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ABSTRACT 17 

Novel food-grade hybrid encapsulation structures based on the entrapment of 18 

phosphatidylcholine liposomes within a WPC matrix through electrospraying were 19 

developed and used as delivery vehicles for curcumin. The loading capacity and 20 

encapsulation efficiency of the proposed system was studied, and the suitability of the 21 

approach to stabilize curcumin and increase its bioaccessibility was assessed. Results 22 

showed that the maximum loading capacity of the liposomes was around 1.5% of 23 

curcumin, although the loading capacity of the hybrid microencapsulation structures 24 

increased with the curcumin content by incorporation of curcumin microcrystals upon 25 

electrospraying. Microencapsulation of curcumin within the proposed hybrid structures 26 

significantly increased its bioaccessibility (~1.7-fold) compared to the free compound, 27 

and could successfully stabilize it against degradation in PBS (pH = 7.4). The proposed 28 

approach thus proved to be a promising alternative to produce powder-like functional 29 

ingredients. 30 
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1. Introduction 37 

Curcumin, whose chemical structure is depicted in Figure S1 of the Supplementary 38 

Material, is a multivalent compound with attributed antioxidant, antiinflamatory and 39 

antimutagenic activities (Changguo Chen, Thomas D. Johnston, Hoonbae Jeon, Roberto 40 

Gedaly, Patrick P. McHugh, Thomas G. Burke, et al., 2009) and, thus, an attractive 41 

bioactive ingredient for the development of functional foods. However, its poor 42 

solubility in water and its great chemical instability (Schneider, Gordon, Edwards, & 43 

Luis, 2015) result in very low bioavailability rates upon oral consumption (W. Liu, 44 

Zhai, Heng, Che, Chen, Sun, et al., 2016). These drawbacks limit the direct application 45 

of curcumin not only in the food industry but also in the medical field (Chin, Huebbe, 46 

Pallauf, & Rimbach, 2013; Nelson, Dahlin, Bisson, Graham, Pauli, & Walters, 2017). 47 

Hence, a number of strategies have been proposed to design appropriate delivery 48 

vehicles for this compound (Feng, Zhu, Chu, Teng, Meng, Deng, et al., 2016; Ndong 49 

Ntoutoume, Granet, Mbakidi, Brégier, Léger, Fidanzi-Dugas, et al., 2016). 50 

Liposome dispersions can facilitate the incorporation of lipophilic molecules into food 51 

products with a positive impact on their stability and bioavailability (M. Frenzel, 52 

Krolak, Wagner, & Steffen-Heins, 2015). Specifically, degradation of curcumin in 53 

alkaline conditions can be considerably reduced within liposome environments (El 54 

Khoury & Patra, 2013). However, these vehicles have been described to lose entrapped 55 

material during storage and to become instable due to osmotic pressure in contact with 56 

certain food components such as sugars or salts (Karadag, Özçelik, Sramek, Gibis, 57 

Kohlus, & Weiss, 2013; Laye, McClements, & Weiss, 2008). Coating of liposomes with 58 

biopolymers has been proposed in a number of works as a plausible strategy to increase 59 

their stability and shelf-life (Monika Frenzel & Steffen-Heins, 2015; Gültekin-Özgüven, 60 

Karadaʇ, Duman, Özkal, & Özçelik, 2016; Tan, Feng, Zhang, Xia, & Xia, 2016). 61 
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On the other hand, the commercialization of powdery food ingredients is substantially 62 

more convenient than handling liquid ingredients such as liposome dispersions, as dried 63 

powders are easier to handle and to preserve from contamination during storage and, 64 

moreover, they occupy reduced storage volumes (Garti & McClements, 2012). 65 

Therefore, biopolymer-coated liposome dry delivery vehicles for food ingredients have 66 

been obtained through spray-drying or freeze-drying the corresponding dispersions (M. 67 

Frenzel, Krolak, Wagner, & Steffen-Heins, 2015; Van Den Hoven, Metselaar, Storm, 68 

Beijnen, & Nuijen, 2012; Wang, Hu, Shen, Xie, Shen, Lu, et al., 2015). However, 69 

spray-drying involves the use of high temperatures which can cause degradation of 70 

sensitive bioactives (Gómez-Mascaraque & López-Rubio, 2016), and freeze-drying is a 71 

considerably expensive technique (Snowman, 1988).  72 

In this context, electrohydrodynamic processing (i.e. electrospinning and 73 

electrospraying) has emerged as an alternative drying technique for the production of 74 

encapsulation structures under mild conditions by applying a high-voltage electric field 75 

to a polymer solution, dispersion or melt (Gómez-Mascaraque, Lagarón, & López-76 

Rubio, 2015). In previous works we have explored this technology to microencapsulate 77 

a wide range of bioactive ingredients (Gómez-Mascaraque, Morfin, Pérez-Masiá, 78 

Sanchez, & Lopez-Rubio, 2016; Gómez-Mascaraque, Sanchez, & López-Rubio, 2016; 79 

Rocio Pérez-Masiá, Lagaron, & Lopez-Rubio, 2015) and it has been recently explored 80 

for the encapsulation of β-carotene-loaded liposomes within biodegradable electrospun 81 

fibres (de Freitas Zômpero, López-Rubio, de Pinho, Lagaron, & de la Torre, 2015). 82 

In this work, the design of novel food-grade hybrid encapsulation vehicles for 83 

curcumin, based on the entrapment of curcumin-loaded liposomes within a protein 84 

matrix was proposed, and its impact on the stability and bioaccessibility of curcumin 85 

was assessed. The maximum loading capacity of these carriers was also investigated. A 86 
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whey protein concentrate was selected as the encapsulation matrix to produce the hybrid 87 

capsules. Whey proteins are cheap by-products from the cheese industry with functional 88 

characteristics (López-Rubio & Lagaron, 2012) which are electrosprayable in aqueous 89 

media (Gómez-Mascaraque, Lagarón, & López-Rubio, 2015; López-Rubio & Lagaron, 90 

2012). They have been already used for liposome coating and have previously shown 91 

protective effects when used as encapsulation matrix (Gómez-Mascaraque, Lagarón, & 92 

López-Rubio, 2015; R. Pérez-Masiá, López-Nicolás, Periago, Ros, Lagaron, & López-93 

Rubio, 2015). 94 

 95 

2. Materials and Methods 96 

2.1. Materials 97 

Whey protein concentrate (WPC), under the commercial name of Lacprodan® DI-8090, 98 

was kindly donated by ARLA (ARLA Food Ingredients, Denmark). Pure 99 

phosphatidylcholine (98% ± 4%) stabilized with 0.1% ascorbyl palmitate, under the 100 

commercial name of Phospholipon® 90G, was obtained from Phospholipid GmbH 101 

(Germany). Curcumin (>99.5%), phosphate buffered saline system (PBS, pH = 7.4), 102 

pepsin from porcine gastric mucosa, pancreatin from porcine pancreas and bile extract 103 

porcine were obtained from Sigma-Aldrich (Spain). Pefabloc® was supplied by Fluka. 104 

All inorganic salts used for the in-vitro digestion tests were used as received. Absolute 105 

ethanol (>99.5%) was purchased from Synth (Brasil), and acetonitrile from Merck 106 

(Germany).  107 

  108 

2.2. Liposomes production 109 
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Liposomes were prepared using the ethanol injection method based on the protocol 110 

described in de Freitas Zômpero, López-Rubio, de Pinho, Lagaron, and de la Torre 111 

(2015), with modifications. Briefly, phosphatidylcholine (‘the lipids’) was dispersed in 112 

absolute ethanol at room temperature and added dropwise to milliQ water in a 113 

volumetric ratio of 10% under continuous stirring at 1336 rpm using a Cowles type 114 

impeller. The agitation was maintained for 5 min after the addition of the lipids. 115 

Different lipid concentrations were tested, ranging from 20-80 g/L in the final liposome 116 

dispersion. 117 

In order to reduce the size of the liposomes the samples were subjected to ultrasonic 118 

treatments using a 2 mm ultrasound probe model SXB30 (Sonomax Srl, Italy) in pulse 119 

mode (30% active cycle) for 1 min 30 s in intervals of 30 s at increasing power (i.e. 60, 120 

90 and 120 W, respectively). Curcumin-loaded liposomes were produced by adding 121 

different amounts of curcumin to the lipids solutions in ethanol, in mass ratios ranging 122 

from 1-8% with respect to the lipids. 123 

 124 

2.3. Size distribution of the liposomes  125 

The size distribution of the liposomes was determined via dynamic light scattering 126 

(DLS) with a Zetasizer Nano ZS (Malvern Instruments Corp., WORCS, UK), according 127 

to the method described in Sipoli, Santana, Shimojo, Azzoni, and de la Torre (2015) 128 

prior dilution to a lipid concentration of 20 µg/mL with milliQ water, and intensity-129 

weighted results are reported.  130 

 131 

2.4. Morphology of the liposomes 132 
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Transmission electron microscopy (TEM) was conducted on a LEO 906E microscope 133 

(Zeiss, Germany) at 60 kV. Liposome dispersions were diluted to 1 mg/mL lipids and 5 134 

µL of the samples were deposited on 400-mesh copper grids coated with Formvar 135 

carbon film. The excess water was removed with blotting paper after 30 s. The samples 136 

were subjected to negative staining with 1% (w/v) uranyl acetate prior to examination (5 137 

µL of staining solution was deposited and dried after 10 s).  138 

 139 

2.5. Preparation of liposome/protein formulations 140 

WPC (25% w/v) was dispersed in milliQ water at room temperature under vigorous 141 

magnetic stirring. The required volume of liposome dispersion was subsequently added 142 

to achieve final lipids/WPC mass ratios of 2.5, 5, 7.5 and 10%, under continuous 143 

agitation. The final WPC concentration in the formulation was 20% (w/w), as required 144 

for the subsequent electrohydrodynamic processing step (Gómez-Mascaraque & López-145 

Rubio, 2016).  146 

 147 

2.6. Production of hybrid microencapsulation structures by electrospraying 148 

The previous formulations were processed using a homemade electrospinning/ 149 

electrospraying apparatus assembled in-house. The dispersions were pumped with a 150 

digitally controlled syringe pump model KDS-100 (KDScientific, USA) at a flow-rate 151 

of 0.15 mL/h through a needle with an inner diameter of 0.84 mm. Processed samples 152 

were collected on a grounded copper plate covered with aluminium foil which was 153 

placed at a distance of 10 cm from the tip of the needle in a horizontal configuration. 154 
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The applied voltage was 10 kV as selected from preliminary tests in order to attain 155 

stable electrospraying. 156 

 157 

2.7. Morphological characterization of the particles 158 

Scanning electron microscopy (SEM) was conducted on a Leo 440i microscope (LEO 159 

Electron Microscopy/Oxford, Cambridge, United Kingdom) at an accelerating voltage 160 

of 10 kV and a working distance of 15 mm after sputter-coating the samples with gold. 161 

Particle diameters were measured from the SEM micrographs using the ImageJ 162 

software. Size distributions were obtained from a minimum of 200 measurements. 163 

 164 

2.8. Fourier transform infrared (FT-IR) analysis of the samples 165 

FT-IR spectra were collected using a Nicolet 6700 Thermo Scientific FT-IR equipment 166 

(USA). The powdery electrosprayed materials were dispersed in spectroscopic grade 167 

potassium bromide and analysed in transmission mode. The lipids’ spectrum was 168 

obtained without further processing in ATR mode. All spectra were obtained by 169 

averaging 32-64 scans at 4 cm-1 resolution. 170 

 171 

2.9. Entrapment efficiency within the liposomes 172 

The liposome dispersions were centrifuged at 100×g and 4 °C for 5 min using a Heal 173 

Force Neofuge 23R centrifuge (Thanes Science, Thailand). These conditions were 174 

optimized in preliminary trials to precipitate the non-encapsulated crystals of curcumin 175 

and not the liposomes. The supernatant was diluted 4-fold with ethanol, dissolving the 176 
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liposomes and curcumin. The concentration of curcumin was then assessed by UV-vis 177 

spectroscopy at 425 nm using a Thermo spectrophotometer model Genesys 6 (New 178 

York, USA), prior preparation of a calibration curve (R2 = 0.9995). The entrapment 179 

efficiency (EE) and the loading capacity (LC) of the liposomes were calculated 180 

according to Eq. 1 and 2, respectively. 181 

	 % 	 	 	 	 	

	 	 	 	 	
100    Eq. 1 182 

	 % 	 	 	 	

	 	 	 	 	 	 	
100   Eq. 2 183 

 184 

2.10. Polarized light microscopy 185 

Polarized light microscopy images were taken using a digital microscopy system 186 

(Nikon, Multizoom AZ100, Japan) equipped with a polarized light source (Nikon, C-187 

FI115 Fiber Illuminator, Japan) and a digital camera head (Nikon, DS-Ri1, Japan).   188 

 189 

2.11. Differential scanning calorimetry (DSC) 190 

DSC was performed using a differential scanning calorimeter model DSC1 from Mettler 191 

Toledo (Switzerland) after freeze-drying the liposome suspensions. The samples (ca. 25 192 

mg) were placed in perforated standard aluminium pans (40 µl) and subjected to a 193 

heating ramp from -50 to 200 ºC at a scanning rate of 10 ºC/min under a dynamic 194 

nitrogen atmosphere (45 mL/min). 195 

 196 

2.12. Encapsulation efficiency within the hybrid encapsulation structures 197 
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The electrosprayed materials were dispersed in water (16 mg/mL) and vortex-agitated to 198 

disrupt the protein capsules. The dispersions were then slowly diluted 4-fold in ethanol 199 

to precipitate WPC while dissolving the lipids and curcumin. After centrifugation at 200 

5000 g and 4 ºC during 20 min, the curcumin concentration in the supernatant was 201 

analysed by UV-vis spectroscopy as described above. The encapsulation efficiency (EE) 202 

and loading capacity (LC) of the electrosprayed hybrid structures were calculated 203 

according to Eq. 3 and 4, respectively. 204 

	 % 	 	 	 	 	

	 	 	 	 	
100   Eq. 3 205 

	 % 	 	 	 	

	 	 	 	 	 	
100   Eq. 4 206 

 207 

2.13. Curcumin degradation assays 208 

Free curcumin, curcumin-loaded liposomes and curcumin-loaded hybrid capsules were 209 

dissolved/dispersed in PBS (pH=7.4) to achieve theoretical curcumin concentrations of 210 

0.01 mg/mL in all cases. For free curcumin, a 1 mg/mL stock solution was first 211 

prepared in absolute ethanol and subsequently diluted 100-fold in PBS. After selected 212 

time intervals, aliquots of the aforementioned solutions/dispersions were diluted 3-fold 213 

with absolute ethanol, centrifuged for 30 s at 12000 rpm using an Eppendorf MiniSpin 214 

microcentrifuge from Fisher Scientifics and their absorbance at 425 nm was measured 215 

as described in section 2.9. 216 

 217 

2.14. In-vitro gastrointestinal digestion 218 
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Suspensions of the curcumin-containing hybrid microcapsules (40 mg/mL) and the 219 

equivalent concentration of free curcumin (0.04 mg/mL) in distilled water were 220 

subjected to in-vitro digestion following the method described by Gómez-Mascaraque, 221 

Soler, and Lopez-Rubio (2016). Aliquots collected after the duodenal phases were snap-222 

frozen in liquid nitrogen until further use.  223 

 224 

2.15. Bioaccessibility assessment 225 

The amount curcumin released during digestion was estimated after centrifugation of 226 

the digestas. The supernatants were freeze-dried, re-suspended in water and extracted 227 

with 70 % acetonitrile before HPLC-MS analysis. Eluent A was water slightly acidified 228 

with 0.005% acetic acid, and eluent B acetonitrile with 0.005% acetic acid, working in 229 

isocratic mode at 70% of eluent B. The LC system used for this analysis was an 230 

Acquity® TQD system from Waters. Separation of curcumin was performed using an 231 

Acquity UPLC C18 Kinetex (Phenomenex, 100 mm x 2.1 mm, 1.7 μm particle size) 232 

LC-column. The flow rate was set to 0.4 mL/min. The injection volume was 5 µl. The 233 

mass spectrometer was equipped with a Z-spray electrospray ionization source and 234 

spectra were acquired in positive ionization multiple reaction monitoring (MRM) mode 235 

with interchannel delay of 0.16 s. The bioaccessibility was estimated according to Eq. 5, 236 

where EEhyb refers to the encapsulation efficiency obtained for the hybrid structures (cf. 237 

Eq. 3). 238 

	 % 	

	 	
100    Eq. 5 239 

 240 

2.16. Statistical analysis 241 
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Significant differences between homogeneous sample groups were obtained through 242 

two-sided t-tests at p < 0.05 using IBM SPSS Statistics software (v.23) (IBM Corp., 243 

USA). For multiple comparisons, the p-values were adjusted using the Bonferroni 244 

correction.  245 

 246 

3. Results and discussion 247 

3.1. Phosphatidylcholine liposomes 248 

Suspensions of liposomes with different lipid (phosphatidylcholine) concentrations, 249 

ranging from 20-80 g/L, were prepared using the ethanol injection method. The size 250 

distribution of the obtained liposomes could not be accurately determined by DLS due 251 

to their big sizes and great polydispersity index (results not shown). Jaafar-Maalej and 252 

co-workers had also observed an increase in the size of liposomes produced using egg-253 

yolk lecithin by ethanol injection when the lipids concentration was increased from 10 254 

g/L to 60 g/L, and the formation of large aggregates when the lipids concentration was 255 

higher than 60 g/L (Jaafar-Maalej, Diab, Andrieu, Elaissari, & Fessi, 2010).  256 

Subsequent attempts to electrospray the protein dispersions containing the prepared 257 

liposomes failed, as the disturbance of the Taylor cone caused by the big-sized 258 

liposomes led to dripping of the dispersions. Therefore, the liposomes were subjected to 259 

a ultrasonic treatment (cf. Section 2.2) in order to reduce their size (Yamaguchi, 260 

Nomura, Matsuoka, & Koda, 2009) while maintaining high lipids concentrations in the 261 

final hybrid structures. 262 

Table 1 summarizes the average size and polydispersity index (intensity weighted) of 263 

the obtained liposomes after the ultrasonic treatment. The results showed that both the 264 

average size of the liposomes and their polydispersity increased with the lipid 265 

concentration. In order to confirm the results from DLS, the liposomes were observed 266 



       

13 
 

by transmission electron microscopy (TEM). Figure S2 of the Supplementary Material 267 

shows a TEM image obtained for liposomes prepared with a final lipid concentration of 268 

80 g/L, whose sizes are in the range of those obtained by DLS.  269 

 270 

3.2. Hybrid electrosprayed capsules  271 

Electrosprayed capsules were obtained from WPC dispersions containing sonicated 272 

phosphatidylcholine liposomes produced at different lipid concentrations in order to 273 

ascertain whether the concentration and size of the liposomes had an impact on the 274 

sprayability of the suspensions and the morphology and size of the obtained 275 

encapsulation structures. All evaluated liposome concentrations (i.e. up to a 10% w/w of 276 

lipids with respect to the protein) could be successfully electrosprayed, and the images 277 

obtained by scanning electron microscopy (SEM) of the capsules are shown in Figure 1, 278 

together with their particle size distributions. From these images it was concluded that 279 

all the dispersions containing liposomes at different concentrations and with different 280 

size distributions yielded spherical capsules upon electrospraying, finding no significant 281 

differences in their size distributions. Therefore, the maximum concentration tested, i.e. 282 

10% w/w of lipids with respect to the protein, was selected for further experiments, in 283 

order to maximize the amount of bioactive to be incorporated in the hybrid 284 

encapsulation structures.   285 

 286 

INSERT FIGURE 1 ABOUT HERE 287 

 288 

Figure 1 also shows the FT-IR spectra of the capsules containing 10% w/w liposomes, 289 

together with the spectrum of WPC capsules containing no lipids and that of the 290 
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commercial lipids. The spectrum of electrosprayed WPC in the absence of lipids 291 

exhibited the characteristic bands of proteins centered at 3411 cm-1 (Amide A, N-H 292 

stretching), 3075 cm-1 (Amide B, asymmetric stretching of =C-H and NH3
+), 1650 cm-1 293 

(Amide I, C=O and C-N stretching), 1547 cm-1 (Amide II, N-H bending) and 1242 cm-1 294 

(Amide III, C-N stretching) (Gómez-Mascaraque & López-Rubio, 2016). These bands 295 

were also observed in the spectrum of the hybrid capsules, where the presence of lipids 296 

within the electrosprayed structures was evidenced by the increase in the intensity of the 297 

peaks at 2854 and 2925 cm-1 (ascribed to the symmetric and asymmetric vibrational 298 

modes of CH2 groups), the bands at 1242, 1156 and 1079 cm-1 (associated to 299 

contributions of phosphate groups in the lipids), and the appearance of a shoulder at 300 

1739 cm-1 corresponding to the band at 1736 cm-1 (vibration of C=O groups) in the pure 301 

lipids (Hielscher, Wenz, Hunte, & Hellwig, 2009).  302 

Spectral band shifts were observed in the hybrid capsules with respect to its individual 303 

components, such as the band ascribed to the Amide B, which shifted to 3072 cm-1 in 304 

the hybrid structures, or the mentioned band at 1739 cm-1, which was originally 305 

centered at 1736 cm-1 in the commercial lipids. The spectral changes corresponding to 306 

lipid vibrational bands, have been attributed to the reorganization of their 307 

supramolecular structure (Hielscher, Wenz, Hunte, & Hellwig, 2009) upon liposome 308 

production. On the other hand, potential intermolecular interactions between the lipids 309 

and the protein might be also taking place, as suggested by the shifts observed in the 310 

bands ascribed to the protein. Indeed, globular proteins and, in particular, whey 311 

proteins, have been described to suffer conformational changes resulting from 312 

adsorption to oil droplets in oil-in-water emulsions (Malaki Nik, Wright, & Corredig, 313 

2010; McClements, 2004), consequently exposing their non-polar residues. A similar 314 

phenomenon could take place in the prepared liposome dispersions, where the 315 
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liposomes would act as self-organized oil droplets, which would interact with the 316 

exposed non-polar residues of the protein. Previous works have already suggested that 317 

phospholipids can modify the secondary structure of whey proteins due to hydrophobic 318 

interactions (Kasinos, Sabatino, Vanloo, Gevaert, Martins, & Van der Meeren, 2013), 319 

allowing even the insertion of whey proteins into the liposomal membrane (Monika 320 

Frenzel & Steffen-Heins, 2015). 321 

 322 

3.3. Curcumin-loaded liposomes and microcapsules 323 

The selected hybrid carrier, i.e. with a lipid content of 10% w/w, was loaded with 324 

different concentrations of curcumin. For this purpose, curcumin-loaded liposomes 325 

(lipid concentration of 80 g/L) were first produced by adding different amounts of 326 

curcumin (1-8% w/w with respect to the lipids) to the lipid solutions before injection. 327 

After mixing with the protein dispersion, the mixture was electrosprayed. 328 

Table 1 summarizes the average size and polydispersity index (intensity weighted) of 329 

the obtained curcumin-loaded liposomes, which increased with increasing curcumin 330 

contents. Being curcumin a lipophilic compound, it was expected to be located in the 331 

hydrophobic region of the liposomal bilayer, having an impact on the size and stability 332 

of the liposomes. In fact, (Karewicz, Bielska, Gzyl-Malcher, Kepczynski, Lach, and 333 

Nowakowska (2011)) reported that liposomes based on egg yolk phosphatidylcholine 334 

and dihexadecyl phosphate were destabilized upon loading with curcumin. Similarly, 335 

curcumin affected the phase transition of 1,2-dimyristoyl-sn-glycero-3-phosphocholine 336 

liposomes (El Khoury & Patra, 2013). 337 

 338 
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INSERT TABLE 1 ABOUT HERE 339 

 340 

Despite this increase in the size and polydispersity of the liposomes, all the above 341 

curcumin-loaded liposomes could be successfully electrosprayed when incorporated in 342 

the WPC dispersions, causing no substantial changes in the size and morphology of the 343 

hybrid capsules (c.f. Section 3.5).  344 

 345 

3.3.1. Entrapment of curcumin within the liposomes 346 

In order to ascertain the amount of curcumin effectively incorporated within the 347 

liposomes as a function of the curcumin concentration added to the lipids solution, the 348 

entrapment efficiency (EE) and loading capacity (LC) of the systems were calculated 349 

according to Eq. 1 and 2, respectively. Results are summarized in Table 2. 350 

The results showed that the encapsulation efficiency decreased with the amount of 351 

curcumin added to the lipids solutions. However, no significant differences were 352 

observed in the loading capacity of the samples, regardless of the initial curcumin 353 

concentration. Therefore, it was concluded that a maximum curcumin loading of about 354 

1.5 % (w/w) with respect to the mass of lipids could be effectively incorporated within 355 

the liposomal bilayer. The excess curcumin would then be excluded from the liposomes 356 

structure, crystallizing upon contact with water and hence decreasing the entrapment 357 

efficiency above the mentioned loading capacity. 358 

To confirm this hypothesis, the curcumin-loaded liposomes suspensions were 359 

centrifuged and the obtained pellet was observed under a polarized light microscope to 360 

corroborate the presence of curcumin microcrystals. The obtained images are shown in 361 
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Figure S3 of the Supplementary Material. While very few microcrystals were observed 362 

when a proportion of 1% w/w curcumin was used, the concentration and size of the 363 

microcrystals tended to increase as more curcumin was incorporated into the lipids 364 

solution. 365 

The above qualitative assessment was complemented with DSC measurements. As 366 

inferred in Section 3.3, liposomal curcumin is expected to be located in the 367 

phospholipid bilayer and impact its stability. Hence, the liposome phase transition 368 

associated with the disruption of the phospholipid bilayer was expected to occur at 369 

lower temperatures when curcumin was incorporated in the liposomes (El Khoury & 370 

Patra, 2013; Patra, El Khoury, Ahmadieh, Darwish, & Tafech, 2012). In fact, a 371 

reduction of the transition temperature has been already observed in 372 

phosphatidylcholine-based liposomes upon curcumin loading (Y. Liu, Liu, Zhu, Gan, & 373 

Le, 2015). It was hypothesized that the decrease in the phase transition temperature (i.e. 374 

‘the destabilization’) would be proportional to the amount of curcumin incorporated 375 

within the liposomal bilayer. Figure 2 shows the DSC thermograms of unloaded and 376 

curcumin-loaded freeze-dried liposomes.  377 

 378 

INSERT FIGURE 2 ABOUT HERE 379 

 380 

Indeed, the obtained thermograms showed that curcumin-loading lowered the transition 381 

temperature of the liposomes more than 5 ºC, and small differences were observed 382 

amongst the transition temperature of the curcumin-loaded liposomes with different 383 

curcumin concentrations, suggesting that the amount of curcumin effectively 384 
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incorporated in the liposomal bilayer did not differ substantially regardless of the 385 

curcumin concentration in the initial lipid solution.    386 

 387 

3.3.2. Encapsulation efficiency within the hybrid microcapsules 388 

The double encapsulation of curcumin within the hybrid structures was accomplished 389 

by incorporating the curcumin-loaded liposome suspensions into WPC dispersions (in a 390 

lipid:WPC ratio of 10% w/w and different curcumin:lipid ratios) and electrospraying the 391 

mixture as previously done with the unloaded liposomes. Again, spherical capsules 392 

were obtained with similar size distributions as those observed in Figure 1. A 393 

representative SEM image is shown in Figure S4 of the Supplementary Material for a 394 

theoretical curcumin concentration of 0.2% w/w with respect to the protein mass. The 395 

curcumin encapsulation efficiency (EE) and the loading capacity (LC) of the hybrid 396 

microcapsules were calculated according to Eq. 3 and 4, respectively, for different 397 

theoretical curcumin concentrations. The results are summarized in Table 2.  398 

 399 

INSERT TABLE 2 ABOUT HERE 400 

As previously observed for the simple liposomal encapsulation, the efficiency of the 401 

hybrid encapsulation process decreased as the theoretical curcumin concentration 402 

increased. However, the loading capacity of the capsules increased as the curcumin 403 

concentration did, and was higher than that expected considering the results in the 404 

previous section. Considering the maximum curcumin loading capacity of the liposomes 405 

previously calculated of around 1.5%, loading capacities of the hybrid capsules greater 406 

than 0.15% would imply that part of the curcumin present in those hybrid structures was 407 

not entrapped within the lipids and should then be in crystalline form. Accordingly, the 408 

smallest curcumin crystals present in the liposomal dispersion might have remained in 409 
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suspension during the electrospraying process, aided by the relatively high viscosity of 410 

the WPC dispersion. On the other hand, bigger crystals would have precipitated in the 411 

syringe, decreasing the encapsulation efficiency as observed when increasing curcumin 412 

concentrations. However, although an increase in the loading capacity of the hybrid 413 

capsules was observed upon increasing the curcumin concentration in the solutions, the 414 

physical form of the curcumin (either crystalline or liposomal) was expected to have 415 

implications in its bioaccessibility and, consequently, in its bioavailability (cf. Section 416 

3.4).     417 

 418 

3.4. Bioaccessibility of curcumin after in-vitro digestion 419 

The bioaccessibility can be defined as the fraction of a compound ‘that is soluble in the 420 

gastrointestinal (GI) environment and is available for absorption’ or ‘the fraction of 421 

external dose released from its matrix in the GI tract’ (Cardoso, Afonso, Lourenço, 422 

Costa, & Nunes, 2015). In particular, the bioaccessibility of lipophilic ingredients has 423 

been related to the fraction of the compounds which is incorporated into the mixed 424 

micellar phase formed during digestion in the small intestine (Qian, Decker, Xiao, & 425 

McClements, 2012). Therefore, in this work the bioaccessibility was calculated as the 426 

fraction of the original curcumin content which was recovered from the micellar phase 427 

after in-vitro digestion (i.e. the clear phase observed after centrifugation of the digestas), 428 

as described in previous works (Ahmed, Li, McClements, & Xiao, 2012; Qian, Decker, 429 

Xiao, & McClements, 2012). The original curcumin content was calculated taking into 430 

account the theoretical loading of the hybrid microcapsules and the encapsulation 431 

efficiency, as expressed in Eq. 5. Results are shown in Table 3. 432 

 433 
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INSERT FIGURE 3 ABOUT HERE 434 

 435 

Results showed that the bioaccessibility of pure curcumin was very low, as expected. 436 

Microencapsulation of the compound within the proposed hybrid structures, however, 437 

significantly increased its bioaccessibility (~1.7-fold), regardless of the curcumin 438 

content in the capsules. It is worth noting that, although the loading capacity of the 439 

hybrid microcapsules was different for each sample, the loading capacity of the 440 

precursor liposomes was not statistically different (cf. Table 2) and thus the amount of 441 

‘liposomal curcumin’ is expected to be similar in all capsules subjected to digestion. 442 

Accordingly, no statistically significant differences were observed among the 443 

microencapsulated samples. In this sense, incorporation of theoretical curcumin 444 

contents greater than 1% in the precursor liposomes was considered impractical, as it 445 

did not further improve the bioaccessibility of curcumin while it led to lower 446 

encapsulation efficiencies.        447 

 448 

3.5. Protective effect of microencapsulation 449 

In order to assess whether the microencapsulation of curcumin within the proposed 450 

system effectively stabilize the bioactive ingredient, the free and encapsulated 451 

compound were dissolved/dispersed in PBS (pH=7.4) medium in which curcumin has 452 

been described to be very unstable undergoing rapid hydrolytic degradation (Changguo 453 

Chen, Thomas D Johnston, Hoonbae Jeon, Roberto Gedaly, Patrick P McHugh, Thomas 454 

G Burke, et al., 2009). The optimal curcumin load determined from the previous 455 

sections (i.e. 1% in the liposomes and 0.1% in the hybrid capsules) was selected for this 456 



       

21 
 

assay. Figure 3 shows the decay that its absorbance at 425 nm experienced in time due 457 

to degradation. 458 

  459 

INSERT FIGURE 3 ABOUT HERE 460 

 461 

As expected, free curcumin rapidly degraded in PBS, being completely degraded in 462 

only 1 h. In contrast, microencapsulated curcumin remained stable throughout the 463 

experiment, showing minimal absorbance decay. The results also showed that 464 

entrapment of curcumin within the liposomes was enough to greatly improve its 465 

stability. However, a small absorbance drop was observed for liposomal curcumin 466 

during the first hours, suggesting that the dual encapsulation approach provided 467 

enhanced protection against degradation in the buffer. Although the protein concentrate 468 

used in this work is water-dispersible, implying that the contents of the capsules would 469 

be released upon dispersion of the powder in aqueous solution, whey proteins adsorb at 470 

oil/water interfaces where they suffer conformational changes (Malaki Nik, Wright, & 471 

Corredig, 2010; McClements, 2004), forming a film around the oil droplets which acts 472 

as a physical barrier at the interface (Karaca, Low, & Nickerson, 2015; Zebib, 473 

Mouloungui, & Noirot, 2010). As suggested above (cf. Section 3.2), this phenomenon 474 

could also take place when the oil phase is organized into liposomes (Kasinos, Sabatino, 475 

Vanloo, Gevaert, Martins, & Van der Meeren, 2013), explaining the additional 476 

protective effect provided by the protein matrix, despite being water-dispersible. These 477 

results are in agreement with those recently reported by Frenzel and co-workers (M. 478 

Frenzel, Krolak, Wagner, & Steffen-Heins, 2015), who showed that whey protein 479 
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coatings increased the physical stability of soy phospholipids-based liposomes and 480 

reduced their bilayer semi-permeability. 481 

 482 

4. Conclusions 483 

Novel food-grade hybrid encapsulation structures based on the entrapment of 484 

phosphatidylcholine liposomes within a WPC matrix through electrospraying were 485 

developed and used as delivery vehicles for curcumin. Liposomes produced by the 486 

ethanol injection method were ultrasonicated to improve their electrosprayability by 487 

reducing their size. Although relatively big (~400 nm) and polydisperse (PI~0.6), 488 

liposomes produced at a lipid concentration as high as 80 g/L were successfully 489 

incorporated within the WPC capsules. Entrapment of curcumin (1-8% w/w) within the 490 

liposomes increased their size and reduced their stability, and the entrapment efficiency 491 

of the liposomes decreased with increasing curcumin concentrations, suggesting that 492 

their maximum curcumin loading capacity was 1-1.5 % (w/w). The excess curcumin 493 

precipitated in the form of microcrystals, a fraction of which could be incorporated 494 

together with the liposomal curcumin within the hybrid encapsulation structures upon 495 

electrospraying of the WPC-liposome dispersions, increasing the loading capacity of 496 

these vehicles despite the decrease in the encapsulation efficiency. Microencapsulation 497 

of curcumin within the proposed hybrid structures significantly increased its 498 

bioaccessibility (~1.7-fold) compared to the free compound, regardless of the curcumin 499 

content in the capsules. Hence, incorporation of curcumin contents greater than 1% in 500 

the liposomes was considered impractical, as the lower encapsulation efficiencies did 501 

not compensate by an improvement in the bioaccessibility. Finally, the microcapsules 502 

could successfully stabilize curcumin against degradation in PBS (pH = 7.4), 503 
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demonstrating that the whey protein coating of the liposomes obtained by the dual 504 

encapsulation strategy provided enhanced protection as compared to the simple 505 

entrapment within uncoated liposomes. 506 
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Tables 661 

Table 1. Average size and polydispersity index (PDI) of unloaded liposomes prepared with different 662 
lipid concentrations (a), and curcumin-loaded liposomes prepared with 80 g/L lipids (b) 663 

a) Unloaded liposomes b) Curcumin-loaded liposomes 

[lipid] 
(g/L) 

Average 
hydrodynamic 
diameter (nm) 

PDI [curcumin] 
(% w/w) 

Average 
hydrodynamic 
diameter (nm) 

PDI 

20 206 ± 3 0.27 ± 0 407 ± 58 0.66 ± 0.06 

40 244 ± 3 0.43 ± 1 508 ± 46 0.75 ± 0.02 

60 342 ± 38 0.59 ± 2 656 ± 188 0.73 ± 0.04 

80 407 ± 58 0.66 ± 8 771 ± 54 0.87 ± 0.07 

 664 

Table 2. Entrapment or encapsulation efficiency and loading capacity of curcumin-loaded 665 
liposomes (a) and curcumin-loaded hybrid microcapsules (b) 666 

a) Liposomes b) Hybrid microcapsules 

[curcumin] 
(% w/w) 

EE (%) LC (%) [curcumin] 
(% w/w) 

EE (%) LC (%) 

1 79 ± 1 a 0.79 ± 0.01 0 - - 

2 72 ± 3 a 1.44 ± 0.07 0.1 104 ± 5 a 0.104 ± 

4 32 ± 10 b 1.27 ± 0.43 0.2 75 ± 1 b 0.150 ± 

8 11 ± 1 b 0.87 ± 0.05 0.4 69 ± 4 b 0.275 ± 
Different letters (a–c) within the same column indicate significant differences at p<0.05 among the 667 
samples 668 
 669 

Table 3. Bioaccessibility of pure and microencapsulated curcumin  670 

Sample – [curcumin]theoretical Bioaccessibility (%) 

Free curcumin - pure 3.2 ± 0.5 a 

Microcapsules - 0.1% w/w 5.4 ± 0.5 b 

Microcapsules - 0.2% w/w 5.3 ± 0.5 b 

Microcapsules - 0.4% w/w 4.8 ± 0.3 b 

Different letters (a–b) within the same column indicate significant differences at p<0.05 among the 671 
samples 672 

  673 
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FIGURE CAPTIONS 674 

Figure 1. SEM images and particle size distributions of unloaded hybrid encapsulation 675 

structures obtained with different liposome concentrations: a) 0% lipid, b) 2.5% lipid, c) 676 

5% lipid, d) 7.5% lipid and e) 10% lipid; f) FT-IR spectra of commercial lipids, 677 

electrosprayed WPC and the liposome-WPC hybrid carriers. 678 

Figure 2. Thermograms of unloaded and curcumin-loaded liposomes with different 679 

curcumin w/w concentrations (a) and variation of their transition temperature (pointed 680 

by the arrow) with the theoretical concentration of curcumin (b). The dotted line is only 681 

for visual guidance purposes. 682 

Figure 3. Degradation profiles for free and encapsulated curcumin in PBS (pH=7.4). 683 
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