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Abstract: Saffron extract was encapsulated into a gelatin matrix by means of electrospinning and
freeze drying techniques and the degradation kinetics of bioactive compounds were evaluated during
their storage at 4, 24, and 35 °C as compared to non-encapsulated control. The encapsulation efficiency,
thermal properties, storage stability, morphology, and diameter distribution of the encapsulated
saffron extract were evaluated as output parameters. In general, both encapsulation techniques
demonstrated superior retention of bioactive compounds compared to samples without encapsulation
during the entire storage period. Electrospinning and freeze drying techniques were able to retain
at least 96.2 and 93.7% of crocin, respectively, after 42 days of storage at 35 °C with the 15% saffron
extract. The half-life (t; ;) time parameter for the control sample (with 15% saffron extract without
encapsulation) was 22 days at 4 °C temperature, while that encapsulated by electrospinning was
138 days and that obtained for freeze drying was 77 days, The half-lives were longer at lower
temperatures. The encapsulation efficiency of crocin, picrocrocin, and safranal associated with the
electro-spun gelatin fibers were 76.3, 86.0, and 74.2%, respectively, and in comparison, the freeze
drying encapsulation efficiencies were relatively lower, at 69.0, 74.7, and 65.8%, respectively. Electro-
spun gelatin fibers also had higher melting and denaturation temperatures of 78.3 °C and 108.1 °C,
respectively, as compared to 65.4 °C and 93.2 °C, respectively, for freeze-dried samples. Thus, from
all respects, it was concluded that electrospinning was a better and more effective technique than
freeze drying in terms of preserving saffron bioactive compounds.

Keywords: gelatin; saffron; bioactive compounds; differential scanning calorimetry; encapsulation
efficiency; scanning electron microscopy

1. Introduction

Saffron, a natural source of red to orange pigments, obtained from the dried red
stigma of Crocus sativus L., is one of the most expensive spices in the world. Saffron is
cultivated in mild and dry climates. The main producers of saffron are Iran, Greece, India,
Spain, Turkey, Morocco, Italy, China, Turkey, Azerbaijan, Egypt, and Pakistan [1]. Saffron
is used extensively in different industries such as food, cosmetics, and pharmaceuticals
due to its coloring, taste, aroma, antioxidant, and therapeutic properties (anti-cancer, anti-
depression, anti-spasmodic, and carminative). Three major compounds of saffron—crocin,
picrocrocin, and safranal—are responsible for its color, aroma, and flavor, respectively [2].
This flavoring spice is quite expensive; nevertheless, its consumption is increasing be-
cause of its sensory and functional properties and bioactive compounds. Compounds of
saffron are predominantly unstable and the degradation rate of crocin, picrocrocin, and
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safranal influenced by several product and processing conditions: encapsulation processes,
processing conditions, moisture, proteins, metallic ions, pH, light, enzymes, oxygen, and
storage temperature [3]. Therefore, bioactive compounds of saffron should be appropriately
controlled and protected against different factors to minimize their loss during processing
and storage.

Encapsulation is a technique that can entrap bioactive compounds within a protective
shell [4]. Encapsulation of bioactive ingredients decreases the loss of volatile components
and the rate of evaporation during the drying process. Additionally, encapsulation is an
effective method to improve the solubility and storage stability of bioactive compounds [5].
Through the encapsulation process, the sensitive compounds are entrapped in a core
surrounded by a protective shell of another material (wall) [6]. Different methods are
followed in the food industry for encapsulation: physical methods (freeze drying, spray
drying, spray cooling and chilling, fluidized-bed coating, co-crystallization, and extru-
sion), chemical methods (molecular inclusion and interfacial polymerization) and physico-
chemical methods (organic phase separation, coacervation, and liposome entrapment) [7].
Garavand, et al. [8] observed that encapsulation techniques are favored when intended
to protect the bioactive compounds of saffron. Microencapsulation (spray drying, freeze
drying, extrusion, and emulsion systems) and nanoencapsulation (nanoemulsions, solid
lipid nanoparticles and nanodispersions, nanohydrogels, electrospinning, and nanospray
drying) procedures have been investigated for saffron bioactives. Azarpazhooh, et al. [9]
demonstrated a successful application of the freeze drying encapsulation process for
pomegranate peel bioactives that achieved good storage stability.

The most suitable techniques for encapsulation of all heat-sensitive bioactives that
are water-soluble and unstable in aqueous solution is freeze drying [10,11]. Encapsulation
Freeze drying has four stages including freezing, sublimation, desorption, and finally
storage [12]. The freeze drying step can protect the properties of these material such as
dimensions, appearance, shape, color, taste, texture, and flavor [13]. Maltodextrin, gum
arabic, whey protein, and emulsifying starches are used extensively in the freeze drying
encapsulation of food ingredients. Buffo and Reineccius [14] reported that encapsulated
freeze-dried products had the most desirable properties as compared to products subjected
to spray drying, drum drying, and tray drying. Zuidam and Shimoni [15] found that during
the freeze drying process, a high-porous barrier is formed between the active compound
and its surrounding environment. Ahmadian, et al. [16] evaluated different drying methods
and wall structures on the physicochemical characteristics of microcapsules of saffron
petal extracts. They demonstrated that higher amounts of pectin in the wall material in
combination with spray drying favored an increase in the encapsulation efficiency and
retention of polyphenols and the antioxidant activity of microcapsules. On the other hand,
the stability of microcapsules produced by the pectin wall material and freeze drying
was better.

Electrospinning is a method to produce fibers with nano- to micro-meter size particles
using electrostatic forces to shape a polymer solution into a fiber format. Electro-spun fibers
show unique properties including a large surface area to volume ratio and high porosity.
These properties provide a good opportunity to entrap the bioactive compounds with high
encapsulation efficiency and also to improve the stability of encapsulated compounds [17].
Electrospinning can be influenced by polymer solution properties (surface tension, vis-
cosity, and electrical conductivity), processing parameters (applied voltage, the distance
between the needle and the collector, and different types of needles and collectors) and
environmental conditions (temperature, moisture, and relative humidity). Furthermore,
there are other methods to produce nanofibers including surface grafting polymerization,
polymer phase separation, atomic layer deposition, and electrospinning [6,18,19]. The
electrospinning technique has some advantages over the other techniques such as low
start-up costs, an absence of heat during the spinning process, and the simplicity of the
instrument setup [20,21]. Electro-spun fibers have gained strong commercial and academic
attention and have been used effectively in many applications including tissue engineering,



J. Compos. Sci. 2021, 5, 326

30f20

air and water filtration membranes, protective clothing, artificial organs, thermal energy
storage, and drug delivery [20,21]. However, the electrospinning technique is relatively
new for the encapsulation of bioactive materials and their applications in different food
industries. Electro-spun fibers offer an excellent choice as a carrier to encapsulate bioactive
compounds because of their small diameter and organized structure [22]. Thus, in the area
of food, electro-spun fiber has a strong potential to be used in the packaging, encapsulation,
and controlled release of food ingredients [23]. Saffron consists of safranal, crocin, and
picrocrocin as bioactive compounds. Esfanjani, et al. [24] and Rajabi, et al. [25] evaluated
different types of wall materials for the encapsulation of the three bioactive compounds of
saffron using the spray drying method in order to attain higher encapsulation efficiency.
Electrospinning has been used for the encapsulation of other carotenoids as well. For
instance, Horuz and Belibagli [26] demonstrated the use of the electrospinning technique
for the encapsulation of total carotenoids such as lycopene and (3-carotene extracted from
tomato peel in order to stabilize them into gelatin nanofibers. Dehcheshmeh and Fathi [5]
used electro-spun zein and tragacanth to improve the thermal properties and stability of
safranal, which is the main volatile oil of saffron. The encapsulation of saffron extract,
which includes three different bioactive compounds, is a more complex procedure.

It was recommended to use natural polymers for the encapsulation of bioactive com-
pounds in the food industry due to their biocompatibility and non-toxicity as compared
to synthetic polymers [27,28]. Electro-spun fibers have been successfully produced from
natural polymer solutions such as gelatin, pectin, alginate, tragacanth, chitosan, pullulan,
amaranth protein, and zein [19,22,26,29]. Gelatin is used extensively as a wall material for
the encapsulation of bioactive compounds due to its unique properties such as hydration
(solubility and swelling), gelling (texturizing, gel formation, water binding capacity, and
thickening) and surface behavior (film-forming capacity, emulsion formation, and stabiliza-
tion). Other advantages of gelatin are its relatively low cost, availability, and acceptance by
the food industry [30]. Maftoonazad, et al. [31] recently developed and evaluated antibac-
terial electro-spun pea protein isolate-polyvinyl alcohol nanocomposite mats incorporated
with cinnamaldehyde to provide bacterial protection. Food-derived and food-approved
solvents should be used for the encapsulation of materials with food-related applications,
although during the fiber generation process, it is generally assumed that the solvent is
mostly evaporated [29]. Finally, since bioactive compounds of saffron are susceptible to
degradation when stored for extended times at different temperatures, they need to be
protected during processing and storage.

The main objective of this research was to develop and evaluate the encapsulation
of bioactive compounds of saffron extract at different concentrations (5, 10, and 15% w/w)
using two different techniques (freeze drying and electrospinning). The encapsulation
efficiency, thermal properties, morphology, and diameter distribution of the encapsulated
and non-encapsulated samples were determined as performance indicators. The storage
stability of crocin was studied at different temperatures (4, 24, and 35 °C) for up to 42 days.

2. Materials and Methods
2.1. Materials

Saffron was obtained from a Persian supermarket in Montreal, Canada. Type A
gelatin powder from bovine skin, formic acid, and magnesium chloride were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of Saffron Extracts

For the extraction of saffron bioactive compounds, the procedure of Selim, et al. [32]
was followed with some modifications. A quantity of 12 g of saffron powder was mixed
with 500 mL water in a dark colored bottle under continuous shaking in an incubator
(Gravity Convention Incubator, Precision Scientific, Inc., Winchester, VA, USA) at 25 °C
for 24 h. The extract was centrifuged (IEC-Centra® CL2, Needham Heights, MA, USA)
at 2000x g for 15 min followed by filtration under vacuum. The prepared extract was
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freeze-dried at —30 °C (freeze-drier VirTis Co., Gardiner, NY, USA) for 6 days. Some
additional details about the freeze drying process are detailed in Section 2.5.2. The freeze
dried powders were kept in a dark colored bottle at —18 °C until use.

2.3. Preparation of Polymer Solution

Gelatin solution (25% w/w) was prepared by dissolving gelatin powder in formic acid
followed by the addition of three different concentrations (5, 10, 15% w/w) of freeze-dried
saffron extract powder to the gelatin-formic acid solution. These solutions were named
Ge-55%, Ge-510%, and Ge-515%, respectively. A gelatin solution without saffron extract
was also prepared for the production of gelatin fiber as a control sample. All solutions were
stirred with a magnetic stirrer (120 rpm) for about 1 h at room temperature [26].

2.4. Rheological Properties of the Polymer Solution

The rheological properties of the polymer solutions were measured using a controlled
strain cone and plate geometry rheometer (TA instrument, New Castel, DE, USA) at
25 °C £ 1. The plate diameter and the cone angle were 40 mm and 2°, respectively. The
shear rate was ramped from 1 to 100 s~ 1in 60 s. The shear stress (t) and shear rate (y)
data were gathered (Maftoonazad et al., 2019). The shear stress, shear rate and apparent
viscosity data were analyzed by the power law model using Equation (1) for different
shear rates:

n=k i)™ M)

where 1 is apparent viscosity (Pa-s).

2.5. Encapsulation Process
2.5.1. Electrospinning

Polymer solutions were electro-spun using an electrospinning instrument (Invenso
Inc., Istanbul, Turkey) as detailed in Maftoonazad, Shahamirian, John and Ramaswamy [31].
Briefly, a 10 mL disposable plastic syringe containing the polymer solution was connected
to the stainless steel needle with an internal diameter of 16 um, and the needle was directed
toward the collector. The plastic syringe was placed horizontally on a digitally controlled
syringe pump that was equipped with a variable high-voltage 0-30 kV power supply. The
positive electrode of the power supply was attached to a stainless-steel needle, while the
ground electrode was connected to the steel collector covered with nonstick aluminum foil.
The polymer jet was generated from the Taylor cone that travelled in the air and it collected
on the stainless steel collector plate. Electrospinning parameters (feed rate, applied voltage,
and tip to collector distance) were fixed after carrying out some preliminary tests. The feed
rate, applied voltage, and tip to collector distance were maintained at 2 mL/min, 18 kV,
and 15 cm, respectively. The electrospinning process was conducted at 25 + 1 °C under
40% relative humidity in the laboratory. After electrospinning, fibers were removed and
kept at —18 °C until use for characterization analysis.

2.5.2. Freeze Drying Procedure

In this technique, after preparation of gelatin solutions with and without saffron
extract, all liquid samples were frozen in a freezer (top-freezer refrigerator Rona Co.,
Boucherville, QC, Canada) (—18 °C) for 24 h and subsequently at —80 °C for 24 h. The first
stage of drying was performed by keeping the product at a pressure of 0.42 mbar at 30 °C.
The second stage of drying was carried out by reducing the pressure to 0.05 mbar and
increasing the shelf temperature to 40 °C. To monitor the process, a type T thermocouple
and also a Pirani gauge were used.

After removing the samples from the freeze-dryer chamber, dried specimens were
ground by a pestle and mortar, followed by sieving of the powders using a stainless steel
sifter with a 0.71 mm mesh. Freeze-dried powders were stored in amber glass jars in a
freezer (—18 °C) until further use.
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2.6. Characterization of Electro-Spun Fibers and Freeze-Dried Powders
2.6.1. Scanning Electron Microscopy

The morphology and diameters of the electro-spun fibers and freeze-dried particles
were analyzed by means of scanning electron microscopy (S-4700 FEG-SEM, Hitachi Ltd.,
Mississauga, ON, Canada) at room temperature. For electro-spun samples, a small amount
of fiber mat (5 X 5 mm) was placed onto specimen stubs using a two-sided adhesive tape
with accelerating voltage of 5 kV and photographed at different magnifications. Fiber
diameter distribution was determined by randomly counting 110 parts of fiber per SEM
image using the Image J analysis software [31].

2.6.2. Determination of Encapsulation Efficiency

Encapsulation efficiency (EE) was determined according to the methods described by
Esfanjani, Jafari, Assadpoor and Mohammadi [24] and Aceituno-Medina, Mendoza, La-
garon and Lopez-Rubio [29] with some modifications, which were based on the differences
in the light density of soluble bioactive compounds of saffron extract at three different wave-
lengths. For calculation of the amount of encapsulated crocin, picrocrocin, and safranal in
gelatin fibers or gelatin particles (Ct), approximately 3 mg of sample was added into 5 mL
of ethanol-hexane mixture (50:50, v/v) and stirred at 12x g during 10 min to remove the
free saffron extract from the surface of the encapsulated fibers or encapsulated particles.
Then, the mixture was centrifuged at ~2000x g for 10 min at room temperature to separate
the sample from the solution. The precipitated sample was collected and placed in a beaker
with 5 mL distilled water. Then, it was stirred for 10 min at 12x g to dissolve the fibers
or particles in order to release the encapsulated bioactive compounds of saffron from the
gelatin membrane. The absorbance of this solution was read at 440, 330, and 257 nm using
a UV-Vis spectrophotometer (SP-3000nano, OPTIMA, Japan) equipped with quartz cells
to measure the amount of encapsulated crocin, safranal, and picrocrocin in gelatin fiber
or particle, respectively. Absorption measurements were conducted in triplicate for each
compound. The results were expressed as A%Z/;n(Amax) according to Equations (2) and (3)
for the calculation of EE of different bioactive compounds of saffron [24].

To measure the amount of crocin, safranal, and picrocrocin, saffron extract solution
(1% w/v) was prepared by dissolving 1 g saffron extract in 100 mL distilled water at room
temperature. The mixture was stirred continuously with mechanical stirring at 12x ¢ for
15 min until the saffron powder completely dissolved. The amount of crocin, safranal,
and picrocrocin in the saffron extract was measured by reading the absorbance of the
prepared saffron extract solution through UV-Vis spectrophotometry at 440, 330, and
257 nm, respectively. The results were calculated based on Equation (3).

EE (%) = (C¢/Cp) x 100 @)

Cpand C; = Al (Amax) = (A x 10,000)/(m x (100 — H)) ©)

lcm

where C; is the amount of encapsulated crocin, picrocrocin, and safranal in the gelatin fiber
or gelatin particle; Cy is the initial amount of crocin, picrocrocin, and safranal in the saffron
extract; Amax is the maximum absorbance of crocin, safranal, and picrocrocin at 440, 330,
and 257 nm, respectively; A is the absorbance value of picrocrocin, safranal and crocin at
the specific wavelength; m and H are the sample weight (g) and the moisture content of
the sample, respectively [24]. The moisture contents of all the powders were evaluated by
using the vacuum dying method [33].

2.6.3. Stability of Encapsulated Saffron under Accelerated Storage Condition

Encapsulated saffron extract powder in gelatin fibers by electrospinning and freeze
drying techniques and the non-encapsulated extract (as a control sample) were transferred
to plastic centrifuge tubes and kept in sealed desiccators with saturated salt solutions of
magnesium chloride at 33% relative humidity. Then, desiccators were stored in 4, 24 and



J. Compos. Sci. 2021, 5, 326

6 0f 20

35 °C in the absence of light for up to 42 days to study the effect of temperature on the
storage stability of crocin in the saffron extract.

To measure the loss of encapsulated and un-encapsulated crocin during storage, the
same procedure was followed for sample preparation as explained in Section 2.6.2. The test
was conducted after 7, 14, 21, 28, 35, and 42 days storage. The UV-Vis spectrophotometer
(SP-3000nano, OPTIMA, Tokyo, Japan) was used to measure the change in the retention of
encapsulated and un-encapsulated crocin. In fact, crocin was expressed based on changes
in the light density of this compound at 440 nm (ISO/TS 3632 procedure, 2003). The
amount of this compound was calculated using Equation (3).

2.6.4. Thermal Properties

The thermal behavior of the saffron extract and neat gelatin powder, as well as the
electro-spun gelatin fibers and freeze-dried gelatin particles with and without saffron
extract, was analyzed using a differential scanning calorimeter (Pyris DSC-6 Perkin Elmer
Ltd., Norwalk, CA, USA). In this experiment, quantities of about 6-7 mg of the samples
were weighed and placed in an aluminum pan. The sealed samples were heated over a
range from 20 to 200 °C at a scanning rate of 10 °C/min under nitrogen gas flow (Shao et al.,
2007 [34]). An empty aluminum pan was considered as a reference. Thermal property
measurements of the samples were conducted in triplicate.

2.6.5. Kinetics of Degradation of Crocin in Saffron Extract

To study the degradation kinetics of encapsulated crocin in gelatin matrix and non-
encapsulated crocin in saffron extract powder, samples were stored at different conditions
based on the procedure that was explained in detail in Section 2.6.3. Degradation rate
constants (k) was determined from the slope of a plot of the logarithm of crocin retention at
a given temperature against time. The half-life (t; ) was also calculated from the k value
using Equations (4) and (5):

Cq =G exp (kd) 4)

tl/Z =—In 05/1( (5)

where C; is the initial concentration of crocin in saffron extract and Cy is the saffron extract
concentration after storage for a period of time (days), while k is the first-order kinetic
constant [34].

2.7. Statistical Analysis

The results were analyzed statistically using SPSS Version 25 (SPSS Inc., Chicago, IL,
USA). One-way analysis of variance and Tukey’s test at the confidence level of p < 0.05
were applied to determine the significant difference in the average encapsulation efficien-
cies, thermal behaviors, storage stabilities, and diameters of electro-spun gelatin fibers
or freeze-dried powders with and without saffron extract. The results were represented
as mean = standard deviation in the form of figures and tables. Each sample was tested
in triplicate.

3. Results and Discussions
3.1. Apparent Viscosity of Polymer Solutions

The flow curves (shear stress/shear rate) for the different polymer solutions are shown
in Figure 1; they clearly demonstrate a Newtonian behavior (linear relationship between
shear rate and shear stress). Table 1 summarizes the viscosity data of gelatin solutions
with different concentrations of saffron extract. Rheology data (Table 1) indicated that the
addition of saffron extract to the gelatin solution slightly altered the viscosity of the solution;
however, no significant differences (p > 0.05) were found between different treatments since
the formic acid used in the solution maintained the gelatin solution rather that it becoming
diluted at room temperature.
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Figure 1. Shear stress vs. shear rate curves for gelatin solution with different concentrations of the
saffron extract (5-15%) and control (without saffron extract).

Table 1. Viscosity of gelatin solutions, gelatin fibers, and gelatin particle diameters with and without
saffron extract.

Encapsulation Technique Sample Diameter (um) Viscosity (Pa.s)
Ge fiber 0.75+0.34 4 1.87 £0.02°
Electrospinning Ge-S5% 1.0540.69 1.90 £0.03 2
Ge-510% 1.70 £0.95° 1.98 £0.02°
Ge-515% 2.04+1.072 1.98 £0.05%
Ge particle 152 + 40.6 ° 1.87 £0.02°
-S59 b
Freeze drying Ge-S5% 163 +57.2 1.90 £0.032
Ge-S10% 195 £ 68.7 2 1.98 £0.022
Ge-515% 217 +86.1° 1.98 +£0.05°

Small letters within the same column indicate significant differences (p < 0.05).

3.2. Scanning Electron Microscopy (SEM)

The morphology and diameter (particle size) distributions of fibers and freeze-dried
particles evaluated by scanning electron microscopy are shown in Figure 2 with SEM images
of electro-spun gelatin fibers and freeze-dried particles with and without the saffron extract.
The results show that during the electrospinning process, the bioactive compounds of
saffron dispersed uniformly and did not cause any phase separation. SEM images 2a to
2d demonstrated that all fibers were smooth, bead free, and homogeneously distributed.
In addition, no significant differences were observed between the morphology of fibers
containing saffron extract as compared to gelatin fibers without saffron extract (control).

The particle size/shape distribution an important property of powders. Freeze-dried
gelatin particles with and without the saffron extract showed similar morphologies with
irregular structures, surface dents, and indentations (Figure 2e-h). These figures show
that all samples with saffron extract had breakages, cracks, and holes on the surface of
particles due to the mechanical pressure during the grinding process, as also observed
in [9]. Kaushik and Roos [35] reported that the presence of dents and cracks on the surface
of freeze-dried particles influence the powder flowability, encapsulation efficiency, and
storage stability of encapsulated compounds. Therefore, morphological differences can
influence the encapsulation properties because differences in the surface area of the wall
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material lead to the degradation of the encapsulated compounds [36]. A specific/standard
protocol may need to be adopted in industry to produce a product of consistent quality.
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Figure 2. SEM images of (a) Ge fiber-S5%, (b) Ge fiber-510%, (c) Ge fiber-S15%, (d) Ge fiber-50% (at 2000 x magnification),
(e) Ge particle-S5%, (f) Ge particle-S10%, (g) Ge particle-515%, and (h) Ge particle-50% (at 100x magnification).
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Table 1 also indicates the effect of saffron extract concentration on fiber and particle
size (diameter). Fiber diameter provides important information about the uniformity of
the fibers. The results show that through the addition of saffron extract to the neat electro-
spun gelatin fiber, the diameters of fibers increased significantly (p < 0.05). Besides, by
increasing the concentration of saffron extract from 5 to 15%, the average diameter of the
fibers increased significantly (p < 0.05) from 1.05 & 0.69 um to 2.04 & 1.07 pum, respectively.
The thicker diameters of electro-spun gelatin fibers at higher concentrations of saffron
extract are likely to be due to the increased solid contents in the feed solution. The same
results were also reported by Horuz and Belibagl [26], who observed that fiber diameters
increased significantly as a result of the addition of tomato peel extract to the electro-
spun gelatin fibers. Shao, et al. [37] found that higher concentrations of tea polyphenols in
pullulan-CMC electro-spun fibers resulted in thicker fiber diameters with higher uniformity.
Suwantong, et al. [38] reported that fiber diameters can be affected by the viscosity of the
solution. Therefore, higher viscosity is expected to result in thicker fiber diameter. The
static charges also influence the fiber diameter through the electrospinning process [26].
They affect the whipping motion on a jet surface via a reduction in the conductivity of the
polymer solution leading to an increase in the capacity of the polymer solution on the tip
of the needle [39]. As a result, electro-spun fibers with thicker diameters will be produced.

Powder particles demonstrated a larger size range, with particle size distributions
ranging from 151 =+ 40.6 to 217 £ 86.1 um (Table 1). The results show that by increasing the
concentration of saffron extract from 5 to 15%, the size of particles increased significantly
(p < 0.05). According to Table 1, the average particle size for samples containing 15% saffron
extract was 217 &+ 86.1 pum, which was significantly higher than those obtained with 5%
(163 £ 57.2 um) and 0% (152 = 40.6 um) saffron extract concentration. Additionally, the
shape, size, and morphology of the matrix were affected by encapsulation techniques, due
to the different conditions in each method.

Khazaei, et al. [40] reported that freeze drying can change the original morphology
of material due to the lyophilisation process. The results of this study were in agreement
with those of [25,41] who found that the size of particles increased when the total solids
content increased in the polymer solution. This phenomenon can be explained by the
viscosity of the solution, which increases through the addition of higher amounts of solids.
Chranioti, et al. [42] encapsulated saffron extract in different polysaccharide gums using
the freeze drying method and found that the samples had an amorphous glass-like structure
that resulted in the preservation of the encapsulated compounds against oxygen and heat.

3.3. Encapsulation Efficiency (EE)

One of the main quality parameters of encapsulation that distinguishes the potential of
a wall material to protect the core material inside the capsule is encapsulation efficiency [43].
Table 2 shows the effects of saffron extract concentrations on the encapsulation efficiency
of crocin, picrocrocin, and safranal in electro-spun gelatin fibers and freeze-dried gelatin
particles. The results show that by increasing the concentration of saffron extract, the
encapsulation efficiency of the three major components of saffron into gelatin increased
significantly (p < 0.01). The concentration of saffron extract had a positive effect on the
encapsulation efficiency in both techniques.

The encapsulation efficiency of picrocrocin in electro-spun gelatin fibers was 71.2 £ 1.36,
79.0 + 0.95, and 86.0 &= 1.0 at the concentrations of 5, 10, and 15% of saffron extract,
respectively. Regarding safranal and crocin, their encapsulation efficiencies varied from
63.5 + 0.55to 74.2 £ 0.68 and from 68.0 & 0.78 to 76.3 & 1.52, respectively, by increasing
the saffron extract concentration. The encapsulation efficiency of picrocrocin was, there-
fore, significantly (p < 0.05) higher than safranal and crocin at a specific concentration of
saffron extract.

The amount of crocin, picrocrocin, and safranal trapped into the freeze-dried gelatin
matrix was 69.0, 74.7, and 65.8%, respectively, at 15% saffron extract, clearly lower than
observed with electro-spin technology. The gelatin matrix retained the highest (p < 0.05)
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amount of picrocrocin, as compared to crocin and safranal, independently of the saffron
extract concentration. The lowest value, 51.7 to 65.8%, of encapsulated safranal as the
volatile compound as compared to 59.2 to 69.0 and 62.6 to 74.7% for crocin and picrocrocin,
respectively, was related to its sensitivity and instability during the encapsulation procedure.

Table 2. Effect of different concentrations of saffron extract on the encapsulation efficiency of crocin, picrocrocin, and
safranal through electrospinning and freeze drying encapsulation techniques.

Encapsulation Technique Sample EE% of Picrocrocin EE% of Safranal EE% of Crocin
Ge-S5% 71.2 + 1.36 24 63.5 + 0.55 2B 68.1 + 0.78 2C

Electrospinning Ge-S10% 79.0 + 0.95 bA 67.8 + 1.06 °¢ 71.5 + 0.66 B
Ge-515% 86.0 & 1.00 A 742 + 0.68 B 76.3 + 1.52 B

Ge-S5% 62.6 & 0.50 <A 51.7 + 1.15<C 59.2 4+ 1.00 B

Freeze drying Ge-510% 68.7 + 0.57 bA 59.7 + 2.08 bB 61.6 & 0.53 bB
Ge-515% 747 +1.153A 65.8 & 0.76 € 69.0 + 0.95 2B

Small letters within the same column for each method indicate significant differences (p < 0.05). Capital letters within the same row for
each method indicate significant differences (p < 0.05).

The results showed that during the electrospinning and freeze drying process, almost
70 and 60% of the saffron extract could be encapsulated into gelatin, respectively; however,
the encapsulation efficiency of the freeze drying technique was lower than that of the
electrospinning technique, which might be due to the changes in morphology caused by
the freeze drying process. In fact, mechanical stress during the grinding procedure might
also have broken the wall material (gelatin) that entrapped the bioactive compounds of
saffron and led to the release of encapsulated compounds. Therefore, the encapsulation
techniques were demonstrated to be fundamental in terms of the efficacy of encapsulation.
An earlier study also showed the electrospinning technique to be more effective for the
encapsulation of bioactive compounds with the highest retention of the core material
inside the wall material and less quantity on the surface of nanofibers compared to other
encapsulation methods such as coacervation dispersion and emulsification [44].

The results of this study were very comparable to those reported by Dehcheshmeh and
Fathi [5] for the encapsulation of safranal into a zein-tragacanth nanofiber. They also found
that by increasing the concentration of saffron extract from 5 to 10%, the encapsulation
efficiency (EE) increased from 68 to 90% in zein-tragacanth nanofiber. Our findings are
also in agreement with the results of Horuz and Belibagh [26], who reported that a higher
concentration of carotenoid extract from tomato peel resulted in a higher EE of carotenoid
in gelatin nanofiber when using the electrospinning technique. Thus, it can be concluded
that the encapsulation efficiency was largely dependent on the core material concentration.

Rajabi, Ghorbani, Jafari, Mahoonak and Rajabzadeh [25] reported that the encapsula-
tion efficiency of three different bioactive compounds of saffron was increased by increasing
the total solids content in the polymer solution due to the reduction in the emulsion droplet
size. Ballesteros, Ramirez, Orrego, Teixeira and Mussatto [36] demonstrated that encap-
sulation efficiency was strongly affected by different types of encapsulated compounds.
Therefore, it can be concluded that the specific concentration of saffron extract as a core
material, the use of different types of bioactive compounds of saffron extract, and the use
of different encapsulation techniques had a significant effect on the EE of saffron within
the gelatin.

Two-way ANOVA showed that the encapsulation efficiency was significantly affected
by the concentration and type of bioactive compound in saffron (p < 0.05). It was also
found that there was an interaction between the concentration and bioactive compounds
of saffron that influenced the encapsulation efficiency (p < 0.01).

3.4. Thermal Analysis

One of the simplest methods for illustrating the compatibility of polymer is differential
scanning calorimetry (DSC) [37]. In this study, DSC was used to investigate the effect of the
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concentration of saffron extract on the thermal behavior of electro-spun gelatin fibers and
freeze-dried gelatin particles. The melting temperature (Tp,), denaturation temperature
(T4), and enthalpy (AH) of saffron extract and gelatin fibers with and without saffron
extract are presented in Table 3. All samples showed an endothermic peak due to the
breakage of hydrogen bonds [37]. The denaturation temperature (T4) measures the thermal
stability of protein [45]. Therefore, denatured protein shows low T4, while compact and
tight protein molecules in a network structure indicate high T4 [46]. Melting temperature is
another thermodynamic property of materials. It is related to the beginning of denaturation.
The melting temperature measures the thermal stability of materials. Thus, it will be high
at high thermal stability [46].

Table 3. Thermal properties (melting temperature, denaturation temperature, and enthalpy) of
electro-spun gelatin fibers and freeze-dried gelatin particles with and without saffron extract.

Encapsulation Technique Sample Tm (°C) Td (°C) AH (J/g)

Saffron extract 32.14+234b 36.1 £3.31°¢ 27.1 4 1.66 4

Ge fiber 465+4.06° 87.7+573P 415+ 8662

Electrospinning Ge-S5% 55.4 +2.54b¢ 901 +£6.35P 340 +19.9°¢
Ge-510% 65.7 £5273b 994 4 572ab 3554 10.1 be

Ge-515% 783 4+ 7.632 108 +7.312 3864 5.224b

Saffron extract 32.1+£234Pb 36.1 £331°¢ 271 +1.664

Ge particle 36.7+3.89b 738+ 377b 860+ 4.552
Freeze drying Ge-S5% 422+578b 791 +5653 761 +4.453b
Ge-510% 5794+ 6432  8934+10.12P 665+ 522bc

Ge-515% 65.4+4622 93247252  612+347°¢

Small letters within the same column of each method indicate significant differences (p < 0.05). Capital letters
within the same row of each method indicate significant differences (p < 0.05).

The melting temperature, denaturation temperature, and enthalpy of pure saffron
extract powder appeared at 32 °C, 36 °C, and 27 J /g, respectively (Table 3). These values
were significantly lower than the T, T4, and enthalpy of encapsulated 15% saffron extract
in the gelatin matrix. In this study, the melting temperatures of 5, 10, and 15% encapsulated
saffron extracts in electro-spun gelatin fibers were 55.4, 65.7, and 78.3 °C, respectively,
while the melting temperatures of the encapsulated saffron extracts in freeze-dried gelatin
particles were 42.2, 57.9, and 65.4 °C at 5, 10, and 15% saffron extracts, respectively. These
findings were in agreement with the results of Carmona, et al. [47,48]. They studied the
thermal properties of different saffron samples and reported approximately the same values
for T4 (10 to 40 °C) and enthalpy (16 to 25]/g).

The denaturation temperatures of electro-spun gelatin fibers and freeze-dried gelatin
particles without saffron extract were 87.7 and 73.8 °C, respectively, which were related to
the helix-to-coil transition [49]. Freeze-dried gelatin particles without saffron contained the
highest denatured protein compared to Ge-55%, Ge-S10%, and Ge-S515% due to their low
T4. The results showed that the T, and T4 of control samples increased as a result of the
addition of saffron extract. This finding may be due to the new chemical bonding formed
between the molecules of gelatin and saffron, which could have increased the molecular
chain. This would have led to a larger and stronger molecular chain increasing the thermal
stability and melting temperature. Additionally, the sizes of polymer arrangements affect
the melting point rather than the actual% crystallinity. Moreover, van der Waals Forces
and voluminous side groups that hinder the free movements of the chains can increase the
melting points. Electro-spun gelatin fibers containing 15% saffron extract had the highest
Tm and T4, which led to the highest thermal stability.

The enthalpy shows the required energy to break covalent bonds, hydrogen bonds,
and Van der Waals interactions. It also presents the degree of un-denatured structure
of protein, crystallinity, or the triple-helical content [50,51]. The higher the AH, the less
denatured the protein. It is known that more thermal energy is required to complete
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protein denaturation [46]. DSC analysis of the samples demonstrated that the enthalpy of
un-encapsulated saffron extracts increased significantly from 27 to 340, 354, and 385]/g,
respectively, as a result of the encapsulation of 5, 10, and 15% saffron extract into gelatin
through the electrospinning process. Moreover, the encapsulation of 5, 10, and 15% saffron
extracts through the freeze drying technique caused the enthalpy of un-encapsulated
saffron extracts to increase significantly from 27 to 76, 66.5, and 61.1 J/g, respectively.
Furthermore, the enthalpy of different treatments containing saffron extract reduced with
the increase in the saffron extract concentration. [52] reported that the reduction in enthalpy
was related to the breaking of hydrogen bonds and the generation of covalent bonds during
the encapsulation process.

According to the DSC curves, the Ty, and T4 of gelatin fibers and gelatin particles
increased, while the AH decreased when the saffron extract content increased from 5
to 15% (Table 3). This might be due to the reduction in possible interactions between
water and gelatin molecules. Shao, Niu, Chen and Sun [37] reported that the formation
of hydrogen bonding and inter-molecular complexes between bioactive compounds and
polysaccharides prevented the interaction of polyelectrolyte and water.

Overall, different concentrations of saffron extract (5, 10, and 15%) had a significant
effect (p < 0.05) on the T, T4, and AH values of different treatments. Since there were
no secondary peaks or phase segregation in gelatin fibers or particles containing saffron
extract, it can be concluded that the saffron extract was encapsulated into the electro-spun
gelatin fibers and freeze-dried gelatin particles homogeneously [53]. It can be concluded
that the electrospinning technique may have changed the crystalline structure of the saffron
compounds to an amorphous state in gelatin fibers, which led to the disappearance of the
endothermic peaks of the saffron extract in the DSC curve of the saffron extract that was
encapsulated into gelatin fibers.

3.5. Storage Stability of Encapsulated Saffron Extract

The stability of the encapsulated and un-encapsulated saffron extract as a control
sample was evaluated in terms of coloring strength under various storage conditions (4,
24, and 35 °C) during 42 days storage. Figure 3 shows the retention of crocin at different
temperatures during storage. The degradation of encapsulated and un-encapsulated saffron
extract showed a first-order kinetic reaction with a gradual reduction in the concentrations
of crocin with respect to time [42]. The reaction rate constant (k) and half-life (t; ;) time of
the encapsulated and un-encapsulated crocin in saffron extract at various temperatures
were calculated and are shown in Table 4.

Table 4. Regression analysis of crocin stability in electro-spun gelatin fiber and freeze-dried gelatin
particles during storage at different temperatures for 42 days of storage.

Encapsulation Temperature (k x 10-2)

1
Technique Sample [{e) t; (day) (min—1) R2
Control 4 224 3.1 0.98
Ge-S5% 4 53.3 1.3 0.94
Ge-S510% 4 77 0.9 1
Ge-515% 4 138 0.5 0.95
Control 24 21 3.3 0.96
Electrospinning Ge-55% 24 40 1.7 1
Ge-S10% 24 49.5 14 1
Ge-515% 24 86.6 0.8 1
Control 35 18.7 3.7 1
Ge-S5% 35 31.5 2.2 1
Ge-510% 35 38.5 1.8 1
Ge-S15% 35 63 1.1 0.99
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Table 4. Cont.

Encapsulation Temperature 1 (k x 10-2)
Technique Sample Q) t; (day) (min—1) R2
Control 4 224 3.1 0.98
Ge-S5% 4 43.3 1.6 1
Ge-510% 4 57.8 1.2 0.98
Ge-S15% 4 77 0.9 0.97
Control 24 21 33 0.96
Freeze drying Ge-S5% 24 34.7 2 0.97
Ge-S10% 24 433 1.6 0.97
Ge-515% 24 49.5 14 0.97
Control 35 18.7 37 0.98
Ge-S5% 35 27.7 2.5 0.97
Ge-510% 35 33 21 0.98
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Figure 3. Storage stability of crocin in electro-spun gelatin fibers (a—c) and freeze-dried gelatin powder (d—f) under

different temperatures.

Overall, the amount of encapsulated crocin at 15% saffron extract concentration stored
at 35, 24 and 4 °C under constant RH (33%) was significantly higher than for the non-
encapsulated saffron extract (control sample) during 6 weeks of storage. In addition, all
samples (encapsulated and un-encapsulated) showed a significant difference (p < 0.05) in
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terms of the crocin content of electro-spun gelatin fibers and freeze-dried gelatin powders
immediately at the first day and after sixth week (day 42). Regarding the effect of tempera-
ture on crocin stability during storage, there were significant differences (p < 0.05) between
the samples stored at three different storage conditions. The results showed that increasing
the temperature from 4 to 35 °C caused a significant decrease in the crocin content of the
samples. The crocin content of 15% saffron extract in the electro-spun gelatin fibers and the
control sample decreased by 4% and 15%, respectively, after 42 days of storage at 35 °C,
while in freeze-dried particles at the same storage temperature (35 °C), the reductions were
in the order of 7% and 15%, respectively, over the same period of time. The highest crocin
content was observed in the electro-spun fibers containing 15% saffron extract at 4 °C.

Temperature plays an important role in the stability of bioactive compounds due
to oxygen permeability and thermal degradation processes [54]. At higher temperature,
molecular interactions increase and molecules have more energy to overcome the activation
barrier to initiate the chemical and physical degradations of materials. Therefore, the higher
crocin content of the encapsulated saffron extract was related to the presence of gelatin
as a wall material creating a physical barrier against destructive agents. Azarpazhooh,
Sharayei, Zomorodi and Ramaswamy [9] also reported that the degradation of the encap-
sulated anthocyanin in maltodextrin, using the freeze drying technique, increased when
the storage temperature increased from 4 to 25 °C. Similar results were reported by Fang
and Bhandari [55] regarding the storage stability of bayberry polyphenols.

The encapsulated samples showed a lower reaction rate constant and, consequently, a
higher half-life period for 42 days of storage at 4 °C compared to the samples stored at 24
and 35 °C at the same concentration of saffron extract. The results showed that the half-life
period of crocin was influenced by the concentration of saffron extract and the storage
temperature. Therefore, by increasing the concentration of saffron extract in electro-spun
gelatin fibers and freeze-dried gelatin powders, the reaction rate constant decreased and
the half-life period increased. For instance, when using the electrospinning method, 15%
saffron extract exhibited the highest half-life (t; ;) with the value of 138 days for crocin at
4 °C under 33% RH.

Several researchers also found a first-order kinetic reaction for the degradation of saf-
fron carotenoids such as crocin during storage at different temperatures and water activity
conditions [32,48]. Rodriguez-Amaya [56] reported that the degradation of carotenoids in
food is mainly due to the enzymatic or nonenzymatic oxidation during processing and
storage. The color of food can be changed via the isomerization of trans-carotenoids to
cis-isomers, which is increased with exposure to oxygen, acids, light, moisture, and heat.
Shu, et al. [57] found that through the encapsulation of lycopene in sucrose and gelatin
(as the wall materials) using the spray-drying technique, followed by storage at 0 °C in
the presence of light, the amount of lycopene decreased by only 15% after 28 days stor-
age. Silva, et al. [58] reported that by increasing the concentration of microencapsulated
lycopene in gelatin and pectin through the freeze drying method, the stability of lycopene
improved compared to the un-encapsulated lycopene during storage, which was similar
to the results observed in this study. In addition, they found that by increasing the stor-
age temperature from 10 to 25 °C, the concentration of lycopene in freeze-dried powder
decreased. Jafari, et al. [59] concluded that encapsulation techniques protect sensitive in-
gredients against oxygen, light, heat, and moisture since the wall materials act as a barrier
and decrease the effect of environmental conditions. Another factor that can influence the
stability of encapsulated compounds during storage is moisture content. Tonon, et al. [60]
reported that a reduction in the moisture content of the environment during storage leads
to the decreasing molecular mobility of the encapsulating agent in the glassy state.

Generally, the results demonstrated that the storage stability of encapsulated and
un-encapsulated crocin was significantly (p < 0.05) affected by the concentration of saffron
extract, time, temperature, and their interactions. The results confirmed the good efficiency
of electrospinning and freeze drying for the protection of natural pigments of saffron
during storage as the most common encapsulation technique.
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4. Conclusions

The results of this study show that gelatin could be used as a wall material for the
encapsulation of saffron via two different techniques. The viscosity of gelatin solutions
did not change significantly with the increasing of the saffron extract concentration from 5
to 15%. The SEM images showed that the extract-loaded fibers and particles had similar
morphologies as the neat electro-spun gelatin fibers and gelatin particles, respectively. The
encapsulated extract in gelatin fibers showed a smooth, bead-free, and homogeneously
distributed morphology, while freeze-dried gelatin powders exhibited very large particle
sizes with irregular structures, indentations, and cracks.

Encapsulation efficiency determined that the saffron extract was successfully encapsu-
lated in fibers and particles, with high encapsulation efficiency, using the electrospinning
and freeze drying methods. The melting temperature, denaturation temperature, and
enthalpy of saffron extracts increased significantly (p < 0.05) with the encapsulation of
saffron in gelatin. The results revealed that the encapsulated saffron extract in gelatin fibers
and gelatin particles showed higher retention of crocin compared to the non-encapsulated
extract during the 42 days of storage at 4, 24, and 35 °C. Moreover, the amount of encapsu-
lated crocin in all samples decreased with the passage of storage time.

The results also demonstrated that the degradation of crocin significantly increased
(p < 0.05) with the increasing of the storage temperature. Therefore, the highest crocin
content was observed in the electro-spun gelatin fibers and freeze-dried gelatin powders
containing 15% saffron extract at 4 °C, while the encapsulated saffron extracts at 5%
showed the lowest retention of crocin in gelatin fibers and gelatin powders at 35 °C
during the 42 days of storage. The crocin degradation followed the first-order kinetic
reaction. Encapsulated crocin showed a half-life period (t;,,) with values of 138 and
77 days, respectively, for 15% saffron extract under 4 °C when using the electrospinning
and freeze drying techniques.

Overall, among the different concentrations (5, 10, and 15%) of saffron extract as a core
material, 15% saffron extract provided better encapsulation efficiency, thermal properties,
and storage stability. This study also indicated that encapsulation by electrospinning
technique is more effective than freeze drying to improve the encapsulation efficiency,
thermal properties, and retention of crocin content over a period of 42 days of storage.
This phenomenon may be due to the breaking of wall materials and the loss of the initial
structure of gelatin capsules during the freeze drying and grinding procedure. Therefore,
encapsulation by electrospinning could be recommended as a proper technique for stabi-
lizing bioactive compounds of saffron during processing and storage. Accordingly, it can
be concluded that the encapsulation of saffron into fine electro-spun fibers can be used in
different foods such as desserts, dairy products, chewing gums, beverages, and tea bags.
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