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Abstract

Background: Propolis exhibits multiple biological and pharmacological properties attributed
to the presence of natural bio active compounds. In spite of its potential healthy effects, its
use in health-food and pharmaceutical products is very restricted due to its intense aroma,
highly unstable, low aqueous solubility, and low bioavailability. The purpose of this study is to
fabricate an appropriate, stable, and biodegradable casein-based nanocarrier as propolis deliv-
ery system. Propolis-loaded casein nanocarriers were prepared at different propolis extract/
caseinate ratio and assessed for physicochemical, structural, and thermal properties.

Results: The nanocarriers showed an increase of particle size augmenting propolis extract/
caseinate ratio and caseinate concentration. Image processing studies revealed an increase
in L* parameter (89.743), while b* parameter revealed a reduction in the yellow color
(14.655) increasing the amount propolis extract in the nanocarrier. Surface photomicro-
graphs evidenced that an increment of propolis extract decreased the network compactness
of the nanocarriers correlated with the lower entrapment of propolis extract into carriers at
higher propolis extract/caseinate ratio. X-ray diffraction pattern suggested that propolis
encapsulation produced a decrement in the caseinate crystallinity while differential scanning
calorimetry and thermogravimetric/differential thermal analysis thermograms evidenced an
increment of thermal stability of nanocarrier with increasing propolis extract content.
Conclusion: Propolis extract encapsulated within casein nanocarriers represented convenient

physicochemical attributes and could provide as bioactive load in food/medical system.
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casein nanocarriers, encapsulation, propolis extract, protein-based delivery system

bioavailability.*"® Over the decades, the encapsulation strategy has
utilized as emerging multi-disciplinarian platform, to shield the bioac-

Propolis or bee glue is a natural resinous mixture, that honey bees
produce by mixing saliva and beeswax with exudate from plants.>2
Propolis is one of the richest sources of bioactive compound and
possesses numerous biological activities such as antimicrobial, anti-
inflammatory, antiulcer, hepatoprotective, antitumor, immunostimu-
lant, and antioxidant.® Notwithstanding significant promise of propolis
as a bioactive composition, its health-food/pharmaceutical applicabil-

ity is reduced due to its strong aroma, low aqueous solubility, and low

tive ingredients to overcome environmental stresses (the instability of
ingredients during processing, storage, distribution, and physicochemi-
cal interactions)” as well as to improve bioavailability, taste, texture,
and consistency of food products or mask an unpleasant feature such
as strong aroma, and resinous behavior.®? Nowadays, a significant
trend for utilization of food-grade biopolymers as matrix in nano-
scaled delivery systems has expanded dramatically to ameliorate well-

being and human health.1%* Milk proteins, in particular casein, exhibit
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multifunctional properties (biodegradability, biocompatibility) and can
be applied for the formulation of nanoparticles for the protection and
delivery of bioactive ingredients.'? These carriers are able to self-
assemble without the need for emulsifiers and stabilizers and can be
easily prepared showing versatile applications changing pH, tempera-
ture, ionic strength, and solvent conditions. Moreover casein has good
digestibility and stability, is safe, and can protect and control the
release of the entrapped ingredients in the gastrointestinal tract.2*~1%
Caseinates are obtained via acid sedimentation of native caseins from
bovine milk at the isoelectric point, and sodium caseinate (NaCas) are
afterward procured by neutralization and drying process of precipi-
tated protein.*® As an aqueous-soluble biopolymer with randomly
coiled structure and unique self-binding character, NaCas hosts both
hydrophobic and hydrophilic molecules, making it a valid carrier to
encapsulate an extensive variety of bioactive agents.”*”"*® NaCas is
an attractive carrier that has been used for the delivery of poorly
water soluble natural ingredients such as folic acid, quercetin,
naringenin, curcumin, vitamin D, sesamol, curcumin, quercetin, and
eugenol.?>19726 Recently, we successfully obtained sodium caseinate-
maltodextrin nanocomplex nanocarriers loaded with propolis extract
(PE).?” In this context, the major purposes of this work were to design
and optimize the preparation of nano-sized casein-based carriers to
encapsulate PE. Dynamic light scattering (DLS), differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), differential ther-
mal analysis (DTA), field-emission scanning electron microscopy
(FE-SEM), and image processing (L*, a*, b*, C and H°) studies were per-
formed to characterize such systems. Aim of the study is prepare sta-
ble of PE-NaCas nanoparticles and fill the gap of food applicability in
harsh condition. Also, casein-based delivery systems containing PE
can have potential applications to meliorate health and well-being.

MATERIALS AND METHODS
Materials

The raw propolis sample was purchased from local beekeepers
(Khorramabad, Iran) in May 2019 and was stored at —80°C until
applied in the laboratory. Sodium caseinate (NaCas), tween-80, Folin-
Ciocalteu phenol reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH)
reagent were from Sigma-Aldrich (Germany/Switzerland/USA). Ethyl
alcohol, calcium chloride, sodium hydroxide, hydrochloric acid, sodium
carbonate, Folin-Ciocalteu reagent, gallic acid, and other chemicals/
solvents were of the analytical grade and obtained from Sigma Aldrich
(Saint Louis, MO, USA) or Merck (Darmstadt, Germany).

Preparation of PE

PE was prepared according to the method proposed by Silva et al.,
2012, with some modification.?® Briefly, 10 g of freeze-dried propolis,
previously grinded in a ball mill (Marconi 350, Brazil), was placed in
100 mL of ethanol: water mixture (70:30 v/v) in an incubator shaker

for 24 h (Quimis 255, Brazil) at 25°C. The mixture was placed in an
ultrasonic bath apparatus for 15 min, centrifuged (15,000 rpm,
10 min, 25°C), and filtered using 0.45-um cellulose filters. Finally, the
filtrated was lyophilized (Liobras L101, Brazil) and kept at —80°C.

Preparation of casein nanocarriers

Formulation of PE-loaded nanocarriers (FP) and void carriers (FV) was
performed by dissolving 1 or 2 g NaCas in 100 mL of distilled water
adjusted to pH 7.0 (with 0.1 mol/L NaOH or HCI), under stirring for
30 min and let at 25°C overnight for hydration. Then, for FP formula-
tion, PE was added at different concentrations (0.1, 0.2, 0. 4 and
0.8 g/100 mL) and homogenized (Ultra Turrax, IKA-T25, Germany) at
4000 rpm for 5 min. Thereafter, a CaCl, solution (2.0% w/v) as cross-
linking agent was added under mild stirring for 2 h. Finally, resulting
systems treated with the ultrasound bath (Powersonic
505, South Korea) at 40°C for 15 min. At the end of operation, the
final supernatant was freeze-dried (Terroni, Brazil) and kept at —80°C
for further analyses. Void NaCas nanocarrier were prepared at 1% and
2% of NaCas and named FV1 and FV2, respectively. Loaded PE-
NaCas nanocarriers were prepared at 1% of NaCas with a ratio of
core material (PE) to protein (NaCas) of 1:10, 1:5, 1:2.5, and 1: 1.25
(w/w) (titration of system to pH = 4.1 with 0.1 N HCL) and called
FP1, FP2, FP3, and FP4 respectively. Loaded PE-NaCas nanocarriers
at 2% of NaCas was prepared with a ratio of core material (PE) to pro-
tein (NaCas) of 1:20, 1:10, 1:5, 1:2.5 (w/w) (titration of system to
pH = 4.1 with 0.1 N HCL) and were named: FP5, FP6, FP7, and FP8.

Casein nanoparticles characterization

In order to calculate the amount of PE entrapped within casein nano-
carrier (encapsulation efficiency, EE), the concentration of PE in the
supernatants was determined by using the Folin-Ciocalteu
method.>?? First, to plot a calibration curve about 0.5 mL of the
diluted PE (1:50 v/v, at the concentration of 0.4 mgmL™%) were
mixed with 2.5 mL of 0.2 M Folin-Ciocalteu reagent and after 5 min,
2 mL of Na,COs solution (7.5%) was added. Absorbance reading of
the mixture was carried out after 2 h incubation at room tempera-
ture at 725 nm using a spectrophotometer. Gallic acid was applied
as a standard for calibration curve. The calibration curve was
obtained using ready gallic acid standard solutions (5-500 mg/L)
(y =0.014x +0.0168, R* = 0.998).

The concentration of total phenolic compounds (TPC) is
expressed as the gallic acid equivalents (mg GAE/g) in dry weight.2®
To this purpose, 10 mg of nanocarriers was submerged in 10 mL of
ethyl alcohol to wash the nonencapsulated phenolic compounds, then
about 1 mL of the prepared sample was mixed with 10 mL hexane,
sonicated (under shaking ~10 min), homogenized (~1 min at
12,000 rpm) and kept in a water bath (under stirring, ~24 h at 25°C).
During this operation, entrapped PE was released from the nanocar-

riers. Afterward, samples were centrifuged at 10,000 rpm for 15 min
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at 25°C (EBA 270, Hettich centrifuge, Germany) and surnatant con-
centration was calculated using the calibration curve and TPC was

measured by following Equation (1):

_ Measured PE in nanocarriers
" Initial PE added to the formulation’

TPC (%) 1

The measurement of the total phenolic compound solid (TPCS)
amount of outside of nanocarriers were performed measuring the
non-encapsulated phenolic compounds in the ethyl alcohol solution
passed through a syringe filter (0.45 nm) as described by Umesha
et al.*° with some modifications. The filtrate absorbance was esti-
mated spectrophotometrically as described above and according to
the Equation (2):

Measured PEin filtrate
TPCS = . 2
(%) Initial PE added to the formulation )

The EE of the PE-loaded nanocarriers was assessed using the fol-

lowing Equation (3):

(TPC —TPCS)

EE% =
% TPC

100. 3)

In this equation, TPC represents total phenolic compounds of
nanocarriers, inside or outside, and TPCS represents total phenolic
compound solid on surface, that is, outside of nanocarriers.

The mean particle size, polydispersity index (PDI) and zeta poten-
tial of the nanocarriers was characterized by laser diffraction, using a
Photon Correlation Spectroscopy (Zetasizer Nano SP90, Malvern,
UK). In order to prepare stock solutions, about 10 mg of each nano-
carrier was dispersed within 10 mL water, upon mild stirring at
50°C ~ 1 h. The solutions were centrifuged at 15,000 rpm (~15 min,
25°C) to expurgate the discarded matter, then the supernatant ana-
lyzed in triplicate at time 1 day after preparation at 25 + 0.5°C. The
yield of the nanocarriers was assessed pursuant to the solid content
of the final nanocarriers, their constituents, and PE, according to

Equation (4), as follow:

(Weight of nanocarriers )

% 100.
(Weight of total solids within the formulation )

4)

Process yield (%) =

Measurement of color

In order to peruse the effect of PE and encapsulation method on the
color of casein-based nanocarriers, color indices (a*, b*, L*) were
appraised using a scanner apparatus (CanoScan LiDE220, Vietnam)
with resolution of 300 DPI and color analysis was carried out using
Image J software (http://imagej.net). In general, Using the Plugin tab,
Color space converter section, Color conversion icon, the images were
changed from RGB to LAB mode/format, and color indices (L*, a*, and
b*) were identified as a separate image. Finally, by activating the
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software analysis section, the amount of L*, a*, and b* were measured.
The indices of chroma and Hue angle were computed using the fol-
lowing Equations (5 and 6) and the mean of three replicates were

reported:

Chroma = [(a)* + (b)*] V2

Morphological analysis

The surfaces of the nanocarriers were appraised by FE-SEM (FE_SEM,
TESCAN, Czech) according to the modified methodology described.3!
Before imaging, specimens were sputter-coated with gold palladium
layer, and thus, FE-SEM was operated at acceleration voltage of
15 kV and working distance of 10 mm. Pictures were taken with dif-

ferent magnifications levels (1000 x was reported as example).

X-ray diffraction analysis

In order to detect the crystalline or amorphous structure of the
casein-based nanocarriers, their constituents and PE, x-ray diffraction
(XRD) patterns were specified using an x-ray diffractometer (Bruker
D-8 Advance, USA), under monochromatic radiation CuKa (1.5444
Aum) operating at 40 kV/40 mA at an angular sweep 26 ranging from
1 to 80° with intervals of 0.05° at each 1 s. The crystalline index was
calculated using the following Equation (7):

crystalline area

Crystalline Index = - X
crystalline area + amorphous area

100.  (7)

Thermal properties
Differential scanning calorimetry

The nanocarries and their constituents were characterized by DSC
(DSC 200 F3, Netzsch, Germany). About 5 mg of each of specimen
was placed in an aluminum pan, then hermetically sealed. An empty
pan was also utilized as the reference sample. The experiment was
conducted in the 25-400°C temperature range at a constant heating

rate of 10°C/min under a nitrogen flow of 50 mL/min.

TGA and DTA

The thermal stability of the casein-based nanocarriers investigated
using TGA and DTA in a TA Instrument, model Q-500 (New Castle,
DE, USA). The examinations were performed from the room tempera-
ture up to 400°C under nitrogen atmosphere at the constant heating
rate of 10°C/min.
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TABLE 1 Values of size- average, polydispersity index (PDI), zeta potential, and encapsulation efficiency (EE) of propolis extract (PE)-loaded

nanocarriers.
Treatments Ratio (PE: NaCas) Size-average (nm) PDI Zeta potential (mV) EE (%) Yield (%)
Fv1 (0:10) 328.1+3.7j 0.49 + 0.15e —0.64 + 0.08e -
FP1 (1:10) 356.5 + 2.5i 0.54 + 0.07e —6.30 + 1.63d 87.34 + 3.11b 782 +2.15b
FP2 (1:5) 394.2 +4.7h 0.59 +0.12d n.d. 80.53 + 2.12¢ 76.4 +221c
FP3 (1:2.5) 599.5 + 3.6f 0.63 £ 0.10c —18.60 + 2.84a 74.64 + 1.46d 74.1 +1.18d
FP4 (1:1.125) 1207.5 +5.1b 0.69 +0.14b n.d. 63.41 + 3.21e 71.7 + 1.44e
Fv2 (0:20) 510.7 + 1.9g 0.55 + 0.03e —0.78 + 0.04e -
FP5 (1:20) 698.5 + 4.8e 0.71 £0.11c n.d. 94.14 + 2.42a 81.4 + 3.25a
FP6 (1:10) 712.0 + 3.1d 0.56 + 0.14d —15.1+1.4b 88.16 + 2.35b 79.8 +1.61b
FP7 (1:5) 1092.2 + 2.3c 0.65+0.11b —8.5+24c 81.26 + 4.18¢ 79.3 +2.74c
FP8 (1:2.5) 1501.0 £ 10.2a 0.73 £0.18a n.d. 74.57 + 2.37d 76.7 + 1.36d

Note: Different lower-case letters indicate a significant difference at p < 0.05 in each column.

Statistical analysis value for FP2, FP4, FP5, and FP8, as observed in a previous work.%’

The acquired datum was represented as the mean along with standard
deviation of triplicate designations (exclusive of FE-SEM, x-ray, DSC,
TGA, and DTA results). To assess statistical significance among sam-
ples, analysis of variance (p < 0.05, 0.01) and the mean comparison
were performed by one-way ANOVA approach using the SPSS
24 software (SPSS Inc., Chicago, IL, USA) at p < 0.05 and 0.01.

RESULTS AND DISCUSSION
Determination of phenolic content in raw propolis

Propolis has phenolic content of 74.9 mg/100 g.

Particle characterization

The results obtained, in terms of particle size, PDI, zeta potential, EE,
and vyield, are reported in Table 1. As shown nanocarriers depicted
sizes between 356.5+2.5nm and 1501.0 = 10.2 nm. The results
reveal that, increasing concentration of casein, the particle size of the
nanocarriers increase in accordance with previous results.>? In fact,
significant difference (p < 0.05) was appreciated between the two
wall materials concentration groups (F1 vs. F2 group). Moreover, the
analysis evidenced a positive relationship between PE and NaCas con-
tents and particle size: in fact, void nanocarriers have the lower parti-
cle size and the size increases, increasing the PE content. This
phenomenon was observed also by other authors that observed as
propolis formulations are larger than void formulations which can
agglomerate and increase the particle size due to aggregating smaller
particles around larger ones.>2 In fact, also PDI increases, increasing
PE amount. The values to zeta potential were between —18.6 to
—10.1 mV showing a good stability for nanocarriers with code of FP1,

FP3, FP6, and FP7, respectively, while it was not possible obtain valid

At lower NaCas concentration (1%), increasing PE concentration, a
negative charge rising was observed from —12.3 to —18.6 mV. In liter-
ature is reported that formulations with similar amount of protein
showed an increase of negative charge, with rising PE concentra-
tion.®33 The values of EE ranged from 63.41 + 3.21% (FP4) to 94.14
+ 2.42% (FP5) as epitomized in Table 1. An outstanding increment in
EE% was apperceived decreasing the particle size, with the reduction
in PE and increment casein concentrations, in fact the highest EE%
was apperceived in FP5. Results in this study were consistent with
results of other researchers.3¥3* As expected, the yield was superior
for carriers with greater content of encapsulant (NaCas 2%) and a cor-
relation was observed between PE/NaCas ratio and NaCas concentra-
tion and yield. Nanocarrier obtained with higher NaCas concentration
with the lower PE (FP5) quantity exhibited the highest EE% and yield.

Color evaluation of casein-based nanocarriers

Color is one of the most important factors for quality and visual
description of natural products. The color indices (a*, b*, L*, H°, and C)
for the powders are revealed in Table 2. In this technique, L* indicates
lightness on a 0-100 scale from black to white; a*, (+) red and (-)
green color ingredients; and b*, (+) yellow and (—) blue color ingrdi-
ents.®> Changes in the color indices of the casein-based carriers were
recorded when PE concentration and ratio of PE to NaCas changes.
At lower NaCas content, it was realized that value of color parameters
a*, b*, H°, and C increased with the increasing ratios of PE to NaCas
used (FP1-FP4), while value of color parameter L* decreased. This
tendency can be associate with the intrinsic color of the PE which is
yellow to brownish. In other hand, the PE-loaded casein-based nano-
carriers produced at high level of NaCas demonstrated a superior L*
and H° as well as lower a*, b*, and C compared with carriers produced
at low level of NaCas, which was attributed to a better coverage of
PE. The value of factor H° is the description of color that is compre-

hended and all treatments (apart from FV1 and FV2) display values of
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TABLE 2 Color properties of propolis extracted-loaded/void casein-based nanocarriers (mean + SD, n = 3).

JSFA Reports =¢

*

b*

H()

(o

Treatments L* a

Fv1 73.611 + 4.451f 2.012 + 1.221a
FP1 87.210 + 1.423b —2.613 + 0.234f
FP2 87.099 + 3.140b —2.103 + 0.452¢
FP3 86.301 + 2.65b —0.826 + 1.240d
FP4 80.462 + 6.243e 0.607 + 0.021c

Fv2 83.121 + 1.213d 1.406 + 0.158b
FP5 89.743 + 7.150a —2.567 + 0.524f
FP6 87.141 + 2.255b —2.369 +0.723f
FP7 84.174 + 2.157c —2.021 £ 0.814e
FP8 85.435 + 4.124c —2.051 +0.781e

5176 +1.321¢g
14.932 + 2.113f
19.997 + 6.154e
21.447 + 2.165d

25.77 + 4.325b

5344 +0.561 g
14.655 * 2.145¢
19.462 + 1.207e
22.943 + 1.814c
27.237 + 3.132a

22256 +2.613a
—9.99 + 2.124f
—5.970 £ 1.312d
—2.057 +£0.601c
—1.093 +0.521c
15.052 £ 0.218b
—10.002 + 2.157f
—6.926 + 1.348e
—4.980 = 0.417d
—4.236 + 3.154d

5553 +1.241¢g
15.158 + 2.112f
20.107 + 2.605d
21.462 + 4.221d
25.777 + 4.125b

5347 £2435¢g
14.878 + 2.135f
19.608 + 4.204e
23.031 + 2.314c
27.314 + 7.641a

Note: (A) a* (redness-greenness); (B) b* (yellowness-blueness); (C) C* (chroma); (D) H° (Hue angle); and (E) L* (whiteness-blackness) of samples. Different

lower-case letters indicate a significant difference at p < 0.05 in each column.

factor H° < 10, accordingly they can be depicted as red (—a* = green
color) treatments.3>3¢ The value of color parameter C was proportion-
ate to the intensity of the color and represents its degree of satura-
tion, this datum proposes efficacy of higher resistance of red color in

carriers acquired.3” .38

According to Obdn et al.>® a pilgarlic color vari-
ance from O to 1.5 demonstrates that visually the treatment is approx-
imately similar to the principal one, whereas in the 1.5 to 5 range, the
discord in color can be discerned. In other research, encapsulated
freeze-dried saffron petal’s extract with various matrices such as gum
Arabic and maltodextrin as well as announced, they observed that
increase in the anthocyanins content led to an increment in a* value,
decrease in b* value and L*, as well as color of powders get darker
after storage.®” This demonstrate that the color indices were affected
by process parameters such as well as method of encapsulation.
Finally, it should be noted that casein-based nanocarriers displayed a
light/intense yellow color visually that it was consistent with the

results of factor H°.

Field-emission scanning electron microscopy

The photomicrographs of the void batches exhibited sponge-like
matrices with regular shapes and some pores on the surface, as shown
in Figure 1 (FV1 and FV2). A different morphology was observed for
PE-loaded (FP4-FP8) carriers, showing spherical particles with regular
shapes, homogeneous and smooth surface without any pores or
cracks or interruptions, suggesting the homogeneous distribution of
PE into casein-based nanocarriers and adaptability between core and
wall materials. Also, the other photomicrographs of the PE-loaded
casein-based nanocarriers showed similar results. Similar results were
obtained by other authors applying the similar drying method.??? It
is remarkable that the concentration of the PE changed the photomi-
crographs of casein-based nanocarriers and the space among spherical
particles slightly increased. According to the photomicrographs of
casein-based nanocarriers, spherical shape decreased directly with

increasing NaCas concentration (ratio of NaCas to PE), that is, tending

to flattening increased. According to the results of some researchers,
particles with smooth surfaces have less contact areas than surfaces
with cracking or roughness which lead to well encapsulation, a lower
gas permeability and better protection of encapsulant.?’ According to
the data attained in the present research, FP1, FP3, FP6, FP7 that
showed the suitable stability in terms of DLS properties (particle size,
PDI, zeta potential), EE and color properties were selected for further

investigations.

X-ray diffraction analysis

FIGURE 2 shows XRD patterns of the selected PE-loaded/void
casein-based nanocarriers (FP1, FP3, FV1, FP6, FP7, and FV2). All the
treatments presented similar profiles with peaks at 21.35°, 21.62°,
21.28°, 19.47°, 19.71°, and 19.73°, in accordance with the litera-
ture.*° The crystallinity index calculated for the different nanocarriers
was significantly different. The lower value (49 and 48% for FV1 and
FV2, respectively) was obtained for empty nanocarrier while an
increase was observed for PE-loaded nanocarriers 68% (FP3), 59.7%
(FP7), 57.7% (FP1), 51% (FP6), for PE-loaded/void nanocarriers. Prob-
ably, this behavior is owing to the PE presence that affected the crys-
talline structure of the nanocarriers. However, in the diffractograms
of PE-loaded casein-based nanocarrier the presence of PE specified
peaks was not observed. It is assumed that amount of PE is inade-
quate to change the peaks of diffractogram, or PE is molecularly dif-
fused in the matrix.

DSC measurements

The DSC analysis was performed to characterize the thermal behavior
of nanocarriers and the interaction between components. The ther-
mograms are summarized in Figure 3, and the corresponding data are
epitomized in Table 3. The DSC thermogram of PE displayed two
endothermic peaks at about 50°C and in the range 120.5-133.1°C

85UB01 T SUOWIWOD SAIIERID 3(dedl|dde ayy Aq peusenob afe saoie YO ‘sn Jo S9Nl Jo) Areiq1T8UIUO 8|1 UO (SUONIPUOD-pUE-SWLBIW0D A8 1M Ale.q Ul Uo//:Sdny) SUOIPUOD pue sWe 1 84} 88S *[7202/90/£0] Uo ARiqiTauliuo A[IM eWeisIS 8zusil4 1a eISeAIUN AJ S0ZZIS(/200T 0T/I0p/wW00 A8 | Ake.d1jpuluo//:sdny woiy peapeojumod ‘0 ‘860GELSZ



—LJSFA Reports sc1 FEIZY €7 AL

e > >

SN 2 Mg il 4B
SEM HV: 15.0 kv WD: 9.58 mm 1 MIRA3 TESCAN| SEM HV: 15.0 KV WD: 9.72 mm MIRA3 TESCAN
SEM MAG: 15.0 kx Det: SE 2pm SEM MAG: 15.0 kx Det: SE

RMRC FESEM View field: 13.9 ym |Date(m/dly): 01/09/20 RMRC FESEM View field: 13.8 ym  Date(m/dly): 01/09/20 RMRC FESEM

SEM HV: 15.0 kV WD: 10.42 mm MIRA3 TESCAN|
SEM MAG: 15.0 kx Det: SE
View field: 13.8 ym | Date(midly): 01/09/20 RMRC FESEM

: = A )
SEMHV: 150k | WD: 1030 mm wirns TescA sew v 50KV o

Det: SE SEM MAG: 15.0 kx
RMRC FESEM RMRC FESEM

SEM HV: 15.0 kV WD: 11.13 mm MIRAS TESCAN  SEM HV: 15.0 kv WD: 10.39 mm MIRA3 TESCAN|
SEM MAG: 15.0 kx SEM MAG: 15.0 kx Det: SE
View field: 13.8 ym _ Date(midly): 01/09/20 RMRC FESEM View field: 13.8 ym  Date(midly): 01/09/20 RMRC FESEM

wp: 10.58mm || 1(1(1() MIRA3 TESCAN|
2pm
RMRC FESEM

MIRA3 TESCAN|

View field: 13.8 ym |Date(midly): 01/09/20 RMRC FESEM

FIGURE 1 Field-emission scanning electron microscopy micrographs of propolis extract-loaded/void casein-based nanocarriers (FP1, FP2,
FP3, FP4, FP5, FP6, FP7, FP8, FV1, and FV2) at the magnification of 2 um.
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FIGURE 2 X-ray diffraction analysis of propolis extract-loaded/void casein-based nanocarriers (FP1, FP3, FP6, FP7, FV1, FV2).
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FIGURE 3 Differential scanning calorimetry curves of initial components and propolis extract and void casein-based carriers.

attributed to the PE melting. Instead, DSC curve of NaCas present an
endothermic peak in the range 73-75°C, attributable to a melting
phenomenon and a relatively wide exothermic peak in the range 299-
318.6°C, related to a decomposition. Similar results were obtained for
void nanocarriers (FV1 and FV2) while a difference was observed PE-
loaded casein-based carriers. The DSC thermograms of FP3 and FP6é
displayed two endothermic peaks in the range 40.9-77.8°C and 43.7-

75.2°C attributable to the PE melting and two sharp exothermic peaks
in the range 329.9-324.3°C and 289-319.1°C ascribed to the NaCas
thermal decomposition. Instead, the DSC thermograms FP1, FP7 dis-
played just the exothermic peak in the range 290.7-322.2°C and
288.8-322.1°C that corresponds to NaCas thermal decomposition.
Even if PE melting peak is not evident, an increase of the slope of the

thermograms probably indicate formation of hydrogen bonds with
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TABLE 3 Melting temperature and enthalpy for void casein-based carriers and PE-loaded selected formulations.
Factor NaCas PE FP1 FP3 FV1 FP6 FP7 Fv2
Teo (°C) 299.4 +6.74A  120.5 290.7 £ 8.16b 40.9 + 1.34e 271.9 + 8.36¢c 43.7 £2.31d 288.8 +8.19b 282.8 +7.19c
+ 3.17B 323.9 289.2
+5.45a +6.73b
Tm (°C) 318.6 + 541A 133.1 322.2+1046b 77.8 £3.52e 316.0 + 7.42¢ 75.2 + 3.20f 3221 +9.43b 3229 +5.36b
+4.33B 324.3 319.1+5.17c
50 £ 1.25C + 6.56a
AH 41.89 £+ 2.61A 7.86 +0.92B 52.27 +9.52b 40.5+2.18 39.16 + 2.15d 50.95 + 3.15¢ 51.66 + 1.65b  33.34 + 1.3%e
(J/g) 82.85 50.59 + 2.44¢
+3.12a

Note: Teo, start of melting temperature; Tm, end of melting temperature, AH, melting enthalpy. Different lower-case letters (among different nanocarriers)
and capital letters (between initial components) indicate a significant difference at p < 0.05 in each row.
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FIGURE 4 Thermogravimetric analysis thermograms of propolis extract and void casein-based carriers.

hydroxyl and ester groups in NaCas and PE as well as hydrophobic
bonds and Van-der-Waals bonds among non-polar sections in colloid
forms. In other research, similar results have also been recorded.®*4*
On the other hand, by comparing the DSC thermogram of PE, void
casein-based carriers (FP1, FP2) and PE-loaded casein-based carriers,
it was realized that width and height of the peaks increased with the
higher ratios of PE applied (i.e., FP1 = 1:10 and FP3 = 1:2.5), while
with the higher ratios of NaCas (i.e., FP6 = 1:10 and FP7 = 1:5), this
efficacy approximately disappeared or severely decreased. These
results were anticipated, whenever NaCas was at higher levels within
carriers compared with PE, PE-loaded casein-based carriers were
envisaged to react uniformly to pure NaCas than to pure PE. Anyway,
it is probable increase in width of the peaks indicates decrease in the
crystallinity or variety of crystals. Moreover, PE melting peak is not
appreciable in all the nano carriers. This phenomenon is probably due
to the thermal effect of the technique or to a non- crystalline encap-

sulation of PE in carriers.

TGA and DTA

Difference in thermograms of casein-based carriers containing PE and
void casein-based carriers (FV1 and FV2) were investigated by TGA
(Figure 4) while the single thermographs are reported as Supplemen-
tary Materials. According to TGA curves, it was found that a small
mass loss exists in all TGA curves along with increasing temperature
(100°C) which is due to sample dehydration. After a consecutive term
of stable mass, a renewed mass loss was observed, at lower tempera-
ture for void protein-based carriers (FV1: 130°C and FV2 = 162°C)
and at higher temperature for loaded nanocarriers (200, 204, 196, and
196°C for FP1, FP3, FP6, and FP7 respectively). The results show PE
presence increases the thermal resistance probably due to the interac-
tions between core and wall materials or the effect of phenol com-
pounds on thermal stability. As shown in the Figure 4, the slopes of
PE-loaded nanocarriers diminished leisurely with temperature com-

pared with void nanocarriers. The higher decomposition temperature
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FIGURE 5 Differential thermal analysis curves of propolis extract and void casein-based carriers.

and thermal resistance was observed for higher PE content. There-
fore, it can be concluded that the addition of PE led to thermal stabil-
ity of protein-based carriers, thus supporting the conclusion of a
positive effect of phenol compounds on thermal stability of protein
nanocarrier. The DTA curves of casein-based carriers containing PE
and void casein-based carriers (FV1 and FV2) are displayed in
Figure 5. The casein-based carriers containing PE (FP6 and FP7) sub-
mitted a similar TGA (three stages) and DTA (two stages) curves at
196°C, 347/349°C, 581/578°C as well as 323 and 488°C, respec-
tively. All the samples, except FP3, exhibited two stages of the ther-
mal degradation; nevertheless, slight differences could be seen
between their thermal patterns. The primary stages apperceived in
the range 25.5-389.74°C, 25.3-409°C, 25°C to 418.84 as well as
25.1-421.48°C (for FP1, FP3, FP6, and FP7 respectively) may be
associated with the dehydration or removal of volatile material, disso-
ciation of -COO groups, and oxidation and depolymerization reac-
tions of amino and carboxylic groups of wall materials (NaCas). In
casein-based carriers containing propolis the second degradation
depicted in the ranges of 389.83-546°C, 409.31-582°C, 419.11-
582°C, and 421.72-582°C (for FP1, FP3, FP6, and FP7, respectively)
may be related to the presence of PE encapsulated in casein-based
carriers. A significantly higher temperature of depreciation was dis-
cerned for casein-based carriers containing PE compared with the
void casein-based carriers which are ascribed to the presence of PE
and stability of PE-loaded nanocarriers with high mobility of its com-
ponents.1 Overall, with the addition of PE, the thermal stability of the
d casein-based carriers was ameliorated and a reduced weight loss of
casein-based carriers containing PE was apperceived in DTA curves.
Finally, the casein-based carriers produced exhibited outstanding
values of TGA and DTA compared with previous investigations® and
these results exhibited that propolis improve the thermal stability of

casein-based nanocarriers.

CONCLUSION

In this study, PE-loaded casein-based nanocarriers was successfully
fabricated aimed for the protection of PE as food supplements. As
seen from results of this work, the PE-loaded casein-based nanocar-
riers had an appropriate particle size, stability, and a good encapsula-
tion depending on PE:NaCas ratio and NaCas content. The results of
XRD, DSC, and TGA/DTA analysis disclosed that PE was capable to
be molecularly disseminated in the polymeric matrix, persuading a sig-
nificantly increase on its thermal stability. Future studies will be
focused on the evaluation of the long/short-term stability of the
nanocarriers, anti-microbial and functional properties. To conclude, PE
encapsulated within casein nanocarriers represented convenient
physicochemical attributes and could provide as bioactive load in

food/medical system.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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