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ABSTRACT  17 

In this work, electrospinning and electrospraying techniques were used to encapsulate the 18 

sensitive bioactive compounds of a saffron extract (i.e. picrocrocin, safranal, and crocin) 19 

using zein as protective matrix. Initially, a dried saffron extract (DSE) was obtained and 20 

characterized and was subsequently incorporated within zein solutions prepared at two 21 

concentrations (10% w/v for capsules and 20% for fiber development). The greatest 22 

encapsulation efficiency was observed for the fiber samples, with retention values for 23 

picrocrocin, safranal, and crocin of up to 97, 88, and 97%, respectively. The stability of 24 

the free and encapsulated extract when exposed to UV light, different pH (2, 7.4) and 25 

temperatures (25, 75 °C) was also studied. The photostability of crocin and safranal was 26 

significantly (p<0.05) increased upon encapsulation. Similarly, while about 98% of the 27 

non-encapsulated crocin degraded after 15 hours of exposure to acetic acid at 75 °C, only 28 

67.23% of the encapsulated compound was lost under the same conditions. The release 29 

profiles of crocin, safranal and picrocrocin from the encapsulation structures were fitted 30 

using the Peppas-Sahlin model (R2=0.98), showing that the dominant release mechanism 31 

was diffusion. Finally, the encapsulation structures retained their integrity upon contact 32 

with water, highlighting their potential use as food packaging coatings.  33 

 34 

Keywords: Microencapsulation; electrohydrodynamic process; photostability; coating; 35 

crocin. 36 

 37 

1. INTRODUCTION 38 

Saffron, the dried stigmas of Crocus sativus L. flowers, is considered the world's most 39 

expensive spice (Maggi et al., 2010), often referred to as “red gold” or “golden spice” due 40 

to its great value (Bolandi & Ghoddusi, 2006; Melnyk, Wang, & Marcone, 2010; Shahi, 41 
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Assadpour, & Jafari, 2016). Saffron is highly appreciated for its unique color, bitter taste 42 

and aroma, which are the main characteristics determining its quality (Bolandi & 43 

Ghoddusi, 2006). Due to its distinctive organoleptic properties, it has been traditionally 44 

used as a natural flavoring and coloring ingredient (Melnyk et al., 2010) and it is 45 

intensively used in the food industry for the manufacture of a wide range of products, 46 

including dairy, bakery, sauces, soups, chicken, rice, and beverages (Selim, Tsimidou, & 47 

Biliaderis, 2000; Shahi et al., 2016). Although currently the main use of saffron is 48 

culinary, recent research has demonstrated the potential of its consumption to promote 49 

health (Melnyk et al., 2010). In this regard, antioxidant, antitumorigenic, antidepressant, 50 

cardioprotective and neuroprotective properties are some of the numerous therapeutic 51 

benefits which have been attributed to saffron (Alavizadeh & Hosseinzadeh, 2014; 52 

Rahaiee, Moini, Hashemi, & Shojaosadati, 2015; Shahi et al., 2016). In fact, despite its 53 

high price, the use of saffron has gradually increased in recent years due to the growing 54 

consumers’ demand for food products with functional properties (Selim et al., 2000).  55 

The main compounds of interest found in saffron are crocin, picrocrocin and safranal, 56 

which are responsible for its color, bitter taste and aroma, respectively (Bolandi & 57 

Ghoddusi, 2006). In particular, crocin (or crocetin digentiobiose ester), which is a water-58 

soluble carotenoid (Alavizadeh & Hosseinzadeh, 2014), is considered one of its major 59 

bioactive components, exhibiting a wide spectrum of biological activities (Melnyk et al., 60 

2010). It represents about 6-16% of saffron's dry weight (Gregory, Menary, & Davies, 61 

2005) and contents of up to 30% of crocin have been reported for good quality saffron 62 

(Rahaiee, Hashemi, Shojaosadati, Moini, & Razavi, 2017). However, like other 63 

carotenoids, crocin has a highly unsaturated chemical structure and is thus susceptible to 64 

degradation during processing and storage (Selim et al., 2000). Crocin is especially 65 

sensitive to light, heat, and oxidative stress (Bolandi & Ghoddusi, 2006; Rahaiee et al., 66 
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2017) and its stability is also affected by the water activity and the pH (Ordoudi et al., 67 

2015; Selim et al., 2000). The rapid degradation of saffron pigments in aqueous solution 68 

has been reported even at mild temperatures (40 ºC) (Orfanou & Tsimidou, 1995). Given 69 

that some food products have high moisture contents, varying pHs and are frequently 70 

processed at high temperatures, the bioactivity of crocin may be negatively affected 71 

during the manufacture of saffron-containing food products.  72 

Microencapsulation, which consists of coating or embedding an ingredient of interest 73 

within a micron-sized protective matrix (Gomez-Mascaraque, Ambrosio-Martín, Fabra, 74 

Rocío, & López-Rubio, 2016), is a promising approach for the stabilization of sensitive 75 

bioactive compounds during food processing, storage and consumption (Gomez-76 

Mascaraque et al., 2016). Particularly, encapsulation of saffron extracts within polymeric 77 

matrices has shown to improve their stability during storage (Chranioti, Nikoloudaki, & 78 

Tzia, 2015; Selim et al., 2000) and in simulated gastric conditions (Esfanjani, Jafari, & 79 

Assadpour, 2017). At present, there are a number of technologies which can be used for 80 

the microencapsulation of bioactive ingredients, being spray-drying and freeze-drying the 81 

most widely used techniques in the food industry (Kwak, 2014). In fact, most of the recent 82 

works addressing the microencapsulation of saffron extract to date have been focused on 83 

these drying technologies (Chranioti et al., 2015; Esfanjani, Jafari, Assadpoor, & 84 

Mohammadi, 2015; Rajabi, Ghorbani, Jafari, Mahoonak, & Rajabzadeh, 2015; Selim et 85 

al., 2000). However, spray-drying involves the use of high temperatures for processing, 86 

which may be detrimental for thermo-sensitive bioactive molecules like carotenoids 87 

(Pérez-Masiá, Lagaron, & Lopez-Rubio, 2015), and freeze-drying is a very time-88 

consuming and expensive technique which yields highly porous materials, generally 89 

resulting in poor barrier properties (Cook, Tzortzis, Charalampopoulos, & 90 

Khutoryanskiy, 2012; Zuidam & Shimoni, 2010).  91 
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Electrohydrodynamic (EHD) processing is an alternative to conventional 92 

microencapsulation techniques which has been recently applied for the design of 93 

functional foods (Gómez-Mascaraque, Hernández-Rojas, et al., 2017). This technology 94 

allows the production of dry nano- or microstructures in a one-step process and at mild 95 

temperature conditions by subjecting a polymeric fluid, which flows through a conductive 96 

capillary, to a high voltage electric field (Bhushani & Anandharamakrishnan, 2014). As 97 

a result, a charged polymer jet is ejected towards the opposite electrode, where the 98 

collector is placed. During the flight, the jet is elongated and the solvent evaporates, 99 

producing dry ultrathin fibers (electrospinning process), or fine particles if jet 100 

fragmentation takes place (electrospraying process) (Alehosseini, Ghorani, Sarabi-101 

Jamab, & Tucker, 2018; Kriegel, Arrechi, Kit, McClements, & Weiss, 2008). This offers 102 

the unique opportunity to tailor the morphology of the obtained microencapsulation 103 

structures in order to obtain powdery ingredients (Alehosseini, Sarabi-Jamab, Ghorani, & 104 

Kadkhodaee, 2019; Gómez-Mascaraque, Sipoli, de La Torre, & López-Rubio, 2017) or 105 

edible functional coatings (Blanco-Padilla, López-Rubio, Loarca-Piña, Gómez-106 

Mascaraque, & Mendoza, 2015; Gómez-Mascaraque, Tordera, Fabra, Martínez-Sanz, & 107 

Lopez-Rubio, 2018).  108 

In this work, EHD processing was used to produce microencapsulated saffron extract with 109 

the aim of developing new ingredients that would not only provide food products with 110 

the unique culinary benefits of saffron, but would also potentially preserve its health-111 

promoting properties by improving the stability of its bioactive compounds. For this 112 

purpose, a dried saffron extract (DSE) was prepared and incorporated within zein matrices 113 

by EHD processing to obtain DSE-enriched powders (electrosprayed microparticles) and 114 

edible food coatings (electrospun fiber mats). The obtained materials were characterized 115 

in terms of physicochemical properties and encapsulation efficiency. Moreover, their 116 
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ability to stabilize the main saffron compounds under different stress conditions was 117 

assessed. The release of crocin, picrocrocin and safranal from the zein microstructures 118 

was also assessed.  119 

 120 

2. MATERIALS AND METHODS  121 

2.1. Materials  122 

Premium saffron stigma (all red saffron-Sargool) was purchased from Esfedan Saffron 123 

Trading Co. (Iran). Prior to their use, stigmas were kept in an air-tight plastic bag in the 124 

fridge to protect them from light and moisture sorption. Zein from maize (grade Z3625), 125 

with reported molecular weight of 22-24 kDa, was purchased from Sigma-Aldrich 126 

(Spain). Soybean oil (SBO) and phosphate buffered saline system (PBS, pH = 7.4) were 127 

obtained from Sigma-Aldrich (Spain). Acetic acid 96% (v/v) was supplied by Scharlab 128 

(Spain). Absolute ethanol (>99.9%) was purchased from VWR (UK). 129 

 130 

2.2. Preparation of saffron extract  131 

Saffron extract was prepared by using a solvent extraction method based on the protocol 132 

described in a previous work, with some modifications (Ghorani, Kadkhodai, & 133 

Alehosseini, 2017). Briefly, stigmas were ground, sieved (50 µm mesh) and dispersed in 134 

aqueous ethanol 60% (v/v) at 25 °C for 16 h, at a solvent to saffron powder weight ratio 135 

of 10:1. Prior to pre-concentration using a rotary evaporator (IKA, RV 3 FLEX, 136 

Germany), the ethanolic extract was filtered (Whatman filter paper, Grade 41). A freeze-137 

dryer (OPERON CO., FDO-8606, Korea) was used to produce dried saffron extract 138 

(DSE) powder at -80 °C, and pressure of 0.370 mbar for 36 h. The freeze-dried extract 139 

was collected, packed in air-tight plastic bottles, and stored at +5 ºC until further analysis. 140 
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The drying efficiency (%) and moisture content (wet basis) of the freeze-dried saffron 141 

extract were also determined according to ISO-3632 (2010).  142 

 143 

2.3. Characterization of the saffron extract  144 

The content of the most relevant saffron compounds, i.e. picrocrocin, safranal, and crocin, 145 

in the DSE was estimated by calculating the characteristic indices of saffron (E %  at 146 

257 nm (flavor strength), 330 nm (aroma strength), and 440 nm (coloring strength), 147 

respectively, according to ISO-3632 (2010) (Eq. 1). The absorbance of DSE aqueous 148 

solutions (0.01 mg/mL) at the three wavelengths was measured using a NanoDrop 149 

spectrophotometer (ND1000-Thermo Fisher Scientific, USA).  150 

 151 

E %  = [D × 10000] / [m × (100-H)]                                                                      (Eq. 1)   152 

 153 

where D is the specific absorbance; m is the mass of the saffron sample (g), and H is the 154 

moisture content of the samples that for the saffron extract was 6.45% and almost 155 

negligible for the EHD processed samples.  156 

 157 

2.4. Preparation of feed solutions 158 

Zein solutions (10% and 20% w/w) were prepared by dissolving the protein in aqueous 159 

ethanol 80% (v/v) under magnetic agitation (IKA, C-MAG HS 4, Germany), as 160 

previously described (Alehosseini, Gómez-Mascaraque, Martínez-Sanz, & López-Rubio, 161 

2019). These concentrations were selected in preliminary trials to obtain two different 162 

systems, i.e. microparticles or nanofibers, respectively. 2 or 4% of DSE with respect to 163 

the mass of zein was then added to the solutions at room temperature under magnetic 164 

stirring. Table 1 summarizes the assayed compositions.  165 
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2.5. Electrohydrodynamic processing of DSE-containing zein solutions 166 

The polymer solutions were loaded in 5 mL plastic syringes connected to an 18-gauge 167 

stainless steel nozzle and processed using an electrohydrodynamic apparatus assembled 168 

in a horizontal configuration, equipped with a variable high-voltage 0-30 kV power 169 

supply (Acopian, USA), and a syringe pump (KD Scientific, USA). The flow rate and 170 

applied voltage were set to 0.15-0.20 mL/h and 15 kV, respectively, based on a 171 

preliminary optimization. The tip-to-collector distance was 10 cm. Electrohydrodynamic 172 

processing was carried out at ambient conditions. 173 

 174 

2.6. Characterization of the electrospun/electrosprayed materials 175 

2.6.1. Morphological characterization 176 

The morphology of the samples was analyzed using scanning electron microscopy (SEM) 177 

(Hitachi S-4800, Japan). Samples were placed on stainless steel sample holders and 178 

sputter coated (SC7620, Quorum Technologies, UK) with a gold-platinum mixture under 179 

vacuum. SEM was performed at 20 kV acceleration voltage and a working distance of 180 

~9.5 mm (Gómez-Mascaraque, Casagrande Sipoli, de La Torre, & López-Rubio, 2017).  181 

 182 

2.6.2. Fourier transform infrared (FT-IR) analysis  183 

The infrared spectra of the electrospun fibers, electrosprayed particles, and DSE were 184 

obtained using a Bruker (Rheinstetten, Germany) FT-IR Tensor 37 equipment in ATR 185 

mode in a range of 650 to 4000 cm-1. Each recorded spectrum was determined from an 186 

average of 15-16 scans at 4 cm-1 resolution (Gómez-Mascaraque, Casagrande Sipoli, et 187 

al., 2017).  188 

 189 

2.6.3. Thermogravimetric analysis (TGA) 190 
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The thermal stability of the samples was analyzed by TGA using a TA Instruments model 191 

Q500 TGA. Samples (ca. 10 mg) were heated from 25 °C to 850 °C at a heating rate of 192 

10 °C/min under dynamic nitrogen flow. Differential thermogravimetric curves express 193 

the weight loss rate (dm/dT) as a function of temperature (Gómez-Mascaraque & López-194 

Rubio, 2016).  195 

 196 

2.7. Encapsulation efficiency (EE) 197 

To estimate the encapsulation efficiency of the main bioactive compounds from saffron, 198 

i.e. picrocrocin, safranal and crocin, in the zein structures, 20 mg of each sample were 199 

dissolved in ethanol 80% (v/v), and the absorbance of the resulting solutions was 200 

measured at 257, 330, and 440 nm as described in Section 2.3. The amount of DSE on 201 

the surface of the produced zein structures was initially quantified by rinsing the 202 

encapsulation structures with distilled water and measuring the absorbance of this 203 

aqueous solution and it was found to be negligible Calibration curves for DSE were 204 

previously obtained at each wavelength, taking into account the contribution of zein to 205 

the total absorbance of the samples. The EE for each compound was then calculated 206 

according to Eq. (2) (Alehosseini, Gómez-Mascaraque, et al., 2019):  207 

 208 

𝐸𝐸 %  𝑥 100                                                                                               (Eq. 2) 209 

  210 

where TE is the experimental content of crocin, safranal or picrocrocin incorporated 211 

within the zein structures, as estimated by UV-Vis spectroscopy, and TT is their 212 

corresponding theoretical content.  213 

 214 

2.8. Photostability test by UV-irradiation 215 
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The photostability of saffron compounds in the encapsulation structures was compared to 216 

that of free DSE using a modified version of a previously published protocol (López-217 

Rubio & Lagaron, 2011). All samples were placed in polystyrene petri dishes (60 mm × 218 

15 mm, Fisher, USA), lacking lid, and exposed to UV light (λ=350–400 nm, 15 W, 219 

Actinic BL, Philips, Germany). The distance between the UV lamp and the samples was 220 

set at 10 cm. At selected time intervals, samples (~10 mg) were collected, and completely 221 

dissolved in 80% ethanol (1 mL) using a vortex mixer (ISG, Westlab, Canada). The 222 

absorbance of the resulted solutions was then measured at 257, 330, and 440 nm as 223 

described in section 2.3.  224 

 225 

2.9. Saffron degradation assays 226 

In order to investigate the protective effect of the protein structures on the bioactive 227 

compounds from the DSE in different environments and food processing conditions, 228 

degradation assays were performed at two different pHs and temperatures, i.e. in PBS 229 

(pH = 7.4) and in acetic acid 20% (v/v) (pH = 2), and both at 25 °C and 75 °C. For this 230 

purpose, a method adapted from a previously published protocol was used (Alehosseini, 231 

Gómez-Mascaraque, et al., 2019; Gómez-Mascaraque, Casagrande Sipoli, et al., 2017). 232 

Briefly, DSE-loaded protein fibers/particles and free DSE, as a control, were dispersed in 233 

PBS or acetic acid 20% to achieve a theoretical DSE concentration of 0.01 mg/mL. The 234 

dispersions were then stored either at room temperature (25 °C) or in a hot bath (75 °C). 235 

After selected time intervals, samples were diluted 3-fold with ethanol 80% (v/v) to 236 

release the SDE. The absorbance of the final solutions was then measured at 440 nm as 237 

described in section 2.3, prior calibration in both media.  238 

 239 

2.10.  In-vitro release assays 240 
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Ethanol 50% (v/v) and a soybean oil were selected as food simulants, according to the 241 

Commission-regulation10/2011EU (2011). Briefly, the DSE-loaded materials were 242 

immersed in the release media at a concentration of ca. 15 mg/mL. Periodically, the 243 

concentration of saffron components released to the selected media was determined by 244 

measuring the absorbance of the supernatant at 440 nm as described in section 2.3. 245 

Release data were fitted to  empirical models including Kopcha (Eq. 3), Ritger–Peppas 246 

(Eq. 4), and Peppas–Sahlin (Eq. 5) models (Bruschi, 2015).  247 

 248 

𝑀 𝐴 𝑡 . 𝐵 𝑡                                                                                     (Eq. 3) 249 

where Mt is the amount of released saffron ingredients at time t, A and B are the diffusion 250 

and erosion rate constants, respectively. 251 

 252 

𝐾 𝑡                                                                                                            (Eq. 4) 253 

where M∞ is the initial content of saffron ingredients-loaded zein structures, K and n are 254 

the release kinetic constant and release exponent, respectively. 255 

 256 

𝐾 𝑡 𝐾 𝑡                                                                                     (Eq. 5) 257 

where K1 and K2 are diffusion and erosion rate constants, respectively and m is the 258 

diffusion exponent.  259 

 260 

2.11. Microstructural stability assessment of the materials 261 

The microstructural stability of the produced materials was investigated based on a 262 

protocol published by Alehosseini, Gómez-Mascaraque, et al. (2019), with some 263 

modifications. Briefly, samples were electrospun or electrosprayed on aluminum foil and 264 

cut into 15 mm × 50 mm pieces. Each piece was immersed in a separate tube containing 265 
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40 mL of ethanol 80% (v/v) and/or distilled water. At the various time intervals, the pieces 266 

of aluminum foil were removed from the tubes, and dried in a desiccator at 0% RH. The 267 

morphology of the structures was then explored by SEM as described in Section 2.6.1.  268 

 269 

2.12. Statistical analysis 270 

One-way analysis of variance (ANOVA) was applied to estimate the significant 271 

differences between sample means at a significance level of α=0.05 based on Duncan’s 272 

Test. IBM SPSS Statistics software (version 20, IBM Corp., USA) was applied for 273 

statistical analysis of experimental data. The release kinetics in food simulants were fitted 274 

to some empirical models using SigmaPlot software (version 14.0, Systat Software, Inc., 275 

USA). All experiments were performed in triplicate, and data are presented as mean ± 276 

standard deviation (SD) values. 277 

 278 

3. RESULTS AND DISCUSSION 279 

3.1. Characterization of the saffron extract  280 

The drying efficiency, moisture content (wet basis), and indexes of crocin, safranal and 281 

picrocrocin of the DSE were determined to be 55.3±4.4%, 6.4±1.0%, 255.3±23.3, 282 

45.5±6.4, and 73.5±8.1, respectively. Sánchez, Carmona, del Campo, and Alonso (2009) 283 

developed a solid phase extraction technique and compared the characteristics of twenty 284 

different saffron spice samples. Moisture content of some selected Iranian spices, and 285 

their crocin, safranal, and picrocrocin index, were reported to be 8.24±1.15%, 286 

220.76±36.82, 39.20±1.72, and 86.5±9.72, respectively (Sánchez et al., 2009). Similar 287 

amounts of crocin, safranal, and picrocrocin in other saffron extracts have been reported 288 

(Caballero-Ortega, Pereda-Miranda, & Abdullaev, 2007; Esfanjani et al., 2017). 289 

Differences between the indexes reported in the mentioned studies and the present one 290 
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are expected to come from inherent variations in the original spice biomass and also can 291 

depend on the extraction conditions.   292 

 293 

3.2.Characterization of the electrospun/sprayed structures 294 

3.2.1. Morphological characterization  295 

Zein has been reported as a promising carrier to encapsulate a wide spectrum of bioactive 296 

compounds through EHD processing (Nieuwland et al., 2014). Hence, zein-based 297 

nanofiber mats (produced by electrospinning) and microparticles (produced by 298 

electrospraying), both containing the saffron extract, were obtained by EHD processing 299 

from zein/DSE solutions. The saffron extract was soluble in both ethanol and water 300 

(Serrano-Díaz, Sánchez, Maggi, Carmona, & Alonso, 2011), so it could be readily 301 

dissolved in the zein solutions prior to the EHD process. Zein concentrations of 10 and 302 

20 wt.% were selected to produce microparticles and nanofibers, respectively, based on 303 

previous works (Alehosseini, Gómez-Mascaraque, et al., 2019; Costamagna et al., 2017). 304 

The EHD process was adjusted in preliminary assays in order to obtain a stable cone-jet 305 

throughout this process. SEM images of the obtained zein particles and fibers together 306 

with the size distribution of the obtained structures are shown in Fig. 1. 307 

 308 
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 309 

Figure 1. SEM images of DSE-loaded zein structures obtained through EHD processing 310 

from A) Z10S2; B) Z10S4; C) Z20S2; D) Z20S4. Scale bars correspond to 5 µm. 311 
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 312 

The obtained morphologies were similar to those previously reported for zein 313 

electrospun/electrosprayed structures produced from the highest and lowest protein 314 

concentrations, respectively (Gómez-Mascaraque, Casagrande Sipoli, et al., 2017; Li, 315 

Lim, & Kakuda, 2009). While the former yielded ultrathin fibrillar structures with ribbon-316 

like morphologies, the latter exhibited a particulate shape. Higher biopolymer 317 

concentrations favor a greater extent of chain entanglements, which tend to yield more 318 

fibrillar structures through EHD processing (Alehosseini et al., 2018; Ghorani & Tucker, 319 

2015). Samples containing 20% zein showed a higher production yield (related to the 320 

greater protein content of the solutions) with smaller average diameter than those of zein 321 

10%.  322 

Interestingly, the diameter of both the fibers and the particles significantly decreased 323 

when the DSE content increased (specifically a decrease from 590±298 nm to 330±217 324 

nm was observed for the electrosprayed particles and from 290±128 nm to 210±87 nm 325 

for the electrospun fibers) (p<0.05), most probably explained by the lower flow rate used 326 

in the cases of Z10S4 and Z20S4 in order to keep the jet-cone mode during processing. It 327 

has been previously demonstrated that reducing the flow rate leads to a decrease in size 328 

of electrospun/electrosprayed structures (Alehosseini et al., 2018; Ghorani & Tucker, 329 

2015). Apart from that, this phenomenon could be also attributed to changes in solution 330 

properties caused by the greater extract content. This is confirmed as, in the case of the 331 

10% zein solution, an increase in extract content (Z10S4) led to the formation of thin 332 

fibers apart from the electrosprayed particles observed for the materials with just 2% of 333 

extract (Z10S2).  334 

 335 

3.2.2. Encapsulation efficiency of DSE 336 
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To determine the amount of DSE effectively incorporated into the 337 

electrospun/electrosprayed structures, the encapsulation efficiency was calculated 338 

according to Eq. (2). Table 1 shows the summarized results:  339 

 340 

Table 1. Description of the different samples produced and DSE encapsulation efficiency 341 

(%). 342 

Sample 
code 

Zein 
concentration 

(wt.%) 

DSE 
loading 
(wt.%) 

Electrohydrodynamic 
processing mode 

Picrocrocin Safranal Crocin 

Z10S2 10 2 Electrospraying 94±2a c 89±4a c 94±5a c 
Z10S4 10 4 Electrospraying 82±5b c 82±8ab c 85±3b c 
Z20S2 20 2 Electrospinning 97±5a c 88±1a d 97±1a c 
Z20S4 20 4 Electrospinning 80±7d c 74±5b c 81±3b c 
*Means in same column with different superscripts (a-b) differ significantly (p<0.05). Means in same row 343 
with different superscripts (c-d) differ significantly (p<0.05).  344 
 345 

Very high encapsulation efficiencies were achieved in all cases, being the extract content 346 

on the encapsulation structures’ surface negligible. These values were higher than those 347 

previously reported for the microencapsulation of saffron bioactive compounds within 348 

biopolymers through spray-drying and gelation methods (Rahaiee, Shojaosadati, 349 

Hashemi, Moini, & Razavi, 2015; Rajabi, Ghorbani, Jafari, Sadeghi Mahoonak, & 350 

Rajabzadeh, 2015), emphasizing the suitability of the EHD process for the encapsulation 351 

of sensitive bioactive compounds (Alehosseini et al., 2018; Gómez-Estaca, Balaguer, 352 

López-Carballo, Gavara, & Hernández-Muñoz, 2017). The encapsulation efficiency 353 

significantly decreased as the theoretical DSE loading of the zein structures increased, as 354 

generally occurs when the ingredient/wall material ratio increases in encapsulation 355 

systems (Gómez-Mascaraque, Casagrande Sipoli, et al., 2017; Khoshakhlagh, Koocheki, 356 

Mohebbi, & Allafchian, 2017). On the other hand, the encapsulation efficiency of safranal 357 

was in general lower than for crocin or picrocrocin, although the differences were only 358 

found to be statistically significant for sample Z20S2. This may be attributed to the higher 359 
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volatility of safranal as compared to the crocin and picrocrocin (Caballero-Ortega et al., 360 

2007; Kyriakoudi, Ordoudi, Roldán-Medina, & Tsimidou, 2015). 361 

 362 

3.2.3. FT-IR spectroscopy analysis 363 

FT-IR spectra of zein fibers and particles, both in the presence and absence of different 364 

amount of saffron extract are shown in Figure 2. Typical bands from zein were observed 365 

in the FTIR spectra from electrospun and electrosprayed structures, being the main 366 

representative ones the amide A or N-H stretching band at 3300 cm-1, the amide I mainly 367 

ascribed to C=O stretching vibrations at 1650 cm-1, the amide II mainly coming from 368 

N-H bending and stretching vibrations at 1540 cm-1 and the amide III band ascribed to 369 

C-N stretching at 1250 cm-1 (Alehosseini, Gómez-Mascaraque, et al., 2019; Gómez-370 

Mascaraque, Perez-Masiá, González-Barrio, Periago, & López-Rubio, 2017). In contrast 371 

with previous studies, no significant shifts were observed in these spectral bands 372 

independently of the final morphology of the encapsulation structures and suggesting 373 

(from the position of the amide I band) that the conformation of the zein in both capsule 374 

and fiber structures consisted on α-helices and unfolded protein chains (Aceituno-375 

Medina, López-Rubio, Mendoza, & Lagaron, 2013).  376 

The characteristic bands of pure saffron appeared at 1022 cm-1 (corresponding to C-O-C 377 

stretching), 1227 cm-1 (attributed to the C-O stretching vibration of ester groups), 1610 378 

cm-1 (asymmetric and symmetric stretching peaks of carboxylic groups), 1700 cm-1 (C=O 379 

stretching from carbonyl groups, 2898-2937 cm-1 (corresponding to asymmetric -CH2-, 380 

symmetric -CH3 and -CH2- stretching vibrations), and 3335 cm−1 (assigned to the O-H 381 

sugar groups attached to crocin) (Ordoudi, de los Mozos Pascual, & Tsimidou, 2014; 382 

Tarantilis, Beljebbar, Manfait, & Polissiou, 1998).  383 
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No remarkable changes were observed among the FTIR spectra of the DSE-loaded zein 384 

structures, probably due to the relatively low extract content of the structures, thus being 385 

predominant the zein bands, which moreover overlap with most of the bands from the 386 

saffron extract. The presence of saffron compounds within the fibers was evident by the 387 

relative increase in intensity of some specific bands from saffron, like the one at 1700 cm-388 

1 and the one at 1022 cm-1, which in the structures was shifted to 1111, 1118, 1087, and 389 

1106 cm-1 for Z10S2, Z10S4, Z20S2, and, Z20S4, respectively, thus suggesting some 390 

interactions between the extract and the encapsulation matrices. These interactions 391 

between the DSE and zein were also evidenced by the displacement of some characteristic 392 

bands from the protein when the extract was incorporated, e.g., the amide III band shifted 393 

to higher wavenumbers (from 1250 to 1264 cm-1).  394 

 395 

 396 

Figure 2. FT-IR spectra of DSE-loaded electrospun/sprayed zein structures; Zein 10% 397 

(A), Zein 20% (B). The spectrum of non-encapsulated DSE is also shown. 398 

 399 

 400 
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3.2.4. Thermal properties 401 

Figure 3 shows the thermograms of zein-based particles (A) and zein-based fiber mats 402 

(B) in comparison with that of the non-encapsulated extract. The thermogram of the 403 

saffron extract displays a two-step degradation profile with maximum degradation 404 

temperatures around 120 ºC and 200 ºC. Given the small amounts of saffron extract 405 

incorporated within the structures, its thermal degradation could not be unequivocally 406 

detected, but previous studies have shown an effective thermal stabilization of bioactive 407 

compounds encapsulated within electrohydrodynamically processed structures 408 

(Brahatheeswaran et al., 2012; Gómez-Mascaraque, Lagarón, & López-Rubio, 2015). 409 

 410 

 411 

Figure 3. Thermograms of zein-based beads particles (A), and zein-based fiber mats (B) 412 

in comparison with the thermogram of the non-encapsulated saffron extract. 413 

 414 

It is interesting to note that the morphology of the structures did not have an impact on 415 

their thermal stability. 416 
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 417 

3.3. Photostability test by UV-irradiation 418 

It has been demonstrated that light degradation of bioactive compounds leads to a 419 

reduction in their antioxidant activity, strength coloring, and therapeutic attributes 420 

(Duncan & Chang, 2012). Accordingly, it is important to understand how encapsulation 421 

modifies the stability of the extract when exposed to irradiation, as a protective shielding 422 

effect is expected when embedding the extract within the zein matrix. Saffron is normally 423 

used as a food additive because of its attributes (e.g. colorants agent), but the molecules 424 

responsible for these attributes are susceptible to oxidation and degradation by light 425 

exposure as a consequence of the presence of conjugated double bonds in their chemical 426 

structures (Duncan & Chang, 2012). Crocin, as a sensitive carotenoid, is a glucosyl ester 427 

of a polyene dicarboxylic acid, which main unit consists of seven conjugated double 428 

bonds (Tarantilis, Tsoupras, & Polissiou, 1995). Degradation of conjugated double bonds 429 

and production of free radicals upon exposure to UV light have been previously 430 

investigated (Frank et al., 1997; López-Rubio & Lagaron, 2011).  431 

Previous studies have shown that encapsulation can effectively protect different bioactive 432 

compounds against UV irradiation such as vitamin C and gallic acid encapsulated in a 433 

whey protein concentrate (Tandale, 2007), β-carotene in protein structures (de Freitas 434 

Zômpero, López-Rubio, de Pinho, Lagaron, & de la Torre, 2015; López-Rubio & 435 

Lagaron, 2011), or vitamin D3 in soy protein isolate (Lee et al., 2016). It has also been 436 

reported that the oxidation rate of a crocin-containing beverage was accelerated by 437 

increasing light intensity (Manzocco, Kravina, Calligaris, & Nicoli, 2008).  438 

However, to the best of our knowledge, there is no available information about the ability 439 

of zein matrices for protecting saffron against UV exposure.  440 
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Therefore, the zein structures containing the saffron extract were exposed to UV 441 

irradiation and compared with the UV stability of the free saffron extract. Figure 4 shows 442 

the degradation profile of picrocrocin, safranal, and crocin, respectively, as a function of 443 

UV irradiation time. According to Fig. 4A, picrocrocin was rather stable upon UV 444 

irradiation and no remarkable reduction was observed during exposure (even for the non-445 

encapsulated compound). In contrast, a significant reduction in safranal (Fig. 4B) and 446 

crocin (Fig. 4C) was observed after 6 h of UV irradiation in the non-encapsulated extract. 447 

From the results it is also evident that amongst the studied compounds, the most UV-448 

sensitive one was safranal, fact which is not surprising as it is known to be the main 449 

volatile compound present in saffron (Caballero-Ortega et al., 2007), also having the 450 

greatest antioxidant capacity. It has also been demonstrated that the intensity of the 451 

spectral peak related to crocin (440 nm) decreases as a consequence of its degradation 452 

giving raise to less colored isomers and/or hydroperoxy-crocin which is also a non-453 

colored compound (Manzocco et al., 2008).  454 

All the structures were efficient in preventing UV degradation, but from the results it 455 

appears that the electrosprayed structures showed a better protective effect when 456 

compared to the fiber morphologies. This is most probably due to the larger diameter of 457 

the particles which may have contributed to a greater shielding effect. In fact, it has been 458 

previously demonstrated that the oxidation of encapsulated compounds highly depends 459 

on capsule size (Fernandez, Torres-Giner, & Lagaron, 2009).  460 

Summarizing, while UV exposure promoted the degradation of non-encapsulated 461 

picrocrocin, safranal, and crocin reducing their contents around 5.5, 60, and 20%, 462 

respectively, encapsulation of the extract in zein fibers/particles significantly prevented 463 

their photo degradation (p<0.05). Moreover, zein is a slightly colored polymer, and it is 464 

known to limit UV penetration (Fernandez et al., 2009).  465 
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 466 

Figure 4. Degradation profiles of free and encapsulated DSE exposed UV irradiation; 467 

picrocrocin (A), safranal (B), and crocin (C). Different letters (a-e) indicate different 468 

statistical groups with significant differences (p<0.05); Z10S2 (♦), Z10S4 (■), Z20S2 469 

(▲), Z20S4 (●), and DSE (×). Means with different superscripts (a-e) differ significantly 470 

(p<0.05). 471 
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 472 

3.4. Stabilization of crocin in aqueous environments 473 

Crocin, the main bioactive compound in saffron (Melnyk et al., 2010), has been reported 474 

to rapidly degrade in aqueous environments (Orfanou & Tsimidou, 1995), being its 475 

stability dependent on the temperature and pH (Ordoudi et al., 2015; Selim et al., 2000). 476 

Similarly, decomposition of picocrocin into safranal may be also facilitated by heating 477 

(Lozano, Castellar, Simancas, & Iborra, 1999; Sarfarazi, Jafari, & Rajabzadeh, 2015). It 478 

has been shown that incorporation of bioactive compounds within 479 

electrospun/electrosprayed protein structures effectively improves their stability (Gómez-480 

Mascaraque, Casagrande Sipoli, et al., 2017; Gómez-Mascaraque et al., 2018). To assess 481 

the stabilization effect of the zein matrices on crocin, the most bioactive compound from 482 

saffron (Melnyk et al., 2010), the degradation of this compound at different pH and 483 

temperatures simulating common food processing conditions (Bhat, Hamdani, & 484 

Masoodi, 2018; Licón, Carmona, Rubio, Molina, & Berruga, 2012; Tarantilis, Polissiou, 485 

& Manfait, 1994) was evaluated. For this purpose, free and encapsulated DSE were 486 

dispersed in PBS (pH=7.4) and acetic acid 20% (v/v) (pH=2) at both 25 and 75 °C, 487 

conditions which have been reported to trigger rapid degradation of the bioactive 488 

compounds found in saffron (Sánchez, Carmona, A. Ordoudi, Z. Tsimidou, & Alonso, 489 

2008; Serrano-Díaz et al., 2011) and the degradation of crocin was monitored for 15 h. 490 

The percentage of crocin degradation in the various conditions was estimated by 491 

measuring its absorbance at 440 nm and the results are compiled in Table 2 and 492 

Supplementary Figure 1. From the results in this table it can be observed that free crocin 493 

quickly degraded in acetic acid at both temperatures, being degradation more extensive 494 

at the higher temperature as expected.  495 

 496 
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Table 2. Degradation (%) of free crocin and encapsulated after 15 hours in selected 497 

conditions.  498 

Sample 
code 

Degradation (%) 

PBS (pH=7.4) Acetic acid (pH=2) 

T=25 °C T=75 °C T=25 °C T=75 °C 

Z10S2 28.15a 63.14b 58.39a 66.95a 
Z10S4 31.33ab 63.10b 64.00a 65.49a 
Z20S2 39.35b 62.71b 57.19a 77.23b 
Z20S4 34.49ab 49.64a 55.42a 59.27a 

Pure DSE 58.49c 67.12b 91.1b 98.09c 

*Means in same column with different superscripts (a-c) differ significantly (p<0.05). Statistical analysis 499 
has been performed for the last time point. 500 
 501 

PBS also promoted some degradation of free crocin, both at 25 and 75 °C, with reductions 502 

of about 60 and 68% in 15 h, respectively. In contrast, encapsulated crocin showed 503 

enhanced stability at room temperature in both pH conditions, while only a slight 504 

improvement was observed in PBS at 75 °C.  505 

Overall, encapsulation of the DSE within the electrospun/sprayed protein structures 506 

significantly enhanced the stability of crocin (p<0.05), especially in acidic conditions, in 507 

which the saffron bioactive compound (i.e. crocin) was more unstable.  508 

 509 

3.5. Saffron release from the electrospun/electrosprayed zein structures  510 

Encapsulated structures should not only have a protective effect on the bioactive 511 

ingredients incorporated within them but should also be able to eventually release them 512 

so that they can exert their biological activities. Accordingly, the release of crocin, 513 

safranal and picrocrocin from the electrospun/electrosprayed structures was assessed in 514 

50% ethanol and in soybean oil, as two simulants for oil-in-water emulsions and fatty 515 

foods, respectively (Commission-regulation10/2011EU, 2011).  516 

Figure 5 shows the release profiles of the bioactive compounds in ethanol 50%. Their 517 

release in the oil was negligible over the 6 days of experiment (data not shown), most 518 
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likely due to the poor solubility of the DSE in this food simulant, suggesting that the 519 

developed materials would find a more suitable application in aqueous food products. 520 

 521 

 522 

Figure 5. DSE release profiles from the electrospun/electrosprayed structures in ethanol 523 

50% (v/v) fitted to Peppas–Sahlin model: Safranal (A), picrocrocin (B), and crocin (C); 524 

Z10S2 (♦), Z10S4 (■), Z20S2 (▲), and Z20S4 (●). 525 

 526 
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Similar release profiles were observed independently of the compound considered and 527 

also of the encapsulation structure and the release during the experimental time was in all 528 

cases greater than 60% of the total bioactive compound content. It has been reported that 529 

reducing the effective interactions between core and wall materials leads to an increase 530 

in the release of bioactive compounds (Gómez-Estaca et al., 2017). In this case, although 531 

a complete release was not observed in any of the structures, most of the encapsulated 532 

bioactive compounds were released after 6 days in ethanol.  533 

Several mechanisms have been proposed to explain the release of encapsulated bioactive 534 

compounds from encapsulation structures such as erosion, diffusion, disintegration, 535 

fragmentation, etc. (McClements, 2012). The release data were fitted to different 536 

empirical models to better understand the release behavior of encapsulated saffron 537 

compounds from the electrospun/sprayed zein structures. Table 3 shows the coefficient 538 

of determination (R2) and constant values from the Kopcha, Ritger–Peppas, and Peppas–539 

Sahlin models. Considering the R2 values, Peppas-Sahlin model was chosen as the best 540 

model to explain the release kinetics of crocin, safranal, and picrocrocin in 50% ethanol. 541 

Fitting to other models such as zero-, first-order, and Higuchi kinetics was also attempted 542 

(data not shown). However, the obtained R2 values were lower than 0.4, indicating that 543 

these models were not suitable to explain the experimental data. The Peppas–Sahlin 544 

model is considered appropriate to evaluate the erosion and diffusion release mechanisms 545 

through the K1/K2 ratio. This study revealed that the dominant release mechanism was 546 

diffusion for both electrospun fibers and electrosprayed particles, with K1/K2 ratios 547 

greater than 1 in all cases (Table 3) (Peppas & Sahlin, 1989). This was also confirmed by 548 

the ratios A/B>1 and n≤0.4 obtained for Kopcha and Ritger–Peppas models, respectively 549 

(Kopcha, Lordi, & Tojo, 1991; Rezaeinia, Ghorani, Emadzadeh, & Tucker, 2019).  550 

Table 3. Kinetic constants of the crocin, safranal, and picrocrocin release profile in 50% 551 

ethanol. 552 
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Empirical 
release 
models 

Kopcha model  Ritger–Peppas model Peppas–Sahlin model 

A B R2 K n R2 K1 K2 m R2 

Crocin 
Z10S2 24.95 -1.65 0.75 0.39 0.13 0.92 0.46 -0.07 0.28 0.98 
Z10S4 22.96 -1.42 0.70 0.39 0.15 0.97 0.44 -0.06 0.21 0.98 
Z20S2 23.08 -1.52 0.77 0.36 0.14 0.92 0.42 -0.06 0.29 0.98 
Z20S4 24.00 -1.48 0.60 0.42 0.14 0.98 0.48 -0.06 0.18 0.98 

 
Safranal 

Z10S2 30.31 -1.98 0.88 0.44 0.16 0.89 0.48 -0.06 0.34 0.98 
Z10S4 20.39 -1.25 0.86 0.31 0.17 0.94 0.34 -0.04 0.30 0.98 
Z20S2 22.83 -1.45 0.98 0.30 0.20 0.85 0.29 -0.02 0.44 0.98 
Z20S4 20.86 -1.22 0.80 0.34 0.17 0.98 0.37 -0.04 0.23 0.98 

 
Picrocrocin 

Z10S2 30.52 -1.98 0.93 0.43 0.18 0.87 0.44 -0.05 0.37 0.98 
Z10S4 19.83 -1.26 0.89 0.29 0.17 0.90 0.30 -0.03 0.34 0.97 
Z20S2 21.75 -1.35 0.96 0.29 0.29 0.90 0.28 -0.02 0.40 0.98 
Z20S4 18.97 -1.15 0.75 0.31 0.16 0.97 0.57 -0.05 0.01 0.98 

 553 

3.6. Structural stability of the materials in aqueous media  554 

Since the encapsulated structures are intended to be in contact with food materials, the 555 

structure stability and morphological changes of electrospun fibers and electrosprayed 556 

particles upon immersion in water were estimated. Morphological changes were recorded 557 

by SEM images at selected time intervals after immersion (Fig. 6). 558 

 559 
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 560 

Figure 6. SEM images of electrospun/electrosprayed structures upon immersion in water. 561 

 562 

Due to the inherent properties of zein, as a hydrophobic protein, both electrospun and 563 

electrosprayed structures although considerably swelled in water, they were able to keep 564 

their integrity in this medium. However, some merging of the structures was seen, 565 

especially in the case of electrosprayed particles. Similarly, the fibers were partially fused 566 

together, although, as previously mentioned, no dissolution of the structures was observed 567 

in water, in agreement with the findings of Alehosseini, Gómez-Mascaraque, et al. (2019).  568 

 569 

4. CONCLUSIONS 570 

In this work, encapsulation of a saffron extract was carried out through 571 

electrohydrodynamic processing. Encapsulation efficiency, release behavior, thermal 572 
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stability, and photostability of DSE-loaded nanofibers/microparticles were assessed. Zein 573 

concentrations of 10 and 20 wt.% were selected to produce microparticles and nanofibers, 574 

respectively. The results showed that as the DSE content was increased, the diameter of 575 

both the fibers and the particles decreased. Very high encapsulation efficiencies were 576 

achieved in all cases and the thermal stability of the structures was similar independently 577 

of their morphology. Moreover, the zein structures developed were also capable of 578 

enhancing the stability of the saffron-derived bioactive compounds at different pH values 579 

(pH 2 and 7.4) and different storage temperatures (20 and 75 ºC) and upon UV exposure. 580 

A negligible extract release was observed in soybean oil after 6 days of experiment, most 581 

probably due to the poor solubility of the DSE in this media. In contrast, an almost 582 

complete extract release was observed after the same time period in aqueous ethanol, due 583 

to the progressive dissolution of the structures in this media. To better understand the 584 

release behavior of encapsulated saffron compounds from the produced zein structures, 585 

different empirical models were also fitted. This study revealed that Peppas-Sahlin model 586 

was the best model to explain the release kinetics of crocin, safranal, and picrocrocin in 587 

50% ethanol. The dominant release mechanism was diffusion for both electrospun fibers 588 

and electrosprayed particles. This work demonstrates the potential of the developed 589 

encapsulation structures as bioactive ingredients enhancing the stability of saffron 590 

compounds to be used either as food packaging coatings for active packaging 591 

applications, or in food formulations. 592 
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