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Abstract 19 

Valorization of wastes has become an unavoidable goal in the olive oil industry. A possible 20 

approach is the recovery of leaf phenolic compounds, which have a great interest for food 21 

industries, due to their antioxidant and antimicrobial activities. Thus, this study aims at 22 

comparing the effects of encapsulated (e-OLE) and free olive leaf extract (f-OLE) on storage 23 

stability of salad dressings prepared as single and double emulsion systems. Creaming, 24 

rheological properties, double emulsion yield, pH, total phenol content (TPC), antioxidant 25 

activity, and peroxide value (PV) of the dressings were monitored over 90 days at 4 °C. 26 

Microstructure examination showed a more homogeneous distribution of the droplet size with 27 

the inclusion of OLE. No creaming and very little variations in rheological parameters 28 

(<10%) were observed. OLE enrichment and double emulsion systems significantly (P<0.05) 29 

improved the rheological behavior, with a higher effect of e-OLE due to the alginate-pectin 30 

beads. OLE-enrichment extended the oxidation induction period from 15-20 days to 50 days. 31 

In conclusion, the work demonstrated that OLE encapsulation by emulsification-internal 32 

gelation technique was effective in gradually releasing polyphenols during salad dressing 33 

storage, thus increasing product protection toward oxidation phenomena. 34 

 35 

Keywords: Waste recovery, sustainability, olive-mill by-products, physical stability, 36 

antioxidants, oxidative stability. 37 

 38 

  39 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

3 
 

Introduction 40 

Valorization of wastes has become an unavoidable subject in the olive oil industry owing to 41 

the negative environmental and ecological consequences of their improper disposals. Wastes 42 

consist of olive leaves - generated during harvesting - as well as pomace and wastewater - 43 

produced during oil extraction (Araújo et al. 2015). Approximately 6% leaves usually 44 

accompany harvested olives (Difonzo et al. 2017), with a significant economic loss to olive 45 

oil producers who are buying waste material together with olives. Considering the amount of 46 

olive oil and table olives produced in the world, over one billion kilograms of olive leaves are 47 

yearly generated, thus a valorization for this industrial waste appears beneficial (Romero-48 

García et al. 2016). The recovery of phenolic compounds from olive leaves has a great interest 49 

for food, nutraceutical, pharmaceutical, and cosmetic industries, due to their antioxidant and 50 

antimicrobial activities. Moreover, polyphenols have been widely studied for their therapeutic 51 

properties, such as the ability in delaying cancer cell proliferation, reducing low density 52 

lipoprotein, acting as anti-inflammatories, vasodilators, immune-stimulants and antivirals 53 

(Rahmanian et al. 2015). 54 

In food products, the oxidative degradation causes not only a loss of nutritional properties, but 55 

also a sensory decay due to the development of undesired odors and flavors. Thus, extracts 56 

from olive oil wastes have been proposed as effective natural antioxidants for preservation of 57 

different kind of foods, including emulsions (Caporaso et al. 2016a; Caporaso et al. 2016b; Di 58 

Mattia et al. 2014; Giacintucci et al. 2016; Mosca et al. 2013; Paradiso et al. 2016; Silva et al. 59 

2013). A more general overview on recent food applications of phenolic extracts obtained 60 

from olive by-products can be found in the review by Caporaso et al. (2019). 61 

Olive leaves contain six major polyphenolic compounds, showing an antioxidant activity 62 

higher than many other antioxidants, probably due to the synergy among flavonoids, 63 

oleuropeosides, and substituted phenols (Benavente-García et al. 2000). The antioxidant and 64 
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other functional properties of olive leaf extracts (OLE) are affected by sample origin and 65 

extraction conditions (Rahmanian et al. 2015). Besides, polyphenols are characterized by a 66 

very high sensitivity to several environmental factors - including heat and light -, present low 67 

water solubility in the free form and are metabolized and eliminated from the body at a high 68 

rate. All these factors contribute to poor stability and bioavailability, drastically reducing the 69 

OLE effectiveness. Another limit to food applications is the bitter and unpleasant taste that 70 

often accompanies polyphenolic molecules. Thus, many researches focused the attention on 71 

the development of new strategies for protecting phenolic compounds from degradation and 72 

for improving their bioactivity and pleasantness. In this context, encapsulation technologies 73 

seem to be effective strategies, as well as the inclusion in emulsions (Ezhilarasi et al. 2013; 74 

Flamminii et al. 2020; Jia et al. 2016; Lamba et al. 2015; Lu et al. 2016; Parisi et al. 2014). 75 

Salad dressings are very popular emulsified products commercialized in a broad range of 76 

forms, with a fat content ranging from 20 to 65% and different viscosities (Abdalla & 77 

Roozen, 2001). They are usually prepared as single O/W emulsions. However, fractional 78 

replacement of oil droplets by an internal aqueous phase makes water-in-oil-in-water 79 

(W1/O/W2) double emulsion a protective encapsulation method for various bioactive 80 

compounds, thereby facilitating controlled release, improving bioavailability and masking 81 

unpleasant sensory properties (Artiga-Artigas et al. 2019; Fang & Bhandari 2010; Souilem et 82 

al. 2014). 83 

Only few studies have been carried out on the possibility of improving oxidative stability and 84 

nutritional quality of salad dressings by incorporating extracts from olive mill by-products 85 

and, to the best of our knowledge, no papers compare their effects on single and double 86 

emulsions systems. Considering the importance of filling this gap in order to increase the 87 

sustainability of the olive oil system, this work aims at investigating the effects of 88 

encapsulated and free olive leaf extract (OLE) on the physical and oxidative stability of salad 89 
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dressings prepared as single O/W and double W1/O/W2 emulsion systems. 90 

 91 

Materials and methods 92 

Materials 93 

A single batch of refined corn oil (Carrefour, Boulogne-Billancourt, France) was purchased in 94 

a local supermarket and used to produce all the salad dressing samples. Xanthan gum 95 

(Comprital, Settala, Italy) was used as polysaccharide stabilizer. The OLE Oleafit Antiox 96 

Complex 40 (Gricar Chemical srl, Brugherio, Italy) was kindly provided by Panakeia 97 

(Teramo, Italy); its total phenol content (TPC) expressed in gallic acid equivalents (GAE) was 98 

207±4 mg/g dry matter (dm). The extract was used free (f-OLE) and after calcium alginate-99 

pectin microencapsulation (e-OLE) (Flamminii et al. 2020). Briefly, a solution of alginate, 100 

pectin, and calcium citrate was emulsified with a vegetable oil to form a water-in-oil 101 

dispersion. Gelation of water droplets was promoted by the release of calcium due to pH 102 

reduction. The e-OLE contained 78±1 mg GAE/g dm.  103 

Sodium chloride, citric acid, PTSA (1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt 104 

hydrate), Oil Red O pigment, and Folin-Ciocalteau phenol reagent were purchased from 105 

Merck (Darmstadt, Germany), whereas all the other reagents were obtained from Sigma 106 

Aldrich (Steinheim, Germany). 107 

 108 

Preparation of Salad Dressings 109 

Six pourable salad dressing samples were produced (800 mL each) following the procedure 110 

shown in Fig. 1. Three samples were single O/W emulsions (coded as 1e) and three were 111 

W1/O/W2 double emulsions (coded as 2e). For each type of emulsion, one sample was 112 

enriched with f-OLE (samples 1eA and 2eA), one with the e-OLE (samples 1eB and 2eB), 113 

and the third sample was not enriched and used as reference (samples 1Ref and 2Ref). 114 
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Dressing formulation was studied in order to simulate commercial products. All the samples 115 

had 25% oil phase mass and 75% total water phase mass; the amount of f-OLE or e-OLE to 116 

be added in polyphenol-enriched samples was calculated to obtain a final TPC of 160 mg 117 

GAE/kg. 118 

The aqueous phase was prepared by dispersing xanthan gum (0.8 g/100 mL) and sodium 119 

chloride (0.4 g/100 mL) in deionized water containing citric acid (0.5 g/100 mL) and by 120 

stirring overnight at room temperature for complete dissolution. The given amount of OLE, 121 

when present, was dispersed in a portion of the aqueous phase and stirred for 10 min before 122 

addition into the remaining water phase. 123 

O/W emulsion dressings were produced in a two-step homogenization process, using a heavy-124 

duty blender (Waring Blendor, Torrington, CT). The mixture, 25% oil and 75% water phase, 125 

was firstly homogenized at 18,000 rpm for 30 s, allowed to rest for 30 s and finally 126 

homogenized at 20,800 rpm for the same time. 127 

For W1/O/W2 dressings, OLE, when present, was dispersed only in the inner water phase of 128 

the primary emulsion (W1/O) that was prepared similarly to O/W emulsion, combining 20% 129 

water phase and 80% corn oil. Then, 31.3% W1/O and 68.7% water phase were homogenized 130 

with the same two-step procedure previously described.  131 

All the dressing samples were poured into 50 mL glass jars with screw caps, flushing the air 132 

space with nitrogen before closing. Jars were stored at 4 °C for a maximum of 90 days. At 133 

least eight sampling points were analyzed during storage for every sample, using one jar for 134 

each sampling time. 135 

 136 
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Optical Imaging of Salad Dressings 137 

Microstructure of freshly prepared salad dressings was observed by a digital imaging 138 

microscope (Nikon Eclipse ME600, Nikon Instruments SpA, Campi Bisenzio, Italy) managed 139 

by the NIS Elements software (Nikon Corporation, Tokyo, Japan). A drop of sample was 140 

placed on a glass slide, covered with lid and observed under 20x magnifying objective lens. 141 

 142 

Creaming Stability 143 

Creaming stability of dressings during storage was determined in triplicate as reported by 144 

Moriano and Alamprese (2020), according to a method adapted from Karaca et al. (2011). 145 

Briefly, each type of dressing (50 g) was prepared as previously described, but using as oil 146 

phase the corn oil previously stained Oil Red O pigment (0.015 g/100 mL), in order to make 147 

clearer the oil layer separation during storage. 148 

 149 

Rheological Behavior 150 

Rheological properties of dressing samples were analyzed using a rheometer Physica MCR 151 

102 (Anton Paar, Graz, Austria) equipped with coaxial cylinders (CC27). Flow curves were 152 

measured in triplicate at 4 °C, ranging shear rate from 20 to 500 s-1. Experimental data were 153 

fitted with the power law model in order to calculate the consistency coefficient (K) and flow 154 

behavior index (n) (Steffe 1996). 155 

 156 

Double Emulsion Yield 157 

The percentage amount of inner aqueous phase remaining inside the oil droplets of double 158 

emulsions was expressed as yield and determined following the method by Perez-Moral et al. 159 

(2014), adapted as reported by Moriano and Alamprese (2020). Briefly, PTSA (0.2 g/100 mL) 160 

was added as a tracer to the inner water phase of purposely prepared W1/O/W2 samples (100 161 
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g). At every sampling point, the concentration of PTSA appeared in the external water phase 162 

was determined spectrophotometrically (V-650 spectrophotometer, Jasco Europe, Cremella, 163 

Italy) at 374 nm by using a calibration curve. The measurement was performed in 164 

quadruplicate and yield was expressed in percentage. 165 

 166 

Measurement of pH 167 

Dressing pH was determined in triplicate during storage using a SevenEasy pH-meter (Mettler 168 

Toledo, Columbus, OH) equipped with an electrode for liquid samples. 169 

 170 

Polyphenol Extraction 171 

Extraction of polyphenolic compounds from corn oil and salad dressings was carried out 172 

according to the liquid-liquid method proposed by Pirisi et al. (2000), modified as follows: 3 173 

g sample was mixed with 15 mL methanol/deionized water solution (70:30) and 3 mL hexane. 174 

The mixture was sheared with an UltraTurrax T25 (IKA, Staufen, Germany) at 20,000 rpm 175 

for 60 s, sonicated for 30 min at 25 °C, and then centrifuged (LISA 2L centrifuge, AFI, 176 

Château-Gontier-sur-Mayenne, France) at 4,000 g (6,000 rpm) for 10 min at 25 °C. The 177 

methanol/water phase was collected and centrifuged again at 9,000 g (9,000 rpm) for 5 min at 178 

25 °C. This step was repeated twice and then the methanol/water phase was filtered through 179 

Whatman nylon filters 0.20 μm (GE Healthcare, Amersham, UK). For each sample, three 180 

extracts were prepared and used for TPC and antioxidant activity determination. 181 

 182 

Total Phenol Content 183 

TPC of corn oil and salad dressings was determined in duplicate for each sample extract, for a 184 

total of six determinations for each sample. The Folin-Ciocalteu method was applied, 185 

according to Singleton and Rossi (1965). Results are expressed as mg GAE/kg of dressing or 186 
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oil. 187 

 188 

Antioxidant Activity 189 

Antioxidant activity of the phenolic extracts obtained from salad dressings was measured by 190 

ABTS (2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)) and DPPH (2,2-diphenyl-1-191 

picrylhydrazyl hydrate) assays. ABTS assay was carried out as described by Re et al. (1999). 192 

DPPH test was performed according to Brand-Williams et al. (1995). In both cases the 193 

results are expressed as μmol Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic 194 

acid) equivalents (TE)/g of dressing, as the average of six determinations (two for each 195 

sample extract). 196 

 197 

Peroxide Value  198 

Peroxide value (PV) of corn oil and salad dressings was determined following the official 199 

method for olive oil (Commission Regulation (EEC) No. 2568/91). For dressing samples, the 200 

analysis was carried out on the oil phase previously separated as reported by Alamprese et al. 201 

(2017), modifying the method as follows: 16 g salad dressing was mixed with 32 mL 202 

chloroform. Before solvent evaporation, the mixture was sheared with an Ultraturrax T25 203 

(IKA, Staufen, Germany) at 20,000 rpm for 1 min and centrifuged at 9,000 g (9,000 rpm) for 204 

5 min at 25 °C (LISA 2L centrifuge, AFI, Château-Gontier-sur-Mayenne, France) in order to 205 

collect the oil/chloroform layer. Results are expressed as meqO2/kg of oil or oil phase, as the 206 

average of two measurements.  207 

 208 

Statistical Analyses 209 

Statgraphics Centurion 18 statistical package (Statgraphics Technologies Inc., The Plains, 210 

VA, USA) was used to perform one-way analysis of variance (ANOVA) and Least 211 
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Significant Difference (LSD) test (P<0.05) to determine significant differences among 212 

samples and during storage. 213 

Overall pattern recognition of the OLE-enriched salad dressing samples during storage was 214 

evaluated by Principal Component Analysis (PCA) using The Unscrambler X software (v. 215 

10.4, Camo ASA, Oslo, Norway). Prior to PCA analysis, data were mean centered and 216 

standardized to unit variance in order to avoid misinterpretations arising from the different 217 

orders of magnitude of both mean value and variance of the parameters analyzed. 218 

 219 

Results 220 

Microstructural Properties of Salad Dressings 221 

At the optical microscope examination, a visible compartmentalized inner water phase 222 

appeared in the oil droplets of W1/O/W2 dressings (Figs. 2b and 2d), confirming the 223 

effectiveness of the double emulsion preparation procedure. Both single and double emulsions 224 

showed polydispersity, with a more homogeneous droplet size distribution in the OLE-225 

enriched samples (Figs. 2c and 2d) than in references (Figs. 2a and 2b). In the OLE-enriched 226 

O/W sample (Fig. 2c) most of the oil droplets have a mean diameter of 10-20 m, with the 227 

occasional presence of larger droplets (about 40 m mean diameter). A higher number of 228 

large droplets appeared in the OLE-enriched double emulsion samples, especially when e-229 

OLE was used (sample 2eB; Fig. 2d).  230 

 231 

Physical Stability of Salad Dressings 232 

Over the whole storage period there were not observable creaming phenomena; all the 233 

dressing samples showed a constant CS of 100%. Similarly, rheological behavior of samples 234 

was stable during storage. All dressings exhibited a non-Newtonian, shear-thinning behavior 235 

(Fig. 3) with differences in K and n values due to formulations (Table 1). Only in few cases, 236 
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after 90 days, K and n values were significantly (P<0.05) different from those at time 0 (Table 237 

1), but with little variations (<10%). The double emulsion systems showed K and n values 238 

significantly (P<0.05) higher than those of the corresponding single emulsion samples. The 239 

OLE-enriched dressings exhibited significantly (P<0.05) higher K values and lower n values 240 

than the reference samples. The salad dressings enriched with e-OLE (1eB and 2eB) showed 241 

viscosity and K values significantly higher (P<0.05) than those of samples enriched with f-242 

OLE. 243 

In fresh double emulsion samples, yield was very high (ranging from 94.0 to 95.1%). During 244 

storage, the reference sample (2Ref) experienced no significant reduction of yield, with a final 245 

value of 94.7±0.3%, representing over 99% retention rate (Fig. 4). Conversely, the OLE-246 

enriched dressings at the end of storage reached significantly (P<0.05) lower yield values 247 

(88.7±0.4% and 88.1±0.1% for 2eA and 2eB respectively) with respect to fresh samples, but 248 

in any case the retention rate was high (>93%). 249 

 250 

Chemical Stability of Salad Dressings 251 

Fresh dressing samples had on average a pH of 2.61±0.04, which remained stable over 252 

storage, with an average of 2.65±0.06 after 90 days at 4 °C. 253 

The corn oil used for dressing production and the fresh reference samples (1Ref and 2Ref) 254 

were analyzed for TPC in order to exclude a possible ingredient contribution to the phenol 255 

content of the emulsion systems. Indeed, a non-detectable level was confirmed, thus 1Ref and 256 

2Ref were not further analyzed for TPC during storage. Preliminary trials were performed to 257 

assess the phenol recovery efficiency of the extraction procedure applied to salad dressings. 258 

Samples containing f-OLE (1eA and 2eA) generated 158±4 mg GAE/kg TPC, with 259 

approximate 100% recovery efficiency (Fig. 5a). On the contrary, when e-OLE was added 260 

(samples 1eB and 2eB), only 109±1 mg GAE/kg TPC was obtained, corresponding to 69% 261 
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recovery efficiency. Therefore, a factor of +31% was used to correct TPC data of the salad 262 

dressings enriched with e-OLE, accounting for the phenolic extraction loss. At the end of 263 

storage, an average TPC reduction of 8% was observed for the f-OLE-enriched dressings, 264 

whereas the addition of e-OLE resulted in a TPC increase of 10 and 2% for samples 1eB and 265 

2eB, respectively (Fig. 5b). 266 

Similarly to TPC, antioxidant capacity of the reference samples (1Ref and 2Ref) was tested 267 

only immediately after production because they did not show any detectable results. 268 

Interestingly, the same correction factor calculated for TPC data (+31%) was obtained in the 269 

preliminary ABTS and DPPH assays performed on e-OLE-enriched samples. During 270 

storage, antioxidant capacity of all the dressings followed the same pattern observed for TPC 271 

(Figs. 5c and 5d). In the ABTS assay, the O/W salad dressings (1eA and 1eB) exhibited an 272 

initial radical scavenging ability significantly (P<0.05) higher than that of W1/O/W2 systems. 273 

However, after 7 days of storage, all the samples settled at an average value of 0.70±0.02 274 

mol TE/g. At the end of storage, the samples containing f-OLE (1eA and 2eA) showed an 275 

antioxidant activity non-significantly different from that after 7 days of storage, whereas the 276 

e-OLE-enriched samples (1eB and 2eB) revealed a significant (P<0.05) 10% increase. 277 

Considering the DPPH assay results, all the fresh dressings had almost the same activity 278 

(mean value of 0.50±0.02 mol TE/g), but at the end of storage significantly (P<0.05) higher 279 

values were measured, with a total average of 0.62±0.07 mol TE/g. The highest increase was 280 

found in single emulsion systems (about +40%).  281 

The corn oil used in dressing preparation had a low PV (1.23±0.08 meqO2/kg), according to 282 

its refined state. Considering the O/W emulsions at time 0 (Fig. 6a), PV significantly (P<0.05) 283 

decreased from 1Ref to 1eB and 1eA. The same effect was measured also in fresh double 284 

emulsion samples, although to a lower extent (Fig. 6b). Apart from 2Ref, all the dressings at 285 

the end of storage showed a PV significantly (P<0.05) higher than that of the corresponding 286 
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fresh samples. By fitting data with a sigmoid function (Fig. 6), it was possible to notice that 287 

the reference samples had an oxidation induction time of 15-20 days, whereas in the OLE-288 

enriched samples the induction period lasted up to 50 days. After the induction period, the 289 

samples with f-OLE (1eA and 2eA) showed an oxidation rate higher than that of dressings 290 

with e-OLE (1eB and 2eB). 291 

 292 

PCA Data Exploration 293 

A PCA was carried out with the analytical data of all samples, with the exception of 1Ref and 294 

2Ref because of the absence of polyphenols. Score and loading plots (Fig. 7) were reported 295 

only for the first two principal components (PC), because they explained 65% of the total data 296 

variance. The main observable sample pattern (Fig. 7a) was the separation of salad dressings 297 

based on the OLE nature; the right positive plane of PC1 was occupied by the samples 298 

containing e-OLE (1eB and 2eB), while in the left negative plane of PC1 there were the f-299 

OLE-enriched samples (1eA and 2eA). No clear pattern of the samples based on storage time 300 

(indicated by the progressive sampling number in the sample code) was evidenced, thus 301 

confirming the intrinsic physical and chemical stability of the OLE-enriched salad dressings. 302 

Similarly, it was not possible to highlight a sample distribution linked to the type of emulsion. 303 

However, within the two groups of dressings containing f-OLE (negative values of PC1) or e-304 

OLE (positive values of PC1), the double emulsion systems were closer with respect to the 305 

more scattered single emulsion samples. 306 

PCA results seem to indicate a higher physical and oxidative stability of samples enriched 307 

with e-OLE, as already highlighted by the chemical evaluations; actually, these samples were 308 

in the area of the score plot (Fig. 7a) associated with the highest values of K and TPC, which 309 

had the highest loading values on PC1 (Fig. 7b). The separation of dressings based on the type 310 

of OLE used was mainly related to the rheological parameters, being dressings with e-OLE 311 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

14 
 

the most viscous (higher values of K) and pseudo-plastic (lower values of n) samples, due to 312 

the biopolymers used for encapsulation. K and n had indeed the highest and lowest loading 313 

values on PC1, respectively (0.525 for K and -0.510 for n). The loading plot also revealed an 314 

inverse correlation of K and n, meaning that the higher consistency of samples is related to a 315 

more pronounced shear thinning behavior. No other variable correlations were evidenced. In 316 

particular, as already discussed, ABTS and DPPH results were not correlated, nor directly 317 

linked to TPC. Negative values of PC2 were mainly associated with samples with longer 318 

storage time (from 28 days on). The most important variable on PC2 was the antioxidant 319 

activity tested by DPPH assay (loading value on PC2 = -0.740), thus confirming the 320 

controlled release of antioxidants observed for samples enriched with e-OLE. 321 

 322 

Discussion 323 

Microstructural properties of the salad dressings, particularly droplet size, are important 324 

because they influence phase stability as well as rheological and sensory features 325 

(McClements 2016). In general, the microstructure examination showed that the OLE 326 

addition resulted in a more homogeneous distribution of droplet size, which can be ascribed to 327 

the emulsifying activity of polyphenols, which have an amphiphilic nature (Flamminii et al. 328 

2019; Mosca et al. 2013). A higher number of large droplets was observed in the double 329 

emulsion samples, probably due to a higher expansion resistance of the interfacial layer 330 

conferred by the inclusion of the OLE solution (i.e., inner water phase) in the oil droplets. 331 

Actually, Souilem et al. (2014) and Di Mattia et al. (2011) demonstrated that the surface 332 

activity of oleuropein can lead to higher particle sizes in emulsions probably related to a 333 

compositional change of the O/W interface. When e-OLE was used (sample 2eB), the 334 

increase of the droplet size was even higher, due to the swelling of alginate and pectin 335 

microparticles, which have a high water holding capacity due to the nature of the polymers 336 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

15 
 

used (Rubio-Senent et al. 2015). 337 

The complete absence of phase separation in conjunction with the stable rheological behavior 338 

of all the dressing samples and the high yields of double emulsions throughout the storage 339 

indicated a high physical stability of the salad dressings. This result was even more important 340 

considering that no emulsifiers were used in formulations. Only a texture modifier (xanthan 341 

gum) was added, in order to slow down possible creaming phenomena. Indeed, according to 342 

McClements (2016), creaming is typical of both O/W and W1/O/W2 emulsions, due to the 343 

lower density of the dispersed phase with respect to the continuous water phase. Moreover, 344 

creaming is one of the physical mechanisms responsible for food emulsion instability, 345 

affecting texture and shelf life of dressings. In this work, the use of xanthan gum in the salad 346 

dressing water phase resulted in a shear thinning behavior, with high values of apparent 347 

viscosity (>1000 mPas) at low shear rates (20 s-1), which slowed down any gravitational 348 

movement and avoided the occurrence of creaming phenomena. The thickening effect was 349 

even higher in samples enriched with e-OLE, due to the presence, besides xanthan gum, of the 350 

hydrocolloids constituting the beads (i.e., alginate and pectin). The higher values of K and n 351 

observed in double emulsions were due to the higher particle concentration generated by the 352 

inner water phase entrapped in the oil droplets. Indeed, as already reported by Moriano & 353 

Alamprese (2020) and Opperman et al. (2016), with the increase of the volume fraction of 354 

primary W1/O emulsion, the apparent viscosity of W1/O/W2 increases. 355 

The high yield values measured for fresh double emulsions confirmed the efficacy of the 356 

double emulsion preparation procedure, allowing the entrapment of almost all the primary 357 

water phase in the oil droplets. Yield values during storage were higher than those reported by 358 

Souilem at al. (2014) for food-grade monodisperse W1/O/W2 emulsions loaded with a 359 

hydrophilic bioactive oleuropein and similar to those reported by Peréz-Moral et al. (2014) for 360 

double emulsions stabilized by polyglycerol polyricinoleate and whey protein or Tween 20.  361 
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The preliminary trials carried out to assess the suitability of the phenolic substances’ 362 

extraction, demonstrated that the alginate-pectin network stabilized by calcium ions impaired 363 

a complete recovery of phenols from e-OLE. Indeed, in order to evaluate the encapsulation 364 

efficiency of alginate-pectin microparticles, a sodium citrate solution is commonly used to 365 

completely dissolve the hydrogel matrix (Belščak-Cvitanović et al., 2015; Flamminii et al., 366 

2020). However, this approach was not adequate for phenol extraction in complex food 367 

systems like dressings, therefore, according to the obtained results, a correction factor was 368 

calculated and used for TPC and antioxidant activity data of the e-OLE enriched salad 369 

dressings, in order to account for the phenolic extraction loss. 370 

The polyphenols added in salad dressings were stable and retained their free radical 371 

scavenging ability during storage at 4 °C up to 90 days. Considering the acidic pH of the salad 372 

dressings, it is reasonable to presume that OLE, whether free or encapsulated, could retain 373 

antioxidant activity even in digestive physiological conditions. The significant (P<0.05) TPC 374 

increase registered in sample 1eB could be attributed to a leakage of phenolic substances from 375 

the alginate-pectin beads of the e-OLE. The phenomenon was more evident in O/W emulsion 376 

rather than in W1/O/W2 system, probably due to the protective effect of the primary emulsion 377 

toward the inner water phase containing the e-OLE, impairing the polyphenol leakage from 378 

the oil droplets. Moreover, other studies confirmed the ability of multiple emulsions to protect 379 

hydrophilic polyphenols, while controlling their release (Lu et al. 2016). The controlled 380 

release was also demonstrated by the significant (P<0.05) increase of the free radical 381 

scavenging activity observed in samples 1eB and 2eB. However, the results of ABTS and 382 

DPPH tests were not completely consistent, maybe due to differences in the reaction kinetics 383 

involved, complex interfacial relationships between emulsion phases, and different 384 

antioxidant capacities of phenolic species contained in the extracts. 385 
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To complete the chemical stability investigation, PV of oil phase was determined in order to 386 

understand the role of OLE in dressing oxidation phenomena. The protecting role of OLE 387 

against oxidation was evident even during dressing production, when, as reported by Waraho 388 

et al. (2011) aeration and increased temperature could favor lipid oxidation. In fact, the OLE-389 

enriched samples showed a significantly lower PV with respect to reference samples. The 390 

inhibiting effect of OLE toward hydroperoxide formation in enriched emulsions confirmed 391 

previous findings (Laguerre et al. 2015; Mohammadi et al. 2016). A higher protective effect 392 

on fresh samples was measured when the f-OLE was used, probably due to the entrapment of 393 

polyphenols in the alginate-pectin beads that slowed down the antioxidant activity. Indeed, 394 

the e-OLE enriched samples showed a lower oxidation rate during storage, due to the 395 

controlled release of polyphenols from the alginate-pectin beads, prolonging their antioxidant 396 

activity. Similar results were found by Mohammadi et al. (2016), who demonstrated that 397 

encapsulation of phenolic compounds and their dispersion in double emulsion systems can 398 

increase antioxidant capacity thanks to a controlled release. 399 

Different behaviors were registered for the two types of emulsions, but it must be considered 400 

that in W1/O/W2 dressings OLE was incorporated only in the inner water phase; moreover, 401 

the oxidation phenomena in emulsions are mechanistically different from those occurring in 402 

bulk oils. For instance, the organization of fat molecules within the system (single or multiple 403 

emulsions) and their interactions with other food components, in addition to oxygen 404 

incorporated during homogenization, can influence emulsion vulnerability to oxidation 405 

(Laguerre et al. 2015).  406 

PCA results did not evidence a clear pattern of the samples based on storage time (Fig. 7a). 407 

This is contrary to the observation of Biller et al. (2018), who observed significant impacts of 408 

storage time on the distribution of whey-enriched mayonnaise-like emulsions using PCA. On 409 

the contrary, the importance of rheological parameters in differentiating dressings with free or 410 
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encapsulated OLE was observed also by Yesiltas et al. (2017) on sodium caseinate and 411 

sodium alginate stabilized emulsions. The PV values for all the samples were low hence did 412 

not significantly influence the trends in the sample distribution. 413 

The near center position of ABTS and DPPH in the loading plot (Fig. 7b) indicates their 414 

stability and consistency throughout the storage period thus account for the low oxidation 415 

rate. pH is one of the factors that determines the effectiveness of added antioxidant in 416 

emulsion, in which acidic pH has been linked to lower rate of lipid oxidation (Mancuso et al. 417 

1999). This explains why PV and pH are located on the same side of loading; hence 418 

suggesting more stable e-OLE enriched dressings.  419 

The effectiveness of OLE in stabilizing salad dressings toward physical and chemical 420 

instability, coupled with the easy and economical way of salad dressing preparation and the 421 

absence of emulsifiers, paves the way for an industrial scale-up of the production, which can 422 

valorize one of the olive oil by-products produced in the highest amounts (i.e., olive leaves), 423 

thus increasing sustainability of the olive oil system. No clear benefits were observed when 424 

OLE was entrapped in a double emulsion, even if a slightly high stability was evidenced by 425 

the multivariate analysis of the results. This type of system should be further investigated for 426 

possible beneficial effects on sensory properties (e.g., masking of bitterness) and for the 427 

development of low-fat high-quality dressings. 428 

 429 

Conclusions 430 

The study demonstrated the effectiveness of OLE, especially when encapsulated, in protecting 431 

salad dressings toward oxidation phenomena and physical instability. The greater effect of e-432 

OLE is due to a gradual release of polyphenols during dressing storage, favored by the 433 

rheological properties imparted to the final product. 434 

 435 
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Figure legends 592 

Fig. 1 Schematic representation of the salad dressing preparation procedure. 593 

 594 

Fig. 2 Optical microscopy images of fresh salad dressings: a) single emulsion reference 595 

(sample 1Ref); b) double emulsion reference (sample 2Ref); c); single emulsion with free 596 

olive leaf extract (sample 1eA); d) double emulsion with encapsulated olive leaf extract 597 

(sample 2eB) 598 

 599 

Fig. 3 Flow curves of salad dressing samples: a) single emulsions; b) double emulsions. 600 

Samples: 1Ref and 2Ref, dotted line; 1eA and 2eA, broken line; 1eB and 2eB, solid line. 601 

 602 

Fig. 4 Effect of storage time on yield of double emulsion salad dressings. Samples: 2Ref, 603 

double emulsion reference (diamond); 2eA, double emulsion with free olive leaf extract 604 

(square); 2eB, double emulsion with encapsulated olive leaf extract (triangle). 605 

 606 

Fig. 5 Salad dressing samples enriched with olive leaf extract: a) initial recoverable total 607 

phenol content; b) total phenol content during storage; c) ABTS radical scavenging capacity 608 

during storage; d) DPPH radical scavenging capacity during storage. Samples: 1eA, single 609 

emulsion with free olive leaf extract (black square broken line); 1eB, single emulsion with 610 

encapsulated olive leaf extract (black triangle broken line); 2eA, double emulsion with free 611 

olive leaf extract (grey square solid line); 2eB, double emulsion with encapsulated olive leaf 612 

extract (grey triangle solid line). 613 

 614 

Fig. 6 Effect of storage time on hydroperoxide formation in salad dressing samples: a) single 615 

emulsions; b) double emulsions. Samples: 1Ref and 2Ref, single and double emulsion 616 
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references (diamond); 1eA and 2eA, single and double emulsion with free olive leaf extract 617 

(square); 1eB and 2eB, single and double emulsion with encapsulated olive leaf extract 618 

(triangle). 619 

 620 

Fig. 7 Score (a) and loading (b) plot of the principal component analysis applied to analytical 621 

data of olive leaf enriched samples during storage for 90 days at 4 °C. Samples: 1eA and 2eA, 622 

single and double emulsion with free olive leaf extract (square); 1eB and 2eB, single and 623 

double emulsion with encapsulated olive leaf extract (triangle); figures in the sample codes 624 

after the underscore indicate the progressive sampling number. 625 
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Table 1. Changes in rheological properties of reference and olive leaf extract enriched salad dressings. 

Sample 
Rheological 

index 

Storage time (days) 

0 7 14 21 28 42 56 90 

1Ref 
K 8.15±0.02aA 7.81±0.46aA 7.80±0.03aA 7.87±0.08aA 7.78±0.02aA 7.84±0.05aA 7.98±0.02aA 7.89±0.31aA 

n 0.263±0.001aE 0.274±0.011aC 0.274±0.001aC 0.273±0.002aC 0.276±0.001aE 0.277±0.001aC 0.273±0.001aC 0.273±0.003aE 

1eA 
K 10.47±0.06bD 9.58±0.36aB 9.65±0.02aC 9.50±0.12aC 9.35±0.05aC 9.30±0.06aC 9.36±0.12aB 9.39±0.12aB 

n 0.226±0.001aB 0.238±0.006bAB 0.236±0.001bAB 0.240±0.001bAB 0.241±0.001bB 0.244±0.001bB 0.242±0.001bB 0.239±0.002bBC 

1eB 
K 12.06±0.14bF 11.22±0.07abC 11.12±0.02abD 10.90±0.19abD 10.82±0.09abD 10.50±0.14aD 11.95±0.67bC 11.39±0.72abC 

n 0.218±0.001aA 0.226±0.001abA 0.227±0.001abA 0.230±0.002abA 0.232±0.001baA 0.236±0.001bA 0.215±0.007aA 0.221±0.010abA 

2Ref 
K 9.44±0.10bB 8.95±0.40abAB 8.80±0.36abB 8.80±0.07abB 8.73±0.08abB 8.46±0.19aB 8.67±0.18abAB 9.33±0.14abB 

n 0.251±0.001aD 0.260±0.009abBC 0.263±0.009abC 0.265±0.002abC 0.268±0.002bD 0.275±0.004bC 0.271±0.003bC 0.258±0.002abDE 

2eA 
K 9.89±0.04bC 9.34±0.24aB 9.27±0.08aBC 9.10±0.17aBC 9.04±0.06aBC 9.13±0.05aC 8.98±0.04aAB 8.98±0.08aAB 

n 0.234±0.001aC 0.242±0.005abAB 0.243±0.001abB 0.247±0.003bB 0.248±0.001bC 0.247±0.001bB  0.248±0.001bB 0.248±0.001bCD 

2eB 
K 11.58±0.17bE 11.27±0.01abC 11.09±0.19abD 10.88±0.27abD 10.82±0.17aD 10.66±0.17aD 11.30±0.30abC 10.81±0.08aC 

n 0.221±0.003aAB 0.223±0.001abA 0.226±0.003bA 0.230±0.005bA 0.232±0.001bA 0.232±0.001bA 0.221±0.002aA 0.230±0.001bAB 

1Ref, single emulsion without extract; 1eA, single emulsion with free extract; 1eB, single emulsion with encapsulated extract; 2Ref, double emulsion 

without extract; 2eA, double emulsion with free extract; 2eB, double emulsion with encapsulated extract. 

K, consistency coefficient (Pasn); n, flow behavior index (dimensionless). 
a-c mean values in the same row with different lowercase superscript letters are significantly different (P<0.05). 
A-F for each index, mean values in the same column with different capital superscript letters are significantly different (P<0.05). 
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Abstract 

Valorization of wastes has become an unavoidable goal in the olive oil industry. A possible 

approach is the recovery of leaf phenolic compounds, which have a great interest for food 

industries, due to their antioxidant and antimicrobial activities. Thus, this study aims at comparing 

the effects of encapsulated (e-OLE) and free olive leaf extract (f-OLE) on storage stability of salad 

dressings prepared as single and double emulsion systems. Creaming, rheological properties, double 

emulsion yield, pH, total phenol content (TPC), antioxidant activity, and peroxide value (PV) of the 

dressings were monitored over 90 days at 4 °C. Microstructure examination showed a more 

homogeneous distribution of the droplet size with the inclusion of OLE. No creaming and very little 

variations in rheological parameters (<10%) were observed. OLE enrichment and double emulsion 

systems significantly (P<0.05) improved the rheological behavior, with a higher effect of e-OLE 

due to the alginate-pectin beads. OLE-enrichment extended the oxidation induction period from 15-

20 days to 50 days. In conclusion, the work demonstrated that OLE encapsulation by 

emulsification-internal gelation technique was effective in gradually releasing polyphenols during 

salad dressing storage, thus increasing product protection toward oxidation phenomena. 
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