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Abstract

Background and Objective: Curcumin (CCM) is a bioactive component because it is a natural polyphenol compound with wide
therapeutic potential. This work aimed to investigate and characterization the ability of curcumin encapsulation by Whey Protein Isolate-
maltodextrin (WPI-MD) WPI-MD complex and WPI-MD conjugate Then, the impact of adding free CCM and encapsulated CCM on the
quality of the ice milk was also investigated by evaluating the texture, melting resistance and sensory quality of the resultant ice milk.
Materials and Methods: The curcumin was encapsulated in whey protein isolate with maltodextrin complex or conjugate. The antioxidant
activity and encapsulation efficiency of encapsulated CCM were measured. Dynamic laser scattering characterized the size and zeta
potential was determined. The 30 mg CCM loaded to WPI-MD conjugate was incorporated in ice milk and analyzed for physicochemical
properties, viscosity and sensory evaluation. Results: The WPI-MD conjugate has the advantage over the WPI-MD complex of higher
stability and better binding of curcumin, exhibiting bigger binding and high encapsulation efficiency (>91.98%) of different levels of CCM
(15-45 mg) in WPI-MD conjugate. The resultantice milk from the addition of encapsulated curcumin has better sensory and technological
properties than control and fortified with free CCM. Conclusion: Thus it could be concluded that functional ice milk containing CCM
encapsulated by WPI-MD conjugate is of acceptable quality and high antioxidant activity.
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INTRODUCTION

Curcumin is a natural polyphenolic compound extracted
from the rhizome of Curcuma longa, being commercially
turmeric extract'. Also, curcumin is a food additive (E100), it
can act as a natural dye in food industries?. Increasing
awareness has been given to curcumin for its pharmacological
and biological activities such as antioxidant, antitumor and
anticancer properties>.

Nowadays, treatment by drugs was effective and available
for human diseases such as obesity, diabetes and cancer but
very costly. Alternatively, people are looking forward to
naturally bioactive ingredients in plants, which have effects
like drugs. However, using curcumin as food additives
confront two base limitations. Firstly, curcumin is poor
availability and solubility in water (11 ng mL™") at acidic and
neutral pH values. Secondly, the stability of curcumin at acidic
pH is good but unstable (breaks down) at pH 7 and alkali pH.
Hence, using curcuminin functional foods deeply dependson
methods that overcome these limitations, triggering their
incorporation into some foods”. Extended previous literature
has shown that curcumin can be binding with proteins such
as whey proteins®, casein®, B-lactoglobulin’ and soy protein®?,
which may significantly improve curcumin stability and
solubility. However, proteins head for to submit evident
aggregations at the pH isoelectric point of there, when
increased ionic strength above a certain level and when
denatured by thermal. Thus, itis very hard to monitoring,
the stability, bioavailability and release of protein
encapsulated bioactive componentsin sundry environmental
conditions.

Protein/polysaccharides complexes formation gives
stability for proteins against aggregation or dissociation on a
wide range of pH and temperature. Recently, researchers
finding the bovine serum albumin/carrageenan complexes
and particles give good encapsulation efficiency for
polyphenolic compounds by successfully binding and more
properties compared to native proteins''2. Even so,
protein/ polysaccharide complexes formation based on
electrostatic interaction without noncovalentinteractions are
sensitive to environmental conditions Reaction of Maillard is
natural and nontoxic. Proteins conjugate with polysaccharides
such as whey proteins'?, casein', bovine serum albumin'and
soybean protein's, giving remarkably increased functional
properties such as stability, solubility.

Curcumin Nano-encapsulated can be incorporated into
food systems such as ice cream for the development of
health-promoting functional foods. Ice cream is one of the
dairy-based frozen products. Generally, it combined with
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milk, sweeteners, stabilizers, emulsifiers and flavourings'’.
The quality of ice cream is evaluated by its structure, texture
and resistance to melting'®.

The present study aims to investigate and
characterization the ability of curcumin encapsulation by
WPI-MD Complexand WPI-MD Conjugate. Then, theimpact of
adding free CCM and encapsulated CCM on the quality of the
ice milk was also investigated by evaluating the structure,
texture, melting resistance and sensory quality of the resultant
ice milk.

MATERIALS AND METHODS

Study area: The study was carried out at the Department of
Dairy Sciences, National Research Centre and Department of
Dairy Science and Technology, Menoufia University Shibin El
Kom, Egypt from March-September, 2020).

Chemicals: Curcumin (CCM) was purchased from Merck
Schuchardt (8011 hohenbrunn be miinchen) with a purity of
94% w/w, according to the vendor. Whey Protein Isolate (WPI,
BiPro®) was obtained from Davisco Foods International, Le
Sueur, MN, USA). Maltodextrin (MD), with a dextrose
equivalent value of 6, containing 4.1% moisture and 0.1% ash,
was obtained from Corcoran Chemicals Ltd, Dublin, Ireland.
Fresh buffalo's milk obtained from the Dairy Industry Unit,
Animal Production Research Institute, Ministry of Agriculture
(Dokki, Cairo, Egypt) with an average composition of 17.12%
total solids, 4.15% protein, 0.81% ash, 0.15% acidity. Mango
fruit containing 32.33% total solids, 3.09% total protein,
1.58% ash and 1.70% fibre was obtained from the local
market in Cairo, Egypt. Other chemicals were obtained from
Sigma-Aldrich or Thermo Fisher Scientific, Pittsburgh, PA. All
chemicals used were of annular grade.

Preparation of WPI-MD complex and WPI-MD conjugates:
Preparation of the WPI (10%, w/v, protein) and MD (10%, w/v),
were prepared in ultrapure water to obtain a 10% WPI-MD
solution, with low-speed magnetic stirring and allowed to
solubilize for 2 hrs at 22°C. The solution was adjusted to pH 7.0
using 0.1 M HCl or 0.1 M NaOH, stored at 4°C for 18 hrs and
readjusted to pH 7.0 as necessary. Then, the complex solutions
were prepared by mixes the WPl and MD (1:1). The WPI-MD
solution was frozen initially at -20°C for 12 hrs and then
tempered at -80°C for 3 days. Freeze-drying was carried out
under vacuum at a pressure of <0.1 m bar for 72 hrs. The
resulting material was milled and divided into two portions,
the first portion WPI-MD complex and the second portion
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transferred to a plastic petri dish (150X 15 mm) and then
placed on a perforated plate in a desiccator that contained a
pre-equilibrated saturated potassium bromide solution
generating an atmosphere with relative humidity (RH) of 79%
at 60°C/20 hrs to prepared WPI-MD Conjugate’.

Determination of available amino groups: The concentration
of available amino groups in solutions, prepared from
0.1%dry heated WPl and WPI-MD, was measured by
the 6-phthalaldehyde (OPA) method?® as detailed by
Mulcahy et a/?'. The concentration of available amino groups
in the WPl and WPI-MD conjugate solutions at 70°C for 20 hrs
expressed by a percentage of available amino groups in the
respective unheated solutions.

Preparation of CCM Loaded WPI-MD complex and WPI-MD
conjugate: For the preparation of curcumin-loaded WPI-MD
complex and WPI-MD conjugate, the powder them was
dissolved in distilled water with a concentration of
100 mg mL~". Curcumin was dissolved in anhydrous ethanol
andthen added to the WPI-MD complex or WPI-MD Conjugate
solution at a concentration of 15, 30 and 45 mg mL™"
(curcumin to shell ratio of 15:100, 30:100 and 45:100). The
mixture was stirred at room temperature for 1 h in the dark
and then homogenized for 5 min with high-intensity
ultrasound at an amplitude of 40% for 5 min in an ice bath
using a VCX800 (Vibra Cell, Sonics, Newtown, CT, USA) with a
13 mm diameter probe (high-grade titanium alloy). A part of
the nanoparticles was kept as a solution to measure the
particle size and zeta-potential, while the rest was dried.

Determination of Encapsulation Efficiency (EE): The
encapsulation efficiency of curcumin for the WPI-MD complex
and the WPI-MD conjugated process was measured according
to Mohammadian et a/%.

Particle size, Polydispersity Index (PDI) and zeta potential
measurements: The particle size, PDI and zeta potential
measurements were carried out on a Malvern Zeta-sizer Nano
ZS (Malvern Instruments, London, England) at 25°Caccording
to Jones and McClements™°.

Antioxidant activity: The antioxidant activities of WPI, whey
protein conjugated, curcumin loaded conjugate and the
aqueous solution of curcumin was measured using DPPH
radical scavenging activity test according to the method of
Lin et a/? with minor adjustments. Different samples were
diluted with distilled water to a protein concentration of
5 mg mL™" and a curcumin concentration of 0.1 mg mL™"
before the measurements.

60

Ice milk-making: Buffalo’s milk, skim milk powder, sugar and
Lacta 9050 as a stabilizer, were used to prepare a plain ice milk
mix with a composition of 4.0, 14.0, 16.0 and 0.4% for fat, milk
solids non-fat, sugar and stabilizer, respectively. The mixture
was divided into three equal parts, the first portion without
CCM to create a control (C). Both Free CCM and encapsulated
CCM in WPI-MD conjugate were added at a rate of 0.09%
(w/w) to created T, and T,, respectively. After preheating at
65°C and mixing all the ingredients, the mixture was
homogenized using a laboratory homogenizer ((EURO
TURRAXT 20b, IKA Lobo Technik 27000 min G1), pasteurized
at 81°C and cooled then aged overnight at 5£1°C. Just
before freezing in a batch freezer (Staff Ice System, BTM 10,
Rimini Italy), 4% mango pulp was added to the aged ice
cream mixture. Overrun was calculated for all formulated ice
cream using the weight-volume method as described by
Adapa et a/?*. The resultant ice milk was poured into plastic
cups, covered and hardened in a deep freezer at -20°C for
24 hrs before analysis. Three replicates were done for each
batch.

Ice milk mixture properties: The pH value of all ice milk
mixtures was measured using a laboratory pH meter with a
glass electrode (HANNA, Instrument, Portugal). The acidity
content was determined by adding 0.1N sodium hydroxide to
the phenolphthalein endpointas described by Arbuckle?. The
structural viscosity of the ice cream mixtures was determined
using a Bohlin coaxial cylinder viscometer (Bohlin Instrument
Inc., Sweden) attached to a work station loaded with software
V88 viscometry program. The viscosity was expressed as mill
Pascal (mPaess). The whipping abilities of the ice cream
mixtures were determined using a mixer with 2.6 cm blades
(Heidolph No. 50 111, Type RZRI, Germany) according to the
method described by Baer et a/%. The colour analysis of
mango ice milk samples was conducted via Hunter
colorimeter (Hunter Ultra Scan VIS) according to Hunter and
Harold?.

Ice milk properties: The melting properties of the ice cream
were determined according to Naeem et a/%.

Sensory evaluation: The ice milk samples were evaluated for
appearance, melting quality, body and texture and flavour by
a reqular taste panel of 21 staff members from The
Department of Dairy Sciences, National Research Centre,
Egypt. The ice cream was sensorial evaluated using the nine-
point hedonic scale, ranging from extremely (9 points)
through like or dislike (5 points) to dislike extremely (1 point)
according to the method of Naeem et a/%.
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Statistical analysis: Analysis of variance (ANOVA) and
Duncan’s multiple comparison procedure used to compare
the means using software SPSS version 15.0 (SPSS Inc.
Chicago, lllinois). A probability of p<0.05 was used to establish
statistical significance.

RESULTS AND DISCUSSION

Characteristics of WPI-MD conjugate: As shown in Fig. 1, the
absorbance of free amino groups at 340 nm. The free amino
groups decreased for WPI-MD from 93.75-81.45% according
to heat-treatment time from 10-20 hrs respectively. But this
decreases unnoticeable with the WPI of 99.8% after 10 hrs
decreased to 96.75% after 20 hrs of heat treatment. Maillard's
reaction in its given light yellow colour occurred in the
product of conjugate. Conjugation by Maillard reaction gives
different products, which are dependent upon pH,
temperature, time, concentration, relative humidity and type
of reactants (WPl and MD) as an alteration in the contents of
secondary structure?®. The decreased in available amino
groups in native WPI is most likely due to the heat-induced
reaction of whey proteins with a low concentration of lactose
(0.3%) which present in WPI or structural changes within the
protein causing blockage of available amino groups®.
Similar results were obtained by previous research 31. While
the free amino groups decreased for WPI-MD from 93.75% to
81.45 % according to heat-treatment time from 10 to 20 h
respectively.

Physical characterization of curcumin Nano-encapsulated
Effect of Type WPI-MD on Droplet Size, PDI, Zeta Potential
and Encapsulation Efficiency: The particle size distribution,
PDI value and zeta-potential are important properties to
provide valuable information about nanoparticles regarding
the formation of stable formulations. As shown in Table 1, the
particle size was higher in the WPI-MD conjugate
(p<0.05)thanin the WPI-MD complex, while the polydispersity

indexes (PDI) and ¢ potential were higher in the WPI-MD
(p<0.05) complex than in WPI-MD conjugate. Also, the particle
size increased (p<0.05) but ¢ potential decreased as a
concentration of curcumin (CCM) in WPI-MD increased
(p<0.05). The PDI of WPI-MD conjugate decreased, while
that of the WPI-MD complex increased on the addition of
CCM, up to 45 mg mL~". The increase in particle size may be
due to the presence of curcumin adsorbed on or entrapped in
B-lactoglobulin (the major component of WPI) due to boost
hydrophobic interaction. Hydrophobic components can bind
B-lactoglobulin the loop EF is open at pH 7, which permits
ligands to inter till hydrophobic core and increase in amount
hydrophobic molecules binding causing increases in particle
size?:31. Also, conjugates exhibited a higher binding capacity
for CCM these changes have been attributed to the presence
of more hydrophobic microdomains in the conjugate®. The
surface charge (¢ potential) of all samples was negative, which
cause more stability of solution due to more repulsive forces
between particles. Similar results with a decrease in { potential
values after encapsulation was shown by Khan et a/. Also,
the glycation of whey proteins alters the distribution of
values after encapsulation was shown by Khan et a/33. Also,
the glycation of whey proteins alters the distribution of
protein surface charge, by the decrease in the content of basic
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Fig. 1: Percentage of available amino groups in solutions

prepared from Native WPI and dry heated WPI-MD
pH of 7.0, 60°C and 79% relative humidity for up to 20 hrs

Table 1: Size (nm) and ¢ potential (mV), polydispersity index (PDI) and encapsulation efficiency for WPI-MD complexes, WPI-MD conjugated and CCM ratio encapsulated

after sonicated

Samples Size (nm) Calculated PDI { potential (mV) Encapsulation efficiency (%)
WPI-MD conjugate after sonication 94.35+6¢ 0.45 -29.11+1.42¢ -

15CCM 10234+ 19¢ 0.39 -30.90+1.97° 95.24%1.2°
30CCM 139.30+28° 0.19 -34.20+2.749 94.45+3.12
45CCM 168.90+ 172 0.14 -39.50+3.45" 91.98+2.9°
WPI-MD complexes 43.78+99 0.62 -12.601+0.24° -

15CCM 4534189 0.63 -13.60+0.89° 81.57%3.4c
30CCM 51.69%9f 0.67 -21.10%+1.02¢ 75.38+2.7¢
45CCM 66.95+7¢ 0.67 -23.30+2.414 69.65+2.5¢

®Numbers are Mean = Standard deviation from triplicate samples. Different superscripts indicate differences in means (p<0.05)
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Table 2: Effect of added free CCM, or CCM nano-encapsulated on Physico-chemical properties of mango ice-milk mixture

Formulation

Parameters Control T T,

Total solids 34,83+0.35° 34.85+0.30° 36.90+0.27°
Protein (%) 7.49%0.20° 7.48+0.25° 8.53+0.35°
Fat (%) 4.00£0.052 3.95+0.10° 3.90+0.15°
Ash (%) 1.2410.08° 1.25£0.132 1.24£0.072
Acidity (%) 0.35%+0.06° 0.36%+0.07° 0.35%+0.04°
pH 6.38+0.14° 6.3610.09° 6.35+0.17°
Antioxidant activity (%) 29.7811.24* 37.35%2.53b 52.57+3.49¢

2b<Show the significant increase and no effect (p>0.05), CCM (T,), CCM encapsulated (T,)

lysine on protein surface after glycation with MD, which is
supported by the lower value of zeta potential of glycated
whey protein isolate. That indicates the significant changes in
the protein structure by glycation. The CCM encapsulated
WPI-MD conjugate showing narrow distribution and good
stability of the particle size. A significant difference was
observed for PDI values of the CCM-encapsulated WPI-MD
conjugate and WPI-MD complex nanoparticles (p<0.05,
Table 1).Repulsive forces caused by the utmost values of zeta
potential for nanoparticle dispersion cause physical stability3.

Decrease the encapsulation efficiency with anincrease in
CCM addition to both WPI-MD complex and WPI-MD
conjugates, referring to the small quantity of CCM entrapped
with protein matrix as a replacement of being embedded.
Loading efficiency was greater when CCM entrapped with
the WPI-MD conjugate, which reached 95.24% than CCM
entrapped with the WPI-MD complex, which reached 81.57%.
Due to the conjugates exhibited a higher binding capacity for
curcumin, these changes have attributed to the presence of
more hydrophobic micro-domains in the conjugate3.

Therefore, these results suggested that the WPI-MD
complex or conjugated/CCM nanoparticle size were
dependent on the addition of CCM to WPI-MD complex or
conjugated nanoparticles (core-coating ratios and increased
by increasing the CCM content in the solutions32,

From the results obtained, it was found that the best
source for CCM encapsulated that can be incorporated in ice
milk was 45 mg CCM loaded to WPI-MD conjugate, In terms of
loading efficiency, diffusion rate and stability.

Mango ice milk mix properties: The chemical properties and
antioxidant activity of mango ice milk mix fortified with free
CCM (T;) or CCM loaded WPI-MD conjugates (CCM
encapsulated, T,) are presented in Table 2. The addition of free
CCM had nossignificant effect (p>0.05) on total solids, proteins,
fat, ash and acidity content as well as the pH value of mango
ice milk mix. However, the addition of CCM encapsulated
caused a significant increase (p<0.05) in total solids and
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Fig. 2: Viscosity of mango ice milk fortified with free CCM or
CCM encapsulated

proteins compared to control and T, mixes due to the addition
of 2 g of powdered CCM encapsulated at a concentration of
30 mg CCM g~' WPI-MD conjugate. The total solids and
proteins increased from 34.83+0.35 and 7.49%0.20% in the
controlmixto36.90£0.27 and 8.53+0.35%inT,, respectively.
These results are consistent with Lima et a/>* who's using
Beta-carotene encapsulated good alternatives to reduce the
application of artificial dyes to the products.

In particular, the DPPH radical scavenging activity of ice
milk mix fortified with CCM encapsulated was 52.57 +3.49%,
followed by that of fortified with free CCM (37.35£2.53%) and
control mix (29.78+1.24%). Li et a/3! found that the Synergist
between the B-Lg and CCM in the mixture does the
antioxidant activity not only dependent on the concentration
of CCM but also the structure of B-Lg and the interaction with
CCM. So the high activity of entrapped CCM may be
contributed by both CCM concentrations and the structure of
WPI-MD conjugates.

Mango ice milk properties

Viscosity of ice milk mixture: The apparent viscosity is
important proper to evaluate ice milk for overrun, texture
smoothness. The effect of added free CCM and CCM
encapsulated on the viscosity of the ice milk mixes was
representedin Fig. 2. Generally, whenincreasing the shearrate
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Fig. 3(a-b): Effect of added free CCM, CCM nano-encapsulated on (a) Whipping ability and (b) Melting resistance loss of the
mango ice-milk mixes

Table 3: Effect of add free CCM, CCM nano-encapsulated on some properties of the mango ice milk

Colorimetric parameters

Samples Overrun (%) L* a* b*
Control 55.93 88.16 -2.63 22.13
T, 65.00 82.69 -1.24 59.51
T, 68.30 81.62 -1.57 69.305

L*: Value of the lightness, like 0-100 representing dark to light, a*: Value of the degree of red and green colour where higher positive indicating redder and b*: Value
of the degree of the yellow and blue colours, where higher value indicating more yellow

the viscosity decreased in all the ice milk mixtures which
showed shear-thinning behaviours. Bajad et a/* notified that
the mixture ofice-creamisn'ta Newtonian fluid, pseudoplastic
behaviour, which the viscosity decreased with increases the
shear rate. Furthermore, the addition of the CCM type had a
significant effect on the mixture viscosity. Prepared ice milk
mixture with CCM nano-encapsulated had a significantly
higher viscosity than any others (p<0.05). This is possibly due
to an increase in total solids by 2% of the coating in the
curcumin nano-capsules. But there was no significant
difference (p>0.05) in the viscosity of prepared ice milk with
free CCM as compared to the control.

Overrun and colour properties: The colour properties of the
ice milk samples were shown in Table 3. The incorporation of
both free CCM and CCM encapsulated caused a significant
change in the colour of the final ice milk (p<0.05), especially
when added CCM encapsulated. The L* (lightness) values of
samples decreased from 88.16 in control ice milk to 82.69 and
81.62 in ice milk containing free CCM or CCM encapsulated,
respectively. Similarly, the redness degree of ice milk (a*)
decreased when free CCM and CCM encapsulated was added.
Inversely, yellowness degree markedly increased from 22.13in
ice milkto 59.51 and 69.31 in ice milk containing free CCM or
CCM encapsulated, respectively.

Overrun is an important physical characteristic of the
ice-milk, it was defined by an increase of the product’s volume
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to the liquid mix used to produce it, in percentage. This is
related to the amount of air incorporated into the ice cream
during the production and, consequently, interferes with the
texture and physical properties of the melting and hardness of
the product®.

Whipping ability and meltdown: As shown in Fig. 3a the
whipping ability (increase the volume with the time of
whipped) of mango ice milk mixes containing free CCM or
CCM encapsulated. The mix fortified with CCM encapsulated
showed the highest whipping ability after 5 min and followed
the same pattern at 10 and 20 min (p<0.05) compared with
control and T, mixes. However, there was no significant
difference between the control mix and that fortified with
free CCM (p<0.05) at 5, 10 and 20 min. That is maybe due to
the shell material of CCM capsules, whey protein isolates
conjugate maltodextrin, which improves their functional
properties. The addition of WPI-MD conjugate may have
helped increase the air incorporation within the ice milk
matrix by increasing the binding in the air-cell membrane?'.
Medrano et a/* found the B-Lactoglobulin with lactose
and glucose conjugates improvements in the foaming
property.

Meltdown is the important desired parameters of ice milk
quality is god shape retention and slow melting®. The
meltdown of mango ice cream (g/100 g) formulated with or
without free CCM, or CCM encapsulated is shown in Fig. 3b.
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Fig. 4: Sensory properties of ice-milk affected by CCM virgin and CCM encapsulated

After 10 min, the addition of free CCM had no significant effect
(p>0.05) on the amount of melted ice cream compared with
the control. However, the melted ice cream was the lowest
when added CCM encapsulated (p>0.05) compared to other
treatments.

Sensory evaluation: Figure 4 illustrated the sensory quality of
ice milk samples. The addition of CCM increased the sensory
properties scores of mango ice milk and acceptability of the
product compared with control, especially when using CCM
encapsulated.

The Appearance properties of the samples changed
significantly and the colour of ice milk was fortified with
free CCM higher than the control, however, the highest
change in colour showed with ice milk fortified with
CCM encapsulated. Manoharan et a/*° found that the
CCM in the preparation of the butterscotch flavour ice
cream will have good sensory acceptability and health
promotion.

CONCLUSION

The WPI-MD conjugated has an advantage over the
WPI-MD complex of higher stability at different pHs and better
hydrophobic binding such as curcumin, exhibiting a bigger
binding continual and stability. Curcumin is a bioactive
component becauseitisanatural polyphenol compound with
wide therapeutic potential. But, curcumin is poor availability
and solubility in waterand unstable (breaks down) at pH 7 and
alkali pH. So, WPI-MD conjugated bind CCM gave the power
toapplicablein neutral pH products. Wherefore, ice cream was
selected as an ideal food system for the delivery of curcumin
Nano-encapsulated and found to be stable under the different
processing conditions of production ice milk. Accordingly,
curcumin encapsulated is open the way to its application in
therapeuticapplications and functional dairy products such as
ice milk.
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SIGNIFICANCE STATEMENT

This study discovers that curcumin can bind with WPI-MD
conjugate which has stability at different pH, which can be
beneficial for using curcumin in functional dairy products at
neutral pH 7 and alkali pHs with stability and solubility and
good functional properties during manufacture conditions.
This study will help to use curcumin as a natural colourant
with wide therapeutic potential that can be applied in
functional dairy industries.
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