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Abstract: Curcumin is the hydrophobic yellow pigment in turmeric with considerable health-
promoting effects. However, its low water solubility and stability limit its application. In the current
study, curcumin within Persian gum (PG) nanoparticles at 0.5%, 1%, and 1.5% PG concentrations
were encapsulated. The size of the nanoparticles was in the range of 326.0–397.4 nm. Based on
the TEM images of curcumin-loaded nanoparticles, all samples had a spherical shape and existed
in a particular form without aggregation. Encapsulation efficiency was in the range of 86.0–94.0%.
Increasing PG concentration enhanced the encapsulation efficiency of curcumin. PG nanoparticles
provided good protection on curcumin against light, hydrogen peroxide, and acidic pH. The lowest
stability was related to free curcumin, and the highest was related to PG nanoparticles at 1.5% concen-
tration. Curcumin-loaded nanoparticles at 1.5% concentration were added to kefir at 1%, 2%, and 3%
concentrations. No significant differences were observed between acidity, pH, apparent viscosity, and
consistency index of fortified and unfortified kefir samples. All kefir samples showed non-Newtonian
behavior. Feeding rats with fortified kefir samples caused a lower level of low-density lipoprotein
(LDL), total cholesterol (TC), and triglycerides (TG) compared to feeding with a standard diet.

Keywords: encapsulation; curcumin; persian gum; nanoparticles; kefir

1. Introduction

Polyphenols, as the secondary metabolites of some plants such as cereals, vegetables,
and fruits have beneficial effects on human health [1]. Curcumin ((E, E)-1, 7-bis (4-hydroxy-
3-methoxyphenyl)-1, 6-heptadiene-3, 5-ione) is a low molecular weight yellow pigment
in the rhizome of turmeric [2]. It has two ferulic acids bound to carboxyl groups via
methylene bridges [1]. Different advantages have been mentioned for curcumin, including
anti-carcinogenic, anti-inflammatory, anticoagulant, antioxidant, anti-amyloid, and anti-
bacterial effects. It is also used as a coloring and flavoring agent and a preservative
compound [2,3]. Although curcumin has the potential to be used in functional foods, the
application of this low-toxic compound has been limited due to its low stability and low
water solubility (11 mg/L). Encapsulation has been used as an efficient way to overcome
these limitations. Biopolymers capsules are good candidates for delivering low-water
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soluble materials [4]. Sahu, Kasoju and Bora [3] compared the anti-carcinogenic effect
of free curcumin and curcumin encapsulated within bovine casein micelles and reported
a lower IC50 value (14.85 and 12.69 µm for the encapsulated form. In another research
study, loading curcumin into re-assembled casein micelles successfully increased its water
solubility and anti-cancer effect against MCF-7 human breast cancer cells [2]. Encapsulation
of curcumin by spry drying method using gum Arabic as the encapsulating compound
was reported by Bucurescu et al. [5]. Controlled release and increased antioxidant activity
were reported for curcumin after encapsulation within chitosan-gum Arabic particles [6].
Researchers also used gum acacia, almond gum, and liposome-guar gum as carriers for
curcumin [7–9].

Persian gum (PG) or Farsi gum is an arabinogalactan exudate of the wild almond
tree [10]. Persian gum along with other biopolymers such as whey protein isolate [11],
chitosan [12], alginate [13], and maltodextrin [14] has been used for encapsulation of
different bioactive compounds.

Kefir is a traditional milk fermented beverage. Fermentation is carried out by various
bacteria and yeasts present in kefir grains. The products of the fermentation process,
including lactic acid, acetic acid, ethanol, and carbon dioxide, cause unique taste and
organoleptic properties in kefir. Due to containing easily digestible proteins, minerals, and
vitamins, kefir is a health-promoting beverage. Moreover, kefir’s anti-bacterial, anti-fungal,
and anti-tumor properties have been approved in some research [15]. Different sources of
polyphenol compounds have been used to fortify kefir by researchers. Carullo et al. [16]
used Sangiovese cv. pomace seed extract to fortify kefir and reported higher antioxidant
capacity in fortified samples compared to the unfortified ones. Perna et al. [17] used
rosemary essential oil and sulla honey to fortify donkey kefir. They declared that the
antioxidant activity of both types of fortified kefir was higher than the unfortified one
during the storage time. Pine bud syrup was added to kefir at different concentrations
after fermentation as a rich source of polyphenol compound. It was observed that fat
and protein contents and pH decreased after the syrup addition, while total solid content
decreased. The fortified kefir with 10% pine bud syrup had the highest acceptability by
panelists and showed improved consistency and textural properties [18].

There is no report of either using PG individually for encapsulation or enrichment
of kefir with curcumin to the best of our knowledge. This study aimed to encapsulate
curcumin within PG nanoparticles (at different concentrations of PG) to increase curcumin
bioavailability. Particle size, microstructure, encapsulation efficiency, and stability of the
loaded curcumin against extreme conditions were investigated. Then, the particles at the
optimum PG concentrations were added to kefir at three levels to produce a functional
product. Different parameters of the fortified samples, including pH, acidity, rheological
properties, and sensory attributes, were examined. The effect of feeding rats with the
fortified kefir samples on the serum biochemical parameters was also investigated.

2. Materials and Methods

Curcumin powder (purity ≥ 65%) was purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). PG powder was kindly gifted by Dena Emulsion Co. (Shiraz, Iran). Other
chemical substances used in this work were of analytical grades.

2.1. Preparation of Curcumin-Loaded PG Nanoparticles

PG powder was added to distilled water at 0.5%, 1%, and 1.5% (w/v) and stirred for
24 h at room temperature for complete hydration. Curcumin powder was dissolved in
absolute ethanol and then added to the PG dispersions to reach 1% (w/v) concentration, and
the final ethanol concentration reached 0.5%. The mixtures were vigorously shaken using
Ultra Turax homogenizer (T 18 digital ULTRA-TURRAX®, IKA, Germany) at 7000 rpm for
7 min.
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2.2. Particle Size Measurement

Dynamic light scattering (DLS, nanoparticle SZ-100, Horiba, Japan) was used to
determine samples’ intensity-weighted average particle size at 25 ◦C. Samples (0.1 g) were
diluted with distilled water (5 mL) before measurement and then poured into the DLS cell.

2.3. Morphology

The microstructures of curcumin-loaded nanoparticles were investigated using a trans-
mittance electron microscope (TEM, CM-10, Philips, The Netherlands) at an accelerating
voltage of 60 kV. One drop of nanoparticle dispersion was poured onto a copper grid coated
with carbon and then quickly dried. Negative staining of the sample was carried out using
uranyl acetate (3%). Samples were then examined by TEM in a cold box.

2.4. Encapsulation Efficiency (EE)

Encapsulation efficiency was measured based on the method described by Ghay-
our et al. [2]. Four milliliters of curcumin-loaded nanoparticle dispersion was poured into
an Amicon filter with10 kDa MW cut off (Merck, Millipore, Ltd., Tullagreen, Ireland) and
centrifuged at 4000× g for half an hour at ambient temperature. The permeate was mixed
with absolute ethanol to reach a 1:1 water-ethanol ratio, and then absorbance was mea-
sured at 468 nm using a spectrophotometer (Agilent, Santa Clara, CA, USA). A standard
curve was used to determine the concentration of free curcumin based on the measured
absorbance value (to draw curcumin standard curve, different concentrations of curcumin
in ethanol–water solution (1:1) were prepared, and their absorbance were measured at
468 nm). Encapsulation efficiency was calculated using the below equation:

%EE = (Mi − Mf/Mi) × 100 (1)

where Mi is the initial curcumin mass in dispersion and Mf is the free curcumin mass
in permeate.

2.5. Stability Measurement

The free curcumin and curcumin-loaded PG nanoparticles were exposed to extreme
conditions for 5 days to determine the protective effect of PG nanoparticles on curcumin.
For this purpose, dispersions were divided into three groups. The first group of samples
was exposed to light radiation at 600 nm with a 40 cm distance. Samples in the second
group were subjected to oxidative conditions by adding hydrogen peroxide 3%. The
lactic acid was added to the samples in the third group until reaching pH 3 (this pH was
chosen because it is close to the pH of kefir) to examine the effect of acidic conditions.
Curcumin measurement was carried out after 5 days based on Mirpoor et al. [19] so that
the dispersions were added to absolute ethanol at a 1:4 mixing ratio and centrifuged
at 10,000× g for 30 min at room temperature. Then, distilled water was added to the
supernatant containing curcumin until reaching a 1:1 water to ethanol ratio. The absorbance
of samples was measured at 468 nm, and curcumin concentrations were obtained using the
standard curve.

2.6. Kefir Production and Addition of Curcumin-Loaded PG Nanoparticles

Cow milk was pasteurized by heating at 80 ◦C for 30 min and then cooled to 32 ◦C
(incubation temperature). Starter culture was added to milk at 1.5% (w/w) concentration
and fermented for 24 h with stirring at 28 ◦C. When fermentation was completed, curcumin-
loaded nanoparticles (at 1.5% PG concentration as the optimum concentration) were added
to kefir samples at 1%, 2%, and 3% (w/w) concentrations and named as K-1, K-2, and K-3,
respectively. Kefir samples without PG nanoparticles were chosen as the control sample.
The kefir samples were kept at 4 ◦C until use.
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2.7. Acidity and pH Measurements

Acidity (calculated as lactic acid) and pH of all kefir samples were measured one day
after production based on AOAC International (2005) methods [20].

2.8. Rheological Measurement

K-1, K-2, and K-3 samples measured the viscosity of control using a rotational vis-
cometer (DV1 Digital Viscometer, Brookfield, WI, USA) at 25 ◦C. Cylindrical LV4 spindle
was used, and apparent viscosity was determined at 51 s−1 shear rate.

2.9. Sensory Evaluation

Thirty trained panelists evaluated sensory properties (flavor, color, and consistency)
of control, K-1, K-2, and K-3 kefir samples. Each panelist tasted the four types of kefir
samples and gave a numerical value between 1 to 5 for the mentioned sensory properties.
In the end, they scored the overall acceptance of each product (1: dislike very much, 2:
dislike, 3: moderate, 4: like, and 5: like very much).

2.10. Animal Feeding

Twenty 4-week-old male Wistar rats of CL grade (clean animal) and an average weight
of 220 g were obtained from Pastor Institute (Iran). The animals were fed a commercial
chow (Kangqiao Inc., Beijing, China; containing 59% nitrogen-free extract, 32% protein, 5%
fat, 2% fiber, 1.8% Ca, and 1.2% P) over 7 days for adaptation. After that, they were divided
into four groups (five rats within each group). The control group was fed with a standard
diet, and the second, third, and fourth groups were fed with the standard diet + K-1 (1 g),
K-2 (1 g), and K-3 (1 g), respectively. Each rat was kept in an individual metal cage at
controlled temperature and humidity of 32 ± 2 ◦C and 55 ± 5%, respectively. The cycles
of light and dark were 12 h. After 14 days of feeding, blood was obtained for analysis of
biochemical parameters in serum.

2.11. Serum Biochemical Profile

The collected blood samples were centrifuged at 3500× g for 10 min at 4 ◦C to obtain
serum. Measurements of serum total cholesterol (TC), high-density lipoprotein (HDL),
low-density lipoprotein (LDL), triglyceride (TG), total cholesterol (TC), alanine transami-
nase (ALT), and aspartate transaminase (AST) levels were performed using SYNCHRON
Systems (Beckman Coulter Inc., Fullerton, CA, USA).

2.12. Statistical Analysis

The data were reported as the mean of three replicates ± standard deviation. Data
were analyzed by SAS software (version 9.1, SAS Institute Inc., Cary, NC, USA) using
one-way analysis of variance (ANOVA) at a significance level of 5%. Duncan’s multiple
range tests determined significant differences between the results.

3. Results and Discussions
3.1. Particle Size

Particle size affects different aspects of a colloidal system, including stability, rheology,
bio-accessibility, and organoleptic properties. Table 1 shows the particle size of curcumin-
loaded PG nanoparticles. The particle size for different concentrations of PG was in
the range of 326.0–397.4 nm. There were no significant differences between the size of
nanoparticles at 0.5% and 1% PG concentrations. However, increasing PG content to 1.5%
concentration caused a decrease in particle size. Increasing PG concentration led to more
intramolecular interactions between different parts of the PG chains, and therefore, a more
compact and denser structure was created.
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Table 1. Particle size and encapsulation efficiency (EE) of curcumin in curcumin-loaded PG nanopar-
ticles at PG concentrations of 0.5% (PG-0.5), 1% (PG-1), and 1.5% (PG-1.5).

Sample Size (nm) EE (%)

PG-0.5 397.4 ± 25.11 A 86 ± 5.61 B

PG-1 389.1 ± 11.42 A 93 ± 3.42 A

PG1.5 326 ± 24.15 B 94 ± 4.55 A

Different capital letters in each column indicate significant differences (p ≤ 0.05).

Similarly, Bucurescu, Blaga, Estevinho and Rocha [5] reported that increasing gum
Arabic concentration from 10% to 15% decreased the particle size of curcumin-loaded gum
Arabic particles (considering the number distribution) from 0.272 to 0.186 µm. Ghayour,
Hosseini, Eskandari, Esteghlal, Nekoei, Gahruie, Tatar and Naghibalhossaini [2] used three
different concentrations (0.05%, 0.5%, and 1%) of casein micelles for re-assembling and
curcumin encapsulating and reported the most considerable particle size at the lowest
concentration. They explained that 0.05% concentration was below the critical micelle
concentration.

3.2. TEM Micrographs

The TEM micrographs of curcumin-loaded PG nanoparticles at 0.5%, 1%, and 1.5% PG
concentrations are presented in Figure 1a–c, respectively. As can be seen, all particles have
a spherical shape. Additionally, it can be observed that the particles are separated from
each other, and aggregation did not occur. PG has a negative charge, and so, there was a
repulsive force between particles. Based on these TEM images, the size of all nanoparticles
was in the range of 300–400 nm, which confirms the DLS data.
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Figure 1. TEM images of curcumin-loaded PG nanoparticles at 0.5% (a), 1% (b), and 1.5% (c) PG
concentrations.

3.3. Encapsulation Efficiency

The tendency of a ligand to interact with the carrier, the carrier structure, and envi-
ronmental conditions are factors affecting encapsulation efficiency [21]. Based on Table 1,
considerable encapsulation efficiency was observed for all samples, which shows efficient
binding between curcumin and PG. At higher concentrations of PG (1% and 1.5%), the
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encapsulation efficiency increased from 86.0% to 93.0% and 94.0%, respectively. Therefore,
increasing the carrier concentration led to more effective entrapment of curcumin. The
high encapsulation efficiency of curcumin could result from hydrogen bonding between
the carboxyl groups of the hydrocolloid and the hydroxyl groups present in curcumin. Hy-
drophobic interactions between the aromatic rings of curcumin and hydrophobic regions
of PG may also play a role in binding between these two compounds [22].

Similarly, Abreu et al. [23] used chitosan/cashew gum nanogels to encapsulate es-
sential oil and showed that increasing cashew gum concentration increased the encapsu-
lation efficiency. High encapsulation efficiency was reported for curcumin within casein
nanoparticles (more than 99%) and re-assembled casein micelles (97.34%) [2]. The small
differences between the values of encapsulation efficiency in our work compared to that
in the last mentioned one can be attributed to the lower amount of hydrophobic portions
in PG than protein, resulting in less hydrophobic interactions between curcumin and the
encapsulating material.

3.4. Stability

In addition to low water solubility, the sensitivity of curcumin to different parameters
such as heat, pH, ionic strength, radiation, and oxygen can limit its bioavailability [24].
The stability of free curcumin and curcumin loaded in PG particles at 0.5%, 1%, and 1.5%
concentrations were investigated against light, hydrogen peroxide, and pH3, and the results
are shown in Table 2. In all cases, free curcumin showed the minimum stability (59.0%
against light, 22.0% against hydrogen peroxide, and 57.0% at pH3), which means that the
PG shell could provide good protection curcumin against environmental condition and
destructive agents. Increasing PG concentration led to a better protection effect on curcumin
so that the maximum stability was observed at 1.5% concentration (93.0% against light,
89.0% against H2O2, and 92.0% in acidic condition). As mentioned before, at higher PG
concentrations, particles with more compact structures were produced. The compactness
could limit the diffusion of destructive agents and reduce the effect of environmental
factors, imposing a more substantial protective effect on curcumin. In another work,
curcumin’s photo-stability and thermal stability were investigated before and after loading
in algae. The results showed 2.5-fold higher stability after encapsulation [25]. Liang, Zhou,
He, An, Lin, Li, Liu, Chen and Li [24] reported that curcumin stability against UV radiation
for 2 h, heating at 60 ◦C for 30 min, and heating at 80 ◦C for 60 min was increased 2.5-fold,
3.5-fold, and 2.7-fold, respectively after encapsulation within zein-quaternized chitosan
nanoparticles. Enhanced thermal stability [2] and storage stability [6] were also reported
for curcumin after encapsulation.

Table 2. Stability of free curcumin (control) and loaded curcumin in PG nanoparticle at PG concen-
trations of 0.5% (PG-0.5), 1% (PG-1), and 1.5% (PG-1.5) against light, hydrogen peroxide (H2O2), and
acidic pH (pH3).

Sample Light H2O2 pH 3

Control 59 ± 3.21 C 22 ± 1.26 D 57 ± 1.56 C

PG-0.5 82 ± 2.12 B 64 ± 2.36 C 82 ± 3.51 B

PG-1 91 ± 1.75 A 76 ± 2.76 B 87 ± 2.41 A

PG-1.5 93 ± 2.25 A 89 ± 3.65 A 92 ± 2.76 A

Different capital letters in each column indicate significant differences (p ≤ 0.05).

3.5. Acidity and pH of Kefir

Lactic acid is one of the leading products of fermentation. Measuring acidity and pH
in acidic fermented products indicates fermentation activity and production of acids. The
values of titrable acidity and pH in fermented kefir samples depend on different parameters
such as storage time, type of microorganisms in the starter culture, the amount of kefir
grains inoculate that were added, and the chemical composition of milk [26–28]. Table 3
shows the acidity and pH values of control kefir samples and kefir samples fortified with
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1%, 2%, and 3% curcumin-loaded PG nanoparticles (1.5% PG concentration), named K-1
K-2, and K-3, respectively. The acidity of all samples was in the range of 72–79%, and
their pH values were around 4. It can be seen that there were no significant differences
(p ≤ 0.05) between the acidity and pH of different samples. Although PG is a carbohydrate,
it is an unsatisfactory carbon source for the growth of the fermenting microorganisms,
so the added particles remain intact. The pH values of kefir samples prepared with
two types of honey were 3.78 and 4.52, as reported by Doğan [29]. In another study by
Ismaiel, Ghaly, and El-Naggar, 2011, the effect of different carbon sources including glucose,
fructose, sucrose, lactose, cellulose, carboxymethyl cellulose, and starch was investigated
on the titrable acidity of fermented kefir. It was shown that the kefir starters could not
use the added starch, carboxymethyl cellulose, and cellulose as carbon sources, while
lactose was the most effective carbon source, which resulted in the highest titrable acidity.
This result, which was in agreement with our result, confirmed that microorganisms
prefer simple monosaccharides and sugars rather than polysaccharides as carbon sources.
Montanuci et al. [30] studied the effect of inulin addition on pH and titrable acidity of
kefir. They observed no significant differences between the two mentioned parameters in
samples with and without inulin.

Table 3. Acidity, pH, and viscosity parameters of unfortified kefir (control) and kefir samples fortified
with 1% (K-1), 2% (K-2), and 3% (K-3) curcumin-loaded PG nanoparticles.

Sample Acidity pH Apparent
Viscosity

Consistency
Coefficient

Power Law
Index

Control 76 ± 2.83 A 4.05 ± 0.18 A 1.91 ± 0.05 A 0.062 ± 0.005 A 0.044
K-1 74 ± 3.65 A 4.01 ± 0.11 A 1.92 ± 0.03 A 0.065 ± 0.003 A 0.045
K-2 79 ± 4.11 A 3.99 ± 0.12 A 1.94 ± 0.01 A 0.069 ± 0.001 A 0.044
K-3 72 ± 3.46 A 4.02 ± 0.08 A 1.97 ± 0.02 A 0.071 ± 0.002 A 0.046

Different capital letters in each column indicate significant differences (p ≤ 0.05).

3.6. Viscosity

The power-law model (Equation (2)) was used to fit the rheological data in this study.

µ = K γ(n − 1) (2)

where µ shows the viscosity of sample (Pa·s), K shows the consistency index (Pa·sn), γ
shows the rotational speed (s−1), and n shows the flow behavior index or power-law index.
In acidic dairy products, including kefir, the fat globules and casein micelles interact via
van der Waals and electrostatic interactions during fermentation and production of acid
and form a layer. This layer of clusters and aggregates can undergo disruption during
preparation steps such as homogenizing. However, during storage, the layer can be
reformed as the pH of the acidic product is close to the isoelectric point of casein [29].
Based on Table 3, the apparent viscosity and consistency index of control and fortified kefir
samples at 51 s−1 shear rates were in the range of 1.91–1.97 Pa·s and 0.062–0.071 Pa·sn,
respectively. No significant differences (p ≤ 0.05) were observed between the results.
Viscosity is affected by several factors such as solids concentration, particle size, and
conformation. Linear structures have a more predominant effect on viscosity than globular
or spherical structures. The three levels of nanoparticle concentrations added to kefir
samples were not high enough to affect viscosity. The spherical conformation of the
particles (Figure 1) is another reason for the ineffective role of PG nanoparticles on viscosity.
Table 3 also shows that the value of the power-law index was below 1 for all samples,
which indicated the non-Newtonian behavior of kefir samples. Non-Newtonian behavior
of kefir and other fermented milk beverages was also reported by other researchers [29,31].
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3.7. Sensory Evaluation

The results of evaluated sensory properties, including flavor, color, consistency, and
overall acceptance of control and K-1, K-2, and K-3 kefir samples, are shown in Figure 2.
The control sample obtained the highest score (4.1) for flavor, and the K-3 sample obtained
the lowest (2.1), which means that by increasing the amount of curcumin-loaded PG
nanoparticles, flavor acceptance decreased. The color scores were 5, 3, 4.1, and 3.2 for
control, K-1, K-2, and K-3 samples, respectively. The lower color scores for the samples
containing nanoparticles compared to the control one may be attributed to the light-yellow
color of curcumin due to the habit of panelists for kefir with white color. The addition of
nanoparticles increased the consistency of kefir beverages while the lowest consistency
score was obtained by control (2.4), and the highest was related to K-1 and K-4 (4) mainly
due to the role of PG as a hydrocolloid in the water take up and swelling of nanoparticles.
The overall acceptance of control and K-1 samples (score 4) was higher than K-2 and K-3
samples (score 3). Tratnik et al. [32] reported that skimmed milk powder, whey protein
concentrate, and inulin as supplements did not improve the consistency of fermented kefirs
as revealed during sensory evaluation. Irigoyen, Arana, Castiella, Torre and Ibanez [27]
reported that panelists such as kefir with a strong milky taste and odor have more specific
viscosity and consistency. In another work, sensory evaluation of kefir samples revealed
that the best time to consume kefir samples kept at the refrigerator was up to three days
after production.
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Figure 2. Sensory evaluation of unfortified kefir (control) and kefir samples fortified with 1% (K-1),
2% (K-2), and 3% (K-3) curcumin-loaded PG nanoparticles.

3.8. Serum Biochemical Parameters

The results of biochemical parameters of serum of the rats fed with a standard diet (con-
trol) and kefir samples containing different concentrations (1%, 2%, and 3%) of curcumin-
loaded PG nanoparticles are presented in Table 4. The amount of TC was higher in the
rats fed with a control diet (184.66 mg/dL) than the rats fed with K-1, K-2, and K-3 (168.47,
171.28, 175.62 mg/dL, respectively). The amount of HDL was lower in rats fed with a
control diet (43.74 mg/dL) than in the rats fed with K-2 (47.61 mg/dL). There were no
significant differences in HDL levels between other treatments. By increasing the curcumin-
loaded PG nanoparticles concentration, the amount of LDL and TG decreased significantly
(p ≤ 0.05). Transportation of different substances in the blood such as minerals, vitamins,
and hormones as well as maintenance of the balance of osmotic pressure in the blood are
carried out by proteins. High-density lipoprotein and low-density lipoprotein are the pri-
mary cholesterol transporters, and these two lipoproteins carry 40–44% of serum proteins.
High levels of cholesterol and triglycerides for a long time are related to atherosclerosis
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and cardiovascular diseases [33]. As observed, the reduction in LDL was accompanied by a
reduction in total cholesterol. The lower amount of cholesterol after feeding with K-1, K-2,
and K-3 showed that curcumin could limit the cholesterol absorption in the small intestines.
Lower levels of serum cholesterol and TG after long-term treatment with curcumin in
mice were also reported by Shin, Ha, McGregor and Choi [33]. They suggested that the
obtained results could be related to curcumin’s ability to change the nuclear receptors that
are transcriptional regulators for cholesterol and TG metabolism genes.

Table 4. Effect of diet type including standard diet (control), and standard diet + kefir fortified with
curcumin-loaded PG nanoparticles at 1% (K-1), 2% (K-2), and 3% (K-3) concentrations on serum
biochemical parameters.

Sample TC (mg/dL) HDL (mg/dL) LDL (mg/dL) TG (mg/dL) ALT(U/L) AST(U/L)

Control 184.66 ± 4.82 A 43.74 ± 1.76 B 120.55 ± 3.11 A 48.52 ± 2.52 A 31.96 ± 4.16 A 94.12 ± 2.34 A

K-1 175.62 ± 3.24 B 45.34 ± 3.56 AB 114.26 ± 2.64 AB 46.28 ± 2.49 AB 28.72 ± 3.28 A 91.65 ± 1.76 A

K-2 171.28 ± 4.11 B 47.61 ± 2.74 A 110.18 ± 4.29 BC 42.19 ± 3.23 BC 30.41 ± 4.63 A 84.25 ± 2.11 B

K-3 168.47 ± 3.19 B 44.52 ± 2.85 AB 107.59 ± 3.75 C 41.43 ± 3.95 C 28.25 ± 2.96 A 82.39 ± 3.15 B

Different capital letters in each column indicate significant differences (p ≤ 0.05).

In another study, the lowering effect of curcumin on the cholesterol level from LDL
fraction in rats was reported [34]. Measuring AST and ALT shows the physiological status
and their levels in the serum are related to liver damages [35]. Feeding with fortified kefirs
(at any concentration of nanoparticles) compared to feeding with a standard diet did not
affect ALT level in the serum of the rats, and this parameter was similar in all the rats.
These results indicated that PG and curcumin did not impose liver damages in rats. AST
level was lower in rats fed with K-2 and sample K-3 than those fed by K-1 and control,
which shows the positive effect of curcumin at higher concentrations on the health status
of the rats. In another study, a reduction in ALT and AST levels in the serum of rats was
reported after feeding with curcumin [35]. Panahi et al. [36] showed decreased ALT and
AST levels at the end of the trial compared to pre-trial levels. Additionally, increases in
the functionality of bioactive components by encapsulation methods have been reported
previously [37–39].

4. Conclusions

Curcumin was successfully encapsulated in PG nanoparticles with significant en-
capsulation efficiency. DLS data indicated that the particle size was in the nanometer
range. At the highest concentration of PG, nanoparticles showed the smallest size due to
compaction. TEM images showed that the nanoparticles were spherical, and aggregation
did not occur between them due to repulsion. The PG shell provided good protection on
curcumin against light, hydrogen peroxide, and acidic conditions. The addition of PG
nanoparticles to kefir beverages did not change the samples’ viscosity, acidity, and pH
compared to the control kefir. Feeding rats with standard diet and kefir samples containing
different concentrations of curcumin-loaded PG nanoparticles showed reduced LDL, TG,
and TC levels in the serum of rats fed with fortified kefir samples, which confirmed the
health-promoting effect of fortified kefir samples. Sensory evaluation of samples indicated
that an increase in the concentration of nanoparticles in kefir decreased overall acceptance.
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