixture
was incubated at 37 °C for 30 min. Each sample based on its inhibiting
potential decreased the generation of p-nitrophenyl that was recorded at
405 nm in a microplate reader.

The percentage inhibition of enzyme markers was calculated using
equation:

Ac — A,

C

%inhibition = [ | x 100

where A, is the absorbance of control and A is the absorbance of sample
obtained after subtracting the sample blank (all the reagents except
enzyme).

0.00 - T T

250 300 350

——Whey ——PR ——PUS1

nm

———PUS2 ——PRUS1 ——PRUS2

Fig. 1. UV-Vis spectrum of camel whey and its conjugates with quercetin produced using redox pair method and ultrasonication.
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2.6. Statistical analysis

Statistical analysis was carried out using Minitab version 20. All the
experiments were done in triplicates and the data obtained was analyzed
using two-way ANOVA. To obtain significant difference between
different means, means were compared using Tukey test at a 95% level
of significance (P < 0.05).

3. Results and discussion
3.1. Characterization of conjugates

3.1.1. UV-vis spectroscopy

The UV-vis spectrum of whey, pure quercetin and whey-quercetin
conjugates is depicted in Fig. 1. Whey showed a characteristic peak at
280 nm that is attributed to aromatic amino acids such as tyrosine,
tryptophan and phenylalanine present in whey. After conjugation with
quercetin, a bathochromic shift as well as increase in the absorbance
values was recorded. In addition, the experimental data was supported
by the visual appearance of the conjugates that resulted in bright yellow-
orange colored aqueous solutions suggesting enhanced solubility of
quercetin. Evidently when quercetin (0.05 mg/ml of water) was scanned
as control, no prominent peak could be detected that was supported by
visible examination also (solution was colorless due to insolubility of
quercetin) (Fig. 1). Additionally, for determining the lamda max of
quercetin, an ethanolic solution of quercetin (0.05 mg/ml) was analyzed
through UV-Vis spectroscopy showing the characteristic peak of quer-
cetin at 370 and 250 nm (Supplementary material Fig S1).

Increased absorbance at 280 nm of whey-quercetin conjugates can be
attributed to binding of quercetin with whey while the bathochromic
shift in the peak absorbance suggests quercetin interacted with the ar-
omatic amino acid present in whey resulting in a change in the micro-
environment surrounding the whey chromophores. Whey-quercetin
conjugates could be differentiated from whey by the presence of a hump
around ~350 nm (absent in whey sample) that can be attributed to
quercetin binding to whey protein. For better resolution, the second
derivative of the spectrum is presented (supplementary material Fig S2)
which displayed peaks (380 and 420 nm) found in conjugates revealing

Lactoferrin

—_—
Serum albumin —g .

-
a-Lactalbumin ———— (—
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a distinctive feature in all the conjugates except PR. These additional
peaks in samples that were produced using ultrasonication and/or
ultrasonication/redox-pair method may be attributed to presence of
both covalently and non-covalently linked quercetin.

3.1.2. SDS-Page

SDS-PAGE of camel whey showed presence of major whey proteins
such as serum albumin, lactoferrin and a-lactalbumin (a-LA) as previ-
ously reported [40]. Conjugation of whey with polyphenols showed a
visible effect (shifting and less intense of protein bands) that varied
depending on the method of conjugation (Fig. 2). The treatments
resulted in shifting of protein bands slightly towards high molecular
weight due to increase in the mass of proteins as a result of binding of
polyphenols. Wu et al. [61] reported migration of $-lactoglobulin (BLG)
protein band slightly towards high molecular weight in SDS-PAGE of
B-LG-epigallocatechin gallate/chlorogenic acid conjugates which in-
dicates successful covalent conjugation. Similar trend was reported by Yi
et al. [65] after covalent conjugation of a-LA and catechin. The SDS
breaks only non-covalent linkages without affecting the covalent bonds.
Thus, the stability of the whey-polyphenol complex indicated by high
molecular mass (Lane 2) during SDS-PAGE suggests whey was cova-
lently linked to polyphenols in whey-polyphenol conjugate. Despite of
higher flavonoid content (discussed in next section) of PUS1, incon-
spicuous difference in shifting of bands was seen in PUS1 compared to
PR. This might be due to the presence of higher fraction of non-
covalently linked quercetin using ultrasonication leading to higher
flavonoid content. Ultrasonication was reported to generate soy-protein-
cyanidin-3-galactoside conjugates linked by covalent as well as non-
covalent linkages [64]. Moreover, same quantity of each sample
(weight basis) was analyzed for SDS-PAGE, each containing varying
levels of conjugated quercetin that decreased the protein concentration
on compositional basis resulting in less intense protein bands in conju-
gates. Fading of protein bands in SDS-PAGE analysis of whey conjugates
with epigallocatechin-3-gallate (EGCG), gallic acid [9] and quercetin
[45] was attributed to the higher intermolecular cross linking with the
polyphenol. A careful examination of SDS-PAGE of PUS2 in comparison
to PUS1 showed more intense bands near high molecular weight whey
proteins that can be attributed to protein aggregation of whey protein

4 5 6

Fig. 2. SDS-PAGE of camel whey (Lane 1) and its conjugates with quercetin prepared using Lane 2: Redox-pair (PR); Lane 3: Ultrasonication for 30 min.; Lane 4:
Ultrasonication for 60 min.; Lane 5: Ultrasonication/redox-pair for 30 min.; Lane 6: Ultrasonication/redox-pair for 60 min.
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molecules due to prolonged ultrasonication. This is in consent to the
results of particle size analysis in this study (Table 1). Similar results
were reported in high molecular weight proteins of whey during ultra-
sonication for 20 min [29]. However, bands attributed to o-LA (Lane 4)
corresponding to US2 showed decreased intensity in comparison to a-LA
bands (Lane 3) corresponding to US1 suggesting affinity of a-LA towards
quercetin as less intense bands were associated with higher conjugation
with quercetin. Jambrak et al. [22] reported that higher ultrasound
treatment time from 15 to 30 min resulted in a decrease of molecular
weight of proteins due to breaking down of protein chains. Notably, a
combination of ultrasonication and redox pair for conjugation results in
complete disappearance of protein bands that might be due to excessive
generation of free radicals resulting in high level of conjugation as well
as possibility of protein chain breakdown. Thus, treatment of ultra-
sonication can be successfully used for conjugation of quercetin with
whey proteins.

3.1.3. Total flavonoid content (TFC)

The total flavonoid content of conjugates was determined to know
the quantity of quercetin that had conjugated with the whey proteins.
The TFC content was lowest in PR (76 pg QE/mg) that increased
significantly (=2 times) in conjugates (PUS1 = 136 pg/mg & PUS2 =
162 pg/mg) produced using ultrasonication (Fig. 3). Jiang et al. [24]
also confirmed production of Allicin-whey protein conjugates using
ultrasonication. Ultrasonication generates free radicals by cavitation as
well as denatures the protein exposing hydrophobic sites, thereby
facilitating both covalent as well as non-covalent binding of a hydro-
phobic flavonoid to whey protein. Recently, ultrasonication was re-
ported to induce conjugation between soy proteins and cyanidin-3-
galactoside through covalent as well as non-covalent linkages [64].
Highest TFC was seen in conjugates (PRUS1 = 187 pug/mg & PRUS2 =
205 pg/mg) produced using ultrasonication /redox-pair method. A
higher level of conjugation between egg white protein and Proantho-
cyanidins by conjoint application ultrasonication with redox-pair
method as well as alkaline method was recently reported in egg white
protein [26]. Thus, ultrasonication and ultrasonication/redox-pair
method can be used to produce conjugates with higher flavonoid con-
tent in comparison to redox-pair mediated conjugation.

3.1.4. FTIR

FTIR (Fig. 4a) of camel whey showed prominent peaks at 3271.72
cm ! (peak 1; amide A region), 2899.96 em! (peak 2), 1655 (peak 3,
Amide I) and 1534 (peak 4, Amide II) as previously reported in camel
whey [2]). While peak 1, 2 and 4 showed a spectral shift [13] (Sup-
plementary material; Table S1), peak 2 completely disappeared after
conjugation of whey with quercetin. Both ultrasonication and redox-pair
fabricated conjugates showed emergence of a new peak around 3398
em ! (Fig. 4 ¢, d). Jia, Zheng, Tao, Chen, Huang, & Jiang, [23]
confirmed emergence of this peak and attributed it to covalent conju-
gation of whey proteins to EGCG using alkaline method. Notably the
area under this peak was higher in conjugates fabricated using ultra-
sonication in comparison to PR suggesting higher level of conjugation.

Table 1
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The peak shifting and change in the area of various peaks along
amide A, amide I, amide II and amide III region of camel whey may also
be attributed to conjugation with quercetin (Supplementary material;
Table S1). To be precise peak 3271 cm! (whey) shifted to 3267 (PR),
3270 (PUS1), 3275.1 (PUS2), 3270 (PRUS1) and 3277 (PRUS2) em™?
respectively. Furthermore, peak 1655 (Amide I region), 1534 and 1422
cm (Amide II) shifted to 1658, 1520 and 1449 cm~ L. The shifting of
peaks in amide I and amide II regions was also reported during covalent
and non-covalent association of EGCG [61] and chlorogenic acid [25]
with whey proteins, respectively. This shifting of bands is attributed to
structural changes induced in the protein after linking with polyphenols.
The area swept by peak 1 (attributed to the intermolecular bonded -OH
stretching) increased by 55.11, 129.47, 102.70, 132.21, 119.48 % in
P1R, P1US1, P1US2, P1RUS1, P1RUS2, respectively (Supplementary
material Table S1). The increased area swept by peak 1 may be because
of non-covalent incorporation of quercetin. Evidently, ultrasonicated
conjugates showed markedly higher % increase in the area suggesting
increased hydrogen bonding that might be due to linking of quercetin to
whey through hydrogen bonding (Supplementary Material; Fig S3).
Notably, the results support the TFC values obtained in this study where
a higher TFC content in the conjugates produced using US was reflected
in the inconspicous shifting of proteins band (a-LA) towards higher
molecular weight as seen in SDS-PAGE (a measure of lesser covalently
bonded quercetin). These results support the outcome of previous
studies where existence of both covalent as well as non-covalent link-
ages in soy-cyanidin conjugates produced using ultrasonication were
reported [64]. An increase in the ultrasonication time decreased the area
under peak 1 that might be due to mechanical stress caused by soni-
cation for longer time. Furthermore, area under Peak 3 in the region
1650-1660 cm’l, associated with the o-helical 2° structure of a-LA [42]
and albumin [11] decreased from 743.23 (whey) to 633.71 (PR), 461.18
(PUS1), 246.18 (PUS2), 464.83 (PRUS1), 439.77 (PRUS2). Also, Peak 3
migrated from 1655.73 in whey to 1658.71 (PR), 1658.29 (PUS1),
1660.67 (PUS2), 1660.93 (PRUS1), 1661.59 (PRUS2) that might be
related to the structural changes and new bonds formed after conjuga-
tion. Thus, ultrasonication and ultrasonication/redox-pair method can
be successfully employed for conjugation of quercetin with whey pro-
teins more efficiently than redox-pair mediated method of conjugation.

3.1.5. Particle size

The particle size of all the conjugates was lower than unmodified
whey proteins irrespective of the method of production (Table 1). A
detailed information related to number distribution (graph and tables)
of control whey and its conjugates is presented as Supplementary Ma-
terial. Decrease in particle size can be attributed to decreased hydro-
phobicity due to increased hydroxyl groups in whey-quercetin
conjugates that may prevent the aggregation resulting in smaller particle
size. Conjugation of lactoferrin with EGCG was reported to introduce
steric hinderances that prevented aggregation of lactoferrin [37]. The
particle size of soy protein isolates also decreased after covalent conju-
gation with anthocyanins using ultrasonication [64]. However, particle
size of PUS2 was significantly higher than PUS1. Increase in particle size

Particle size, solubility, zeta potential and surface hydrophobicity of camel whey-quercetin conjugates.

Sample Particle size (nm)* Poly disparity Index Solubility (%) Zeta potential Surface hydrophobicity
D10 D90 Average Diameter
Control 402.5 736.2 561.3 + 167.3 0.311 61.14 + 0.01° —26.9 + 0.5 + 0.01f 181.29 + 5.98*
PR 139.1 236.4 188.7 + 52.6 0.615 72.29 + 0.01¢ —55.5 + 0.2 + 0.01¢ 163.20 + 2.52"
PUS1 47.4 83.4 65.5 + 21.4 0.271 79.36 + 0.00° —59.8 + 0.3 £ 0.01°¢ 127.67 + 3.06¢
PUS2 88.4 154.3 121.2 £ 57.9 0.372 66.41 + 0.01°¢ —52.8 £ 0.2 +0.01°¢ 141.52 + 1.72¢
PRUS1 30.5 40.4 47.5 4+ 293.5" 0.484 82.47 + 0.01° -71.9 £ 0.5 £+ 0.01* 106.01 + 2.30°
PRUS2 55.9 93.8 75.0 £19.9 0.383 90.72 + 0.04° —67.3 + 0.4 + 0.01° 102.59 + 1.86°

" Supplementary files for graphs and detailed information.

# SD was high due to bimodal distribution of the particles (See supplementary material).
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Fig. 3. Total flavonoid content of camel whey-quercetin conjugates prepared using redox-pair (PR); Ultrasonication for 30 min (PUS1); Ultrasonication for 60 min
(PUS2); Ultrasonication/redox-pair for 30 min (PRUS1); Ultrasonication /redox-pair for 60 min (PRUS2).
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Fig. 4. (a-c) FTIR of camel whey-polyphenol conjugates prepared using redox-pair (PR); Ultrasonication for 30 min (PUS1); Ultrasonication for 60 min (PUS2);
Ultrasonication/redox-pair for 30 min (PRUS1); Ultrasonication/redox-pair for 60 min (PRUS2). (d) Second derivative of peak 3399 cm™! in different whey-
quercetin conjugates.

over longer duration of ultrasonication has been previously reported
[17]. Small protein aggregates formed are prone to aggregation during
longer ultrasonication time [16]. Moreover, there is a significant

increase in the surface hydrophobicity of PUS2 than PUS1 (Table 1) that
can act as a driving force for protein agglomeration. Also, a lower
negative zeta potential and higher TFC of PUS2 than PUS1 may also
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favors particle agglomeration that might increase the overall particle
size. Notably when both the treatments were used simultaneously, the
particle size decreased significantly in comparison to PUS1 and PUS2.
This might be due to break down of whey protein (as seen in SDS-PAGE)
into smaller chains resulting in a decrease in the overall particle size.

3.1.6. ZETA potential

All the samples including whey proteins as well as whey-quercetin
conjugates had negative zeta potential that suggests presence of
anionic groups on the surface (Table 1). All whey-quercetin conjugates
showed a significant decrease in the zeta potential in comparison to
whey (P < 0.05). Decrease in zeta potential after the conjugation of
whey protein with lotus Proanthocyanidins [14] was also previously
reported. Among all the conjugates, PRUS2 and PRUS1 showed highest
decrease in the zeta potential possibly due to highest amount of conju-
gation with quercetin as indicated by TFC in those samples. Lower zeta
potential is considered as an advantage as higher negative surface
charge will improve the solubility of the complex which is considered as
one of the major challenges encountered during whey processing.
Conjugates of soy protein and cyanidin-3-galactoside formulated
through ultrasonication also showed decreased (more negative) zeta
potential in comparison to soy proteins [64]. Thus, ultrasonication can
be a novel tool to produce whey-polyphenol conjugates of improved
functionality.

3.1.7. Surface hydrophobicity

The surface hydrophobicity is an essential physical parameter that
influences the functional properties of properties. Conjugation of quer-
cetin with whey protein resulted in a significant decrease in the surface
hydrophobicity (Table 1). A decrease in surface hydrophobicity on co-
valent conjugation of whey with quercetin [46] chlorogenic acid [25]
and EGCG [58] was previously reported and attributed to introduction
of hydrophilic groups (such as hydroxyl groups) upon conjugation with
the phenolic compound. In consent with various previous studies, longer
ultrasonication time led to an increase in the surface hydrophobicity of
conjugates (PUS1 < PUS2) that can be attributed to exposure of various
hydrophobic regions due to breakdown of non-covalent bonds upon
increased denaturation [50,51]. Moreover, conjugates produced with
ultrasonication/redox-pair method showed a significant decrease in the
surface hydrophobicity values. This may be due to higher conjugation in
PRUS2 and PRUSI resulting in a significant increase in the amount of
OH groups in the whey protein backbone chain. A decrease in the sur-
face hydrophobicity of soy-protein- cyanidin-3-galactoside conjugates
produced using ultrasonication was recently reported [64]. These results
further suggest that ultrasonication/redox-pair method may result in
higher conjugation of quercetin with whey in comparison to individual
techniques.

3.2. Functional properties

3.2.1. Protein solubility

All whey-protein conjugates showed a significant increase (P < 0.05)
in the protein solubility in comparison to whey proteins (Table 1). An
increase in protein solubility of conjugates has been attributed to
increased number of OH groups (due to flavonoid addition) after
conjugation. Moreover, increased solubility can also be explained based
on decreased surface hydrophobicity and more negative zeta potential in
whey-quercetin conjugates that can enhance protein solubilization.
Conjugation of whey with quercetin using alkaline method also resulted
in increase in the protein solubility at pH > 6 [46]. Covalent conjugation
of whey with chlorogenic acid [63] and mulberry polyphenols [28] also
resulted in a significant improvement in the protein solubility. In the
present study, PUS1 conjugates showed higher solubility than PUS2 as
supported by zeta potential and surface hydrophobicity data. The pro-
tein solubility in different conjugates was found in the following order:
PRUS2 > PRUS1 > PU1 > PU2 > PR suggesting conjugates produced
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using ultrasonication as well as ultrasonication/redox-pair method
showed better protein solubility than redox-pair method generated
conjugates.

3.2.2. Foaming properties

Conjugation resulted in a significant improvement in the foaming
capacity (FC) of all conjugates in comparison to whey (Fig. 5). An in-
crease in the FC of whey proteins conjugated with chlorogenic acid [63],
tannic acid & sodium caseinate [66] and conjugates of egg protein with
green tea polyphenol [60] has been reported. Cao, Xiong, Cao, & True,
[10] attributed enhanced FC for whey conjugated with gallic acid and
EGCG to increased molecular flexibility due to conjugation with the
polyphenol. FC is closely related to the rapid diffusion of protein to
air-water interface. Introduction of OH groups due to polyphenol
addition can facilitate such diffusion at the interface due to increased
hydrophilicity of conjugates. The increase in FC was significantly higher
in PUS1 and PUS2 in comparison to PRUS1 and PRUS2, indicating US
alone was more effective in enhancing FC compared to combined US and
free-radical method. Increase in the ultrasonication time increased the
FC significantly that can be attributed to the sonication effect on pro-
teins that results in denaturation and reshuffling of hydrophilic balance
of the protein molecule in favor of increasing the FC. The FC of PRUS1
and PRUS2 was significantly lower than PUS1 and PUS2 despite of
higher level of conjugation as indicated by TFC values. An increase in
the concentration of EGCG above an optimum level reduced the FC ca-
pacity of whey-EGCG conjugates [10]. An abnormal trend in the FC of
egg protein conjugates [60] with increase in the concentration of tea
polyphenols and various such discrepancies [47] were previously re-
ported. Higher extent of conjugation can drastically affect the flexibility
of conjugates and increase intermolecular repulsion that can adversely
affect their filming property at the air-water interface.

Foam stability (FS) of PR, PRUS1 and PRUS2 was significantly lower
while PUS1 and PUS2 had significantly higher FS in comparison to whey
(P < 0.05). Cao et al. [10] reported that whey-EGCG (flavonoid) con-
jugates had lower foam stability in comparison to whey. However, an
increase in the foam stability of covalent conjugates of soy-protein with
anthocyanins [57] as well as non-covalent conjugates such as whey-
berry polyphenols [49] and lactoferrin-Proanthocyanidins [36] has
also been reported. Foam stability of conjugates thus seems to be
influenced by the nature and structure of the polyphenol, protein as well
as the method of conjugation employed. Higher FS of PUS1 and PUS2
may be attributed to positive effect of ultrasonication at 20 KHz over this
treatment range on whey proteins [21]. FS of PUS1 and PUS2 was
significantly higher than PRUS1 and PRUS2 that can be attributed to
excessive conjugation in ultrasonication/redox-pair method generated
conjugates. Higher conjugation is reported to affect the flexibility of
proteins as well as lead to steric hinderances at the air-gas interface, thus
adversely affects their foaming properties. Also, excessive negative zeta
potential of PRUS1 and PRUS2 will hamper the proteins to maintain the
air-gas interface stability due to increased repulsion. Moreover,
ultrasonication/redox-pair method might lead to hydrolysis of whey
proteins (as indicated by the SDS-PAGE) that might further decrease the
foam stability as previously reported [31,54].

3.2.3. Emulsifying properties

Emulsifying properties of camel whey measured in terms of emulsi-
fying activity index (EAI) and emulsion stability index (ESI) were in the
same range as previously reported [33]). All the covalent conjugates
showed significantly higher emulsifying properties (Fig. 6). The EAI and
ESI of conjugates was found in the order PUS2 > PUS1 > PRUS1 > PR >
PRUS2. Increase in the emulsifying properties of conjugates such as
whey-EGCG [23] and Duck egg protein hydrolysates-EGCG [44] has
been previously reported. Increased emulsifying properties is attributed
to the conformational changes induced during covalent conjugation that
might lead to the exposure of hydrophobic regions that would facilitate
rapid adsorption at the oil water interface [44]. Moreover, increased
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Fig. 6. Emulsifying properties of camel whey-quercetin conjugates prepared using redox-pair (PR); Ultrasonication for 30 min (PUS1); Ultrasonication for 60 min
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solubility due to increased OH groups in conjugates can further facili-
tates the transfer of protein to the interfacial regions [25] resulting in
improved emulsifying properties. Evidently use of ultrasonication
resulted in significantly higher emulsifying properties in comparison to
control whey and PR. The ESI of PUS1 and PUS2 increased by 54.39 and
74.19 % in comparison to whey, while 25 and 42% in comparison to PR
suggesting ultrasonication was a superior technique for production of
conjugates with improved functionality. Jiang et al. [24] reported
ultrasonication significantly increased the EAI of allicin-soy conjugates.
Furthermore, higher ultrasonication time resulted in higher EAI of PUS2
as previously reported in whey with increase in ultrasonication time
[16]. Ultrasonication apart from exposing buried hydrophobic sites can
also introduce some polar and non-polar groups leading positive effects
on the emulsifying properties of conjugates as reported in egg protein-
tea polyphenol conjugates [26]. However, PRUS1 and PRUS2 had
significantly lower values of ESI and EAI in comparison to PUS1 and
PUS2, yet significantly higher than whey. Ultrasonication/redox-pair

method affected the emulsifying properties of the conjugates possibly
due to excessive hydrolysis of protein that is reported to adversely affect
the emulsifying properties of whey [31,54] and various other proteins
[35]. A decrease in the emulsifying properties of conjugates with high
concentration of polyphenol as seen in PRUS1 and PRUS2 might be due
to increased steric rigidity that would decreased the protein flexibility
and as such the emulsifying property.

3.3. Biological activities of whey-quercetin conjugates

3.3.1. Antioxidant capacity

The radical scavenging activity of all the samples is depicted in
Fig. 7. The DPPH radical scavenging activity of all the conjugates pro-
duced in this study was significantly enhanced in comparison to whey
protein (P < 0.05). This increase can be attributed to addition of OH
groups contributed by quercetin molecules after conjugation. Hydroxyl
groups (OH) have been linked with hydrogen donating capacity which is
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Fig. 7. Radical scavenging activity of camel whey-quercetin conjugates prepared using redox-pair (PR); Ultrasonication for 30 min (PUS1); Ultrasonication for 60
min (PUS2); Ultrasonication/redox-pair for 30 min (PRUS1); Ultrasonication/redox-pair for 60 min (PRUS2). Quer: Quercetin. ND: Not detected. Different letters on

the bars indicate a significant difference between the means.

an important mechanism of antioxidant activity [41]. In comparison to
quercetin, the DPPH radical scavenging activity of conjugates signifi-
cantly decreased (P < 0.05). However, the DPPH radical scavenging
activity was significantly higher than whey protein as indicated by their
higher QEAC values. Previous studies have reported that conjugates
generated through free radical method have enhanced antioxidant ac-
tivity such as B-LG-chlorogenic acid [15] as well as conjugates of lac-
toferrin with various polyphenols Liu et al., [69]). Moreover, Yi et al.
[65] reported that a-LA (a major camel whey protein) based conjugates
had a very high scavenging radical activity that exceeded the control
polyphenol. It is noteworthy to mention here that a-LA is one of the
abundant proteins present in camel whey. Among whey-quercetin con-
jugates, those produced by free-radical method (PR) displayed the
lowest DPPH (QEAC = 0.366 mg QE/ mg) radical scavenging activities.
Other conjugates showed higher DPPH radical scavenging activity
compared to PR in the following order: PRUS2 (QEAC = 0.594 mg QE/
mg), PRUS1 (QEAC = 0.558 mg QE/ mg), PUS2 (QEAC = 0.491 mg
QE/mg) and PUS1 (QEAC = 0.435 mg QE/mg). A similar trend was seen
in ABTS radical scavenging activity of conjugates with no activity
detected in whey. Among conjugates, lowest ABTS radical scavenging
activity was reported for PR (QEAC = 0.445 mg QE/mg) while PUS1
(QEAC = 0.652 mg QE/mg) and PUS2 (QEAC = 0.857 mg QE/mg)
showed significantly higher ABTS radical scavenging activity (P < 0.05)
compared to PR. The highest ABTS scavenging activity was found in
ultrasonication/redox-pair generated conjugates: PRUS1 (QEAC =
0.971 mg QE/mg) and PRUS2 (QEAC = 1.021 mg QE/mg) (P < 0.05).
Thus, ultrasonication as well as ultrasonication/redox-pair methods
generated conjugates with higher antioxidant activity in comparison to
conjugates produced using redox-pair method. The higher antioxidant
activity of PUS1 & PUS2 as well as PRUS1 & PRUS2 in comparison to PR
can be attributed to the presence of both covalently as well as
non-covalently conjugated polyphenols as previously reported in soy
protein isolates [64]. Moreover, Wei et al. [58] reported that
non-covalently bonded polyphenol fraction had higher radical scav-
enging activity when same masses of covalently bound polyphenols .
Conjugates PRUS1 and PRUS2 showed the highest antioxidant activity
in comparison to other conjugates that may be attributed to their higher
total flavonoid (quercetin) content. Also, it cannot be ignored that there
might be some level of whey protein hydrolysis caused by combination
of ultrasonication and redox pair methods as indicated by the SDS-PAGE
that might produce various bioactive peptides with high antioxidant
activity. However, such a claim needs further investigation.
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3.3.2. Antidiabetic and anti-obesity properties of whey-quercetin conjugates

3.3.2.1. a-Glucosidase and DPP-1V inhibition. Antidiabetic property of
conjugates was explored by studying the inhibitory effect of conjugates
against various metabolic enzymatic markers such as a-glucosidase and
DPP-IV that are essential in regulating blood glucose levels. There is no
existing literature about the inhibition of DPP-IV and a-glucosidase by
any whey-polyphenol conjugates produced till date. The a-glucosidase
inhibition (AGI) and DPP-IV inhibition potential (DIP) of whey, quer-
cetin and whey-quercetin conjugates is shown in Fig. 8(a & b). All whey-
quercetin conjugates showed high level of AGI while no inhibition could
be detected at the same concentration of whey (5 pg/ml). However, an
increase in the concentration of whey to 5 mg/ml showed 35% inhibi-
tion of a-glucosidase (Data not shown). Notably the AGI of conjugates
was significantly lower than quercetin. Higher AGI potential of whey-
protein conjugates in comparison to whey can be attributed to the
conjugation of quercetin, which has been reported for its tendency to
form hydrogen bonds with the catalytic triad (Asp214, Glu 276 and Asp
349) located in the active site of a-glucosidase [43]). Evidently the
hydrogen bond forming capacity of conjugates increases notably after
conjugation (as depicted by the FTIR) due to addition of hydroxyl groups
through quercetin addition that can lead to increased AGI. Interestingly,
the hydrogen atom transfer (HAT) value of quercetin in water is lowest
for 3-OH (C-Ring) [67] suggesting possibility of conjugation at C ring of
quercetin. This will result in availability of 3'-OH (forms two hydrogen
bonds with the Glu 276) as well as 4'-OH (hydrogen bonds with Asp 349)
of the B-ring which are strongly involved in AGI [48,62]. The binding of
whey at C-ring of quercetin may also explain the significant decrease of
AGI of conjugates in comparison to quercetin as previously explained
during C-ring substitution of quercetin [43]. However, the exact binding
site of polyphenol at which protein is conjugated [38] and the site where
the conjugate binds with the enzyme are not clear yet and need further
exploration.

DPP-IV inhibitors are an emerging class of therapeutic drugs for
managing diabetes. DPP-IV inhibition was not detected in whey.
Conjugation significantly improved the DPP-IV inhibition of whey that
can be attributed to DPP-IV inhibitory property of quercetin attached
with the whey protein. Interestingly whey displayed no DPP-IV inhibi-
tion even when the concentration of whey was increased to 5 mg/ml
(Data not shown). DPP-IV inhibition of quercetin is attributed to five
hydrogen bonds with Val 738, Ser 720, Tyr 700, Ala 732 and Met 733
[53] and introduction of OH in whey protein due to quercetin addition
facilitates formation of various linkages between the active site of
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Fig. 8. (a) a-glucosidase and (b) DPP-IV Inhibitory potential of camel whey-quercetin conjugates prepared using redox-pair (PR); Ultrasonication for 30 min (PUS1);
Ultrasonication for 60 min (PUS2); Ultrasonication/redox-pair for 30 min (PRUS1); Ultrasonication/redox-pair for 60 min (PRUS2). Quer: Quercetin. ND: Not
detected. Different letters on the bars indicate a significant difference between the means.

enzyme and the conjugates. Interestingly, the DPP-IV inhibition of
PRUS1 was significantly higher than pure quercetin molecule and
should be studied further.

Conjugates produced at lower ultrasonication time showed superior
AGI and DPP-IV inhibition in comparison to conjugates produced at
higher ultrasonication time (PUS1 > PUS2). Notably quercetin has been
reported to show competitive inhibition against various metabolic en-
zymes such as a-glucosidase [43] which emphasis the importance of the
size that would fit in the active site without any steric hinderances.
Interestingly the particle size of the conjugates at longer ultrasonication
time (PUS2 and PRUS2) is larger that might offer higher steric hin-
derance between the enzyme and inhibitor, thereby decreasing the
enzyme inhibiting potential. Moreover, an increase in the ultra-
sonication time decreased the extent of hydrogen bonding capacity of
conjugates (FTIR results; Fig. 4) which may be another possible reason
for reduced enzyme inhibiting potential. Overall, conjugation of whey
proteins with quercetin resulted in generation of strong DPP-IV and
a-glucosidase inhibition potential with superior outcome obtained when
conjugation was achieved with the intervention of ultrasonication.
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3.3.2.2. Cholesterol esterase and lipase inhibition. In-vitro anti-obesity
potential of conjugates was reported in terms of the inhibiting capac-
ity of conjugates against cholesterol esterase and lipase, crucial enzyme
markers involved in fat metabolism (Fig. 9). There is no literature
available about the cholesterol esterase inhibition (CEI) by any pro-
tein—polyphenol conjugate till date. CE is a pancreatic enzyme present in
bile that catalyzes the release of cholesterol and free fatty acids from
dietary cholesterol esters. As such, CEI can slowdown cholesterol uptake
by human body indirectly by decreasing the level of cholesterol pro-
duced from dietary lipids. The conjugates showed high level of CEI
which was not detected in case of whey when tested a concentration (5
pg/ml). Moreover, different concentrations of whey protein were tested
and it was found that whey proteins displayed ~50% inhibition at 5 mg/
ml (Not presented here). The CEI of whey-quercetin conjugates was
lower than quercetin alone except PRUSI1 that showed complete inhi-
bition of cholesterol esterase. Notably there was a non-significant dif-
ference in the CEI of PR, PUS1 and PRUS2 conjugates. The CEI of
quercetin has been associated with its structural attributes and proceeds
through uncompetitive inhibition [55]. This points towards the irregular
trend obtained during CEI by conjugates needs further in-depth studies
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Quer: Quercetin. ND: Not detected. Different letters on the bars indicate a significant difference between the means.

related to the mechanism of inhibition of CE by whey-protein
conjugates.

Unlike whey proteins, whey-quercetin conjugates showed high level
of pancreatic lipase inhibition (PLI) (Fig. 9). The increase in lipase
inhibiting potential of conjugates in comparison to whey may be
attributed to conjugation of quercetin with the whey proteins. Quercetin
has been previously reported for lipase inhibiting potential that is
attributed to its ability to interact with the enzyme [8]. Wu et al. [59]
also reported that quercetin-3 rhamnoside can enter the hydrophobic
cavity and form hydrogen bonds with Ser153 and His264 near the active
site of lipase. Although all conjugates showed superior PLI than whey, a
mixed trend in the PLI of conjugates was seen. Notably PUS2 showed
significantly higher inhibition while rest of the conjugates showed
significantly lower lipase inhibition in comparison to control quercetin.
The linkage site as well as the ring of quercetin that is linked to whey in
conjugates that may significantly affect their inhibition potential has not
been clearly established so far. Derivates of quercetin have been re-
ported to have varying degrees of lipase inhibiting potential. For
example, galloylation of various flavonoids such as quercitrin, EGCG,
epicatechin gallate was reported to enhance lipase inhibition while
glycosylation at 3-hydroxyl group was reported to decreased it [52]. The
authors also reported a variation in OH groups around the quercetin
backbone affects the lipase inhibition. As such different methods with
different levels of quercetin binding as well as possibility of different
linkage points of quercetin with whey may result in different inhibiting
efficiencies. Moreover, different conjugates showed different extent of
OH group influences in their FTIR suggesting varied capacities of the
conjugate to interact with the target enzyme. Thus, further in-depth
studies related to enzyme inhibition by whey-quercetin conjugates is
highly recommended.

4. Conclusion

Ultrasonication turns out to be an efficient method for production of
camel whey-quercetin conjugates in comparison to redox-pair method
by reducing the production time. While redox pair generated conjugates
are linked principally through covalent linkages, samples generated
through ultrasonication involve both covalent as well as non-covalent
linkages. Conjugates produced using ultrasonication had superior
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techno-functional and bioactive properties especially anti-diabetic and
anti-obesity potential in comparison to pure whey proteins and redox-
pair generated conjugates. A conjoint application of redox pair and
ultrasonication in comparison to individual treatments further improved
the bioactive properties of conjugates but adversely affected some of the
techno-functional properties. The mechanism of conjugation through
ultrasonication needs further in-depth studies to understand variation in
bioactivities in particular the enzyme inhibiting potential of conjugates.
Incorporation of these multifunctional ingredients for production of
functional foods and their survival during processing is also
recommended.
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