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Abstract 16 

In present study, innovative chocolates with spray-dried and liposomal encapsulates of ground ivy 17 

extract were developed. Encapsulates, whose morphology was studied by scanning electron (SEM) 18 

and atomic force (AFM) microscopy, were incorporated into chocolate in two ways – by direct 19 

addition into prepared chocolate mass and by addition of cocoa butter in which the encapsulates 20 

were previously homogenized. Chocolates were characterized by determination of bioactive 21 

profile and release kinetics of encapsulated polyphenols simulating in vitro digestion. Physical 22 

characterization included determination of rheological, textural and melting parameters, while 23 

sensory analysis evaluated appearance, acoustics, texture and taste. Chocolates were enriched with 24 

ground ivy polyphenols, including chlorogenic, rosmarinic acid and rutin. Prior homogenization 25 

of encapsulates in cocoa butter resulted in decrease in Casson yield stress and viscosity of 26 

chocolates, but also in higher sensory evaluations of visual appearance. The maximum melting 27 

temperature of chocolates remained within the narrow range 30.4 - 31.6 °C. 28 
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1. Introduction 33 

Chocolate is a popular confectionery product for all generations of consumers and thus represents 34 

a good matrix for enrichment and delivery of bioactive compounds. Chocolate, especially one with 35 

a high content of cocoa solids, is a rich source of polyphenolic compounds, in particular flavan-3-36 

ols, anthocyanins and proanthocyanidins. These bioactive compounds are responsible for 37 

numerous health benefits associated with the consumption of chocolate products (Tan et al., 2021). 38 

Commission Regulation 2015/539 authorized health claim for cocoa flavanols stating that cocoa 39 

beverages (with cocoa powder), dark chocolate, capsules or tablets containing high-flavanol cocoa 40 

extract which provide at least a daily intake of 200 mg of cocoa flavanols help maintain the 41 

elasticity of blood vessels contributing to normal blood flow. The consumption of cocoa and 42 

chocolate products also activates the pleasure centres of the human brain and has stimulating, 43 

relaxing and antidepressant effects due to the presence of methylxanthines - theobromine and 44 

caffeine (Tuenter et al., 2018). It is interesting to mention that, to a lesser extent, cocoa beans and 45 

chocolate contain two neurotransmitters important to the brain - anandamide (N-arachidonoyl 46 

ethanolamine) and phenylethylamine (Rodrigues-Silva, 2012). Cocoa beans and chocolates with a 47 

high content of cocoa solids also contain high levels of magnesium (Cinquanta et al., 2016), which 48 

is a cofactor in more than 300 enzyme systems that regulate various biochemical reactions in the 49 

body (Grassia et al., 2019). 50 

In 2023, the chocolate confectionery market generated a revenue of approximately USD 238.5 51 

billion worldwide. It is expected to grow continuously in the coming years, reaching a value of 52 

USD 316.3 billion in 2028 (Statista, 2024). Milk chocolate is the most popular among consumers 53 

and accounts for 51 % of the global market, while dark chocolate makes up 31 % (Afoakwa, 2016). 54 

Dark chocolate differs significantly from milk chocolate in its sensory profile, as it does not contain 55 

milk ingredients, has a lower sugar content and a higher content of cocoa solids. Thus, its bitter 56 

taste can limit consumer acceptance and preference (Sun-Waterhouse and Wadhwa, 2013; 57 

Kennedy and Heymann, 2009). Nevertheless, the demand for dark chocolate is growing worldwide 58 
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as consumers become more health-conscious and prefer healthier foods. Accordingly, they 59 

therefore recognize dark chocolate as a healthier alternative to milk chocolate (IMARC Group, 60 

2023). The research regarding the incorporation of polyphenolic compounds, as powerful 61 

antioxidants with various health benefits, in food products including chocolate, is progressing. The 62 

major advantage of using chocolate as a matrix for the delivery of bioactive compounds is the 63 

ability to mask unpleasant flavours, while the major disadvantage is the high content of sugar in 64 

classic formulations (Faccinetto-Beltrán et al., 2021). To further increase the bioaccessibility and 65 

bioavailability of the incorporated polyphenolic compounds, encapsulation can be applied (Grgić 66 

et al., 2020). Spray drying is the most widely used encapsulation technique in the food industry 67 

(Nedovic et al., 2011) and, among some, incorporation of spray-dried green tea extract (Lončarević 68 

et al., 2019) and Nannochloropsis oculata microalgae (Polat et al., 2020), with maltodextrin as 69 

carrier, into chocolate has been reported. Due to their suitability for the encapsulation of both 70 

hydrophobic and hydrophilic compounds, liposomes are being extensively researched for the 71 

delivery of various bioactive compounds (Esposto et al., 2021). Thus, the fortification of chocolate 72 

with chitosan-coated liposomes loaded with mulberry waste extract (Gültekin-Özgüven et al., 73 

2016) and liposomal vitamin D3 (Didar, 2021) has been reported.  74 

The aim of the present study was to formulate chocolates in line with current trends in the 75 

confectionery market, including the increased demand for dark chocolate and the inclusion of 76 

polyphenolic compounds. Ground ivy was selected as a plant source of polyphenolic compounds. 77 

Ground ivy is widespread in Europe, including the Republic of Croatia, and has been used in 78 

traditional medicine for generations. The most important bioactive compounds in ground ivy are 79 

polyphenolic compounds, such as apigenin, luteolin, rutin, caffeic acid, rosmarinic acid, vanillic 80 

acid, etc. It is worth mentioning that terpenoids, alkaloids and steroids are also present. Various 81 

biological activities of ground ivy have been demonstrated, such as anti-inflammatory, 82 

antimicrobial, anti-cancer, depigmenting effects, etc. (Zhou et al., 2021). To improve the 83 

bioavailability of the polyphenols, they were incorporated into the chocolate matrix in 84 

encapsulated form. Finally, the formulated chocolates were tested for their bioactive, physical, 85 

rheological, melting and sensory properties. 86 

2. Materials and methods 87 

2.1. Materials 88 
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Cocoa liquor and cocoa butter were supplied by Barry Callebaut (Switzerland) and powdered sugar 89 

by Franck d.d. (Croatia). Rosmarinic acid (97 %), chlorogenic acid (95 %), rutin trihydrate (>97 90 

%), theobromine (>98 %), caffeine, (-)-epicatechin (>98 %), α-amylase from human saliva, pepsin 91 

from porcine gastric mucosa, bile bovine and pancreatin from porcine pancreas were supplied by 92 

Merck (Germany). Formic acid was purchased from Carlo Erba (Germany), methanol from 93 

Panreac (Spain) and acetonitrile from Fisher Scientific (USA). Potassium dihydrogen phosphate, 94 

sodium hydrogen carbonate, magnesium chloride hexahydrate, ammonium carbonate and sodium 95 

hydroxide were purchased from Lach-Ner (Czech Republic). Phospholipon® 90G (purified 96 

phosphatidylcholine from soybean lecithin; P90G) was supplied by Lipoid GmbH (Ludwigshafen, 97 

Germany). 98 

Ground ivy was collected in April 2020 in Bilogora (Croatia) and the voucher is stored in Flora 99 

Croatica Database (University of Zagreb Faculty of science, Department of Botany, Croatia) under 100 

number 71767. For the experiments, air-dried, ground aerial parts of ground ivy with size below 101 

450 µm were used. Extraction was performed in a water bath (Inko VKZ ERN, Inkolab d.o.o., 102 

Croatia) at 100 °C for 10 min with a sample/solvent ratio of 1 g/100 mL. Demineralized water 103 

(with electrical conductivity below 2 µs/cm) was used as solvent. After extraction, centrifugation 104 

(9500 rpm, 20 min) was performed and the supernatant was used for further experiments. 105 

2.1. Methods 106 

2.1.1. Preparation of spray-dried encapsulation systems 107 

The preparation of spray-dried encapsulate, consisting of partially hydrolyzed guar gum and mucin 108 

as carriers, of the ground ivy extract, used in the present study, is fully described in the study by 109 

Šeremet et al. (2024), along with its bioactive and physico-chemical characterization. For this 110 

sample, an encapsulation efficiency of 83.9 % for total polyphenols was determined. The mean 111 

diameter of the microparticles was determined to be 8.59 ± 2.62 µm (Šeremet et al., 2024). 112 

2.1.2. Preparation of liposomal encapsulation systems 113 

The preparation of the liposomal encapsulation systems of ground ivy extract, used in the present 114 

study, is described in the study by Šeremet et al. (2022), along with their bioactive and physico-115 

chemical characterization. Liposomal encapsulation provided encapsulation efficiency of 94.7 % 116 
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for total polyphenols. The Z-average size was 106.7 ± 0.9 nm. the polydispersity index was 0.21 117 

± 0.01 and the zeta potential was -21.17 ± 0.46 mV (Šeremet et al., 2022). 118 

2.1.3. Morphological characterization of encapsulates (AFM and SEM microscopy) 119 

For AFM (atomic force microscopy) measurements, liposomes were diluted 40 times with 120 

ultrapure water. Volume of 5 µL of diluted sample was pipetted directly onto freshly cleaved mica. 121 

The mica sheets were placed in enclosed Petri dishes for 30 min to allow the evaporation of solvent 122 

and afterward AFM imaging was performed. AFM analysis of plain liposomes and liposomes with 123 

encapsulated ground ivy extract was performed on Multimode scanning probe microscope with 124 

Nanoscope IIIa controller (Bruker, Billerica, MA, USA) and scanner with 125 µm lateral 125 

engagement (JV). The tapping mode using silicon probes (TESP-V2, nominal resonance frequency 126 

320 kHz, nominal spring constant 42 N m-1, Bruker) was applied throughout the experiments. The 127 

ratio of the set-point amplitude to the free amplitude (A/A0) was kept at 0.9 (light tapping) to 128 

minimize the interaction forces between the tip and the surface during imaging in the tapping 129 

mode, while linear scanning rate was optimized between 1.0 and 1.5 Hz with a scan resolution of 130 

512 samples per line. The processing and analysis of images were carried out using NanoScope 131 

Analysis software (Bruker, NanoScope Analysis ver. 2.0). Images are presented as raw data except 132 

for the first-order two-dimensional flattening. All measurements were performed in air at room 133 

temperature.  134 

Morphology of obtained spray-dried particles was examined using SEM (scanning electron 135 

microscopy) with TESCAN Mira3 microscope (Czech Republic). Particles were coated with a 136 

layer of gold (5 nm) and examined using an acceleration voltage of 3.8 kV and x1500 and x5000 137 

magnification. 138 

2.1.4. Preparation of chocolates 139 

To make the chocolates, all the ingredients were mixed in a melanger (Twin Stone, USA) for 2 140 

hours. The cocoa liquor and cocoa butter were heated to 50 °C before being poured into the 141 

melanger. After mixing in a melanger, the resulting chocolate mass was tempered manually - the 142 

chocolate mass was heated to 45 – 50 °C, then cooled to 28 °C and reheated to 32 °C with constant 143 

mixing and finally poured into molds. The spray-dried and liposomal encapsulates were added to 144 

the formulations of chocolates and total of 5 formulations were produced (Table S1; 145 

Supplementary material). The control sample (sample CHO_C) was produced without the addition 146 
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of encapsulates, i.e. it contained cocoa liquor (45.5 %), cocoa butter (20 %), powdered sugar (33 147 

%) and sunflower lecithin (1.5 %). Two chocolate samples were produced with spray-dried 148 

particles - in the first recipe (sample CHO_SD1), particles were added directly to the chocolate 149 

mass in the melanger in a content of 2 % to the chocolate mass during the last half hour of mixing, 150 

while in the second recipe (sample CHO_SD2), particles were added to cocoa butter (in a content 151 

of 10 % to cocoa butter) and after homogenization, enriched butter was added to the mixture of 152 

other ingredients to prepare the chocolate mass. Two chocolates were enriched with liposomes - 153 

in the first formulation (sample CHO_L1) liposomes were added directly to the chocolate mass 154 

the last half hour of mixing in a content of 4 %, and the second formulation (sample CHO_L2) 155 

involved the addition and homogenization of the liposomes in cocoa butter (in a content of 20 % 156 

to the cocoa butter) and the subsequent addition of the liposomes-enriched cocoa butter to the 157 

mixture for the chocolate mass. Each chocolate formulation was carried out in duplicate at intervals 158 

of 7 days. 159 

2.1.5. Characterization of bioactive properties of chocolates 160 

The formulated chocolates (3 g) were transferred into a reagent bottle and heated to 70 °C in a 161 

water bath (Inko VKZ ERN, Inkolab d. o.o., Croatia) for 10 min. Water heated to boiling point (10 162 

mL) was then added to the bottles and mixed with a magnetic stirrer (WiseStir SMHS-6, Witeg, 163 

Germany) for 15 min. After cooling, methanol (10 mL) was added to the same bottles and the 164 

samples were again mixed on a magnetic stirrer for 15 min and then transferred to an ultrasonic 165 

bath (Elmasonic S 60 H, Elma, Germany), heated to 50 °C, for 15 min. At the end of the 166 

extractions, the samples were cooled and centrifuged (9500 rpm, 20 min; Thermo Scientific SL8/8 167 

R centrifuge, USA). The supernatants were analyzed for individual polyphenolic compounds and 168 

methylxanthines using the HPLC-PDA chromatographic system (Agilent Series 1200, Agilent 169 

Technologies, USA). The column Zorbax Extend C18 (4.6 × 250 mm, i.d., 5 μm; Agilent 170 

Technologies, USA) was used as a stationary phase, while a mobile phase consisted of (A) 1 % 171 

(v/v) formic acid solution in water (A) and 1 % (v/v) formic acid solution in acetonitrile (B). A 172 

gradient elution was performed as follows:  0 min – 7 % B; 5 min – 7 % B; 45 min – 40 % B; 47 173 

min – 70 % B; 52 min – 70 % B with the flow of 1 mL/min. The injection volume of sample was 174 

5 μL and the column temperature 25 °C. The chromatograms were recorded at 320 and 350 nm. 175 

Identification of individual bioactive compounds was performed by comparing the retention times 176 

and characteristic absorption spectra (190 – 400 nm) with commercially available standards. 177 
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Quantification was enabled by establishing calibration curves (2 – 100 μg/mL). The analysis was 178 

performed in duplicate. All samples were filtered through 0.2 μm RC syringe filters (Macherey-179 

Nagel, Düren, Germany) prior to analysis. 180 

The simulated digestion of chocolates comprised the oral phase (simulated salivary fluid – SSF), 181 

the gastric phase (simulated gastric fluid - SGF) and the intestinal phase (simulated intestinal fluid 182 

– SIF). SSF, SGF and SIF were prepared as suggested by Minekus et al. (2014) and contained 183 

appropriate inorganic salts and enzymes. The release profile was monitored by the determination 184 

of rosmarinic acid using the HPLC-PDA methodology described previously.  185 

2.1.6. Characterization of rheological properties of chocolates 186 

The rheological properties of chocolates were determined according to the method IOCCC (2000) 187 

on modular compact rheometer MCR102 (Anton Paar GmbH, Austria). The results were analyzed 188 

using the RheoCompass program (Anton Paar, Austria), while the Casson model was used to 189 

determine the yield stress and viscosity of chocolate samples.  190 

2.1.7. Characterization of textural properties of chocolates 191 

The hardness of the chocolate samples was determined on a TA.HD.plus texture analyser (Stable 192 

Micro Systems, UK) following method described in the study by Nightingale et al. (2011). The 193 

sample dimensions were 3 cm x 2.5 cm x 1 cm (length x width x height), and samples were 194 

tempered to room temperature before analysis. 195 

2.1.8. Characterization of melting properties of chocolates 196 

DSC analysis was performed on a Mettler Toledo DSC 823e (Switzerland) following method 197 

described in the study by Dolatowska-Żebrowska et al. (2019). The results are presented in the 198 

form of DSC thermograms, from which the values for the maximum melting temperature and the 199 

specific enthalpy of melting for the form V (β2) of the cocoa butter were determined. 200 

2.1.9. Characterization of sensory properties of chocolates 201 

The sensory analysis of the chocolate samples was carried out according to the ISO 8589:2007 202 

method and by an internal panel of the Faculty of Food Technology and Biotechnology (University 203 

of Zagreb, Croatia), consisting of 20 members aged between 20 and 50 years. All panel members 204 

met the following criteria: (a) no aversions, allergies or intolerances to chocolate, (b) non-smokers, 205 
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(c) normal perceptual ability, (d) no chocolate cravings and (e) individuals who were interested in 206 

participating. 207 

The panel members had experience in evaluating chocolate products and were trained in sensory 208 

analysis for identification and quantification of descriptive attributes. The training of the panel 209 

members took place in 3 parts, once a week, in which the panellists tried various commercially 210 

available chocolates. The panellists were trained to recognize and quantify the intensity of 211 

investigated parameters from the scale from 1 to 9 (with 1 indicating extremely low intensity of 212 

the parameter and 9 indicating extremely high intensity of the parameter). Study included 213 

investigation of parameters of appearance (colour, gloss and surface), acoustics (breakage), texture 214 

(melting) and taste (sweet, bitter and herbal).  The samples were evaluated in separate booths of 215 

the sensory laboratory under white light illumination at room temperature. The dimensions of the 216 

chocolate samples served to the panellists were 3 cm x 2.5 cm x 1 cm (length x width x height). 217 

For sensory analysis, samples were brought to room temperature (22 °C) and served in Petri dishes. 218 

A warm water (60 °C) was provided for rinsing between samples. 219 

The experimental chocolates were served to the panel members in the same way as described above 220 

for the training samples. Parameters of appearance (colour, gloss and surface), acoustics 221 

(breakage), texture (melting) and taste (sweet, bitter and herbal) were evaluated using a rating scale 222 

from 1 to 9, as explained above. The overall acceptability of the chocolates was rated on a hedonic 223 

scale from 1 to 9, with 1 indicating an extremely undesirable product and 9 indicating an extremely 224 

desirable product. Ethical approval was not required for this study. Written consent was obtained 225 

from the panel members and the obtained data and results were not published without their 226 

knowledge. 227 

2.1.10. Statistical analysis 228 

One-way ANOVA and Tukey’s post hoc test were performed in the Statistica (v.14, TIBCO 229 

Software Inc.) software. The differences were considered significant at p<0.05. 230 

3. Results and discussion 231 

3.1. Morphology and size of spray-dried and liposomal encapsulates 232 

The morphology of the spray-dried particles was analysed by SEM, while that of the liposomes by 233 

AFM. The results are presented in Figure 1 and Figure 2. 234 
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SEM analysis revealed a heterogeneous size distribution in the spray-dried particles, as expected 235 

since the droplets are not uniform in size when sprayed (Toledo Hijo et al., 2014). Particles were 236 

in the size range from 1.5 µm to 20 µm, with spherical but also with irregular shapes, and some of 237 

them with dents or fissures. Concavities, observed in some of the particles, might be due to the 238 

rapid evaporation of solvent during spray drying (Kuck and Noreña, 2016). 239 

According to the AFM analysis, the height of the plain liposomes and the liposomes encapsulated 240 

with ground ivy extract was the same (5 nm), as well as the width (between 60 and 460 nm). AFM 241 

analysis also revealed that the encapsulation of ground ivy extract could potentially disrupt the 242 

spherical shape of the liposomes. However, AFM analysis cannot provide reliable evidence for 243 

this, as sample preparation required drying of the sample, that can lead to collapse of the liposome 244 

structure, aggregation or deformation (Erami et al., 2019). The deformation of the loaded 245 

liposomes is also evidenced by uniform structures with a height of about 0.5 nm around the 246 

liposomes, indicating the release of the encapsulated extract, which is probably due to the 247 

spreading of the liposomes on the mica surface. Batinić et al. (2020) reported similar values for 248 

the height of liposomes, ranging from 4 to 12 nm, prepared using Phospholipon® 90G, cholesterol 249 

and surfactant for the encapsulation of folic acid, as well as the appearance of a flattened and 250 

collapsed structure with its encapsulation into liposomes.  251 

3.2. Bioactive profile of chocolates 252 

The bioactive characterization of the formulated chocolates was performed by quantification of 253 

the individual methylxanthines and polyphenolic compounds (Table 1) and by studying the kinetic 254 

release of the polyphenolic compounds from the chocolates during simulated digestion in mouth, 255 

stomach and small intestine (Figure 3). 256 

Table 1 Bioactive profile of formulated chocolates 257 

 Methylxanthines and polyphenolic 

compounds originating from cocoa liquor 

(mg g-1 chocolate) 

Polyphenolic compounds originating from 

ground ivy extract 

 (µg g-1 chocolate) 

Sample Theobromine Caffeine 
(-)-

Epicatechin 

Chlorogenic 

acid 

Rosmarinic 

acid 
Rutin 

CHO_C 16.49±0.24bcd 2.22±0.03bcde 3.60±0.11bcde nd nd nd 

CHO_SD1 17.30±0.03ac 2.56±0.04ae 4.23±0.12a 50.97±0.31cde 36.89±0.22de 49.98±0.53cde 

CHO_SD2 18.19±0.47abde 2.68±0.06ae 4.46±0.01ade 48.22±0.07bde 36.27±0.09de 55.61±1.43bde 
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CHO_L1 17.37±0.10ac 2.56±0.05ae 4.16±0.07ac 16.26±0.37bce 8.40±0.06bce 21.55±0.47bc 

CHO_L2 17.13±0.22c 2.42±0.04abcd 4.04±0.12ac 17.31±0.07bcd 9.21±0.42bcd 21.25±0.13bc 

nd-not detected; a-statistically significant (p<0.05) to CHO_C; b-statistically significant (p<0.05) to CHO_SD1; c-258 
statistically significant (p<0.05) to CHO_SD2; d-statistically significant (p<0.05) to CHO_L1; e-statistically 259 
significant (p<0.05) to CHO_L2. 260 

Theobromine, as the most abundant bioactive compound in chocolates, was determined in the 261 

range from 16.49 mg g-1 (CHO_C) to 18.19 mg g-1 (CHO_SD2), while the content of caffeine was 262 

much lower ranging from 2.22 mg g-1 (CHO_C) to 2.68 mg g-1 (CHO_SD2). The dominant 263 

polyphenolic compound originating from the cocoa liquor was (-)-epicatechin with content in the 264 

range from 3.60 mg g-1 (CHO_C) to 4.46 mg g-1 (CHO_SD2). Alañón et al. (2016) analysed the 265 

bioactive profile of commercially available chocolates and reported that the contents of 266 

theobromine, caffeine and epicatechin were 8.4, 2.3 and 2.5 mg g-1, respectively, in chocolate with 267 

cocoa solids of 60 %, while in chocolate with cocoa solids of 72 %, these contents were 12.7, 2.9 268 

and 3.6 mg g-1, respectively. The bioactive composition of chocolate depends primarily on the 269 

composition of the cocoa beans, that varies depending on the growing region, the ripeness of the 270 

beans, the climatic conditions during the growing, the harvesting period, the time of storage, as 271 

well as the later stages of processing the beans, of which fermentation, drying and roasting have 272 

the greatest influence on the bioactive profile (Urbańska et al., 2019; Oracz et al., 2015). 273 

The analysis of chocolates prepared with the addition of spray-dried particles (CHO_SD1 and 274 

CHO_SD2) and liposomes (CHO_L1 and CHO_L2) revealed a more diverse and richer 275 

polyphenolic profile than control chocolate (CHO_C). Chlorogenic acid, rosmarinic acid and rutin 276 

were identified in chocolates among the polyphenolic compounds originating from ground ivy 277 

extract. The content of chlorogenic acid, rosmarinic acid and rutin in chocolates prepared with the 278 

addition of the spray-dried particles was 50.97, 36.89 and 49.98 μg g-1 in the sample CHO_SD1 279 

and 48.22, 36.27 and 55.61 μg g-1, respectively, in the sample CHO_SD2, while in chocolates 280 

prepared with liposomes, these contents were much lower and amounted to 16.26, 8.40 and 21.55 281 

μg g-1 in the sample CHO_L1 and 17.31, 9.21 and 21.25 μg g-1, respectively, in the sample 282 

CHO_L2. This higher content of polyphenolic compounds originating from ground ivy extract in 283 

the chocolates with incorporated spray-dried particles, compared to those prepared with liposomes, 284 

was expected since spray-dried particles contained about 20 % of ground ivy extract, while content 285 

of the extract in liposomes was about 5 %, as explained in the previous studies dealing with the 286 
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bioactive characterization of these encapsulation systems (Šeremet et al., 2024; Šeremet et al., 287 

2022).  288 

Furthermore, this study simulated the digestion of chocolates in the mouth (SSF), stomach (SGF) 289 

and small intestine (SIF) and examined the release of rosmarinic acid to verify the continuous and 290 

controlled release of the bioactive compounds from the encapsulates after incorporation into the 291 

food product. The results are presented in Figure 3. 292 

According to the presented results, the addition of both encapsulates of ground ivy extract into 293 

chocolate matrix, regardless of the encapsulation technique (spray drying / liposomal technique) 294 

and incorporation method (direct addition in chocolate mass / previous homogenization in cocoa 295 

butter), a continuous and controlled release of rosmarinic acid was achieved. Among the chocolate 296 

samples prepared with addition of spray-dried particles (CHO_SD1 and CHO_SD2), changes in 297 

the kinetic release of rosmarinic acid were observed between 30 and 120 min in SGF (Figure 3a), 298 

with better retention of rosmarinic acid, i.e. its slower release, within the sample CHO_SD2, which 299 

is consistent with a set hypothesis. In the chocolates prepared with the addition of liposomes 300 

(CHO_L1 and CHO_L2), the change was observed only in the 30th min of the SGF (Figure 3b), 301 

where again a slower release of rosmarinic acid was observed in the chocolate with the addition of 302 

liposomes previously homogenized in cocoa butter (CHO_L2). Considering the obtained results 303 

and the successful enrichment of chocolates with polyphenolic compounds of ground ivy extract, 304 

it can be concluded that the encapsulation systems were successfully incorporated into chocolate 305 

products, as a continuous and controlled release of the target compound was achieved under 306 

simulated digestive conditions. 307 

When developing formulations of functional chocolates, these are often enriched with polyphenols 308 

of plant origin. Poliński et al. (2022) significantly enriched the phenolic content of white chocolate 309 

by adding powdered leaves of matcha green tea and moringa in a content of 1, 2, 3 and 4 %. The 310 

addition of matcha green tea in a content of 4 % even led to a 32.5-fold higher total phenolic 311 

content, compared to control white chocolate, but only if the powder was added in the tempering 312 

phase, as the total phenolic content was 18.6 times higher when added in the conching phase. 313 

Żyżelewicz et al. (2021) investigated the addition of freeze-dried extract of blueberries, 314 

raspberries, blackberries, pomegranates pomace and beetroots in a content of 1 % to dark and milk 315 

chocolate. The greatest increase in total phenolic content was observed with the addition of 316 
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blueberry extract, from 0.9 to 1.6 mg GAE (gallic acid equivalents) g-1 in milk chocolate and from 317 

1.4 to 2.3 mg GAE g-1 in dark chocolate. Lončarević et al. (2019) developed white chocolate 318 

formulations with increased total phenolic content and antioxidant capacity by adding spray-dried 319 

green tea extract with maltodextrin as a carrier, in a content of 60, 80 and 100 g kg-1. The addition 320 

of 100 g kg-1 of green tea extract led to an increase in the total phenolic content from 0.41 to 2.73 321 

GAE g kg-1 and antioxidant capacity from 1.22 to 16.12 mmol Trolox kg-1.  322 

3.3. Rheological properties of chocolates 323 

According to the flow (Figure 4a) and viscosity (Figure 4b) curves, all chocolates shown 324 

pseudoplastic behaviour evidenced by the increase in shear stress and decrease in viscosity with 325 

increasing shear rate. Casson model was used to evaluate rheological parameters and the results 326 

are presented in Table 2.  327 

Table 2 Rheological, textural and melting properties of chocolates 328 

a-statistically significant (p<0.05) to CHO_C; b-statistically significant (p<0.05) to CHO_SD1; c-statistically 329 
significant (p<0.05) to CHO_SD2; d-statistically significant (p<0.05) to CHO_L1; e-statistically significant (p<0.05) 330 
to CHO_L2. 331 

The Casson yield stress for the control sample (CHO_C) was 13.1 Pa. The addition of spray-dried 332 

particles and liposomes directly into the chocolate mass (CHO_SD1 and CHO_L1) had no 333 

significant influence (p>0.05) on the yield stress of the chocolates (13.23 and 13.56 Pa, 334 

respectively). A significant (p<0.05) decrease in yield stress (9.13 and 8.15 Pa) was observed in 335 

chocolate samples where the same encapsulates had been previously homogenized in cocoa butter 336 

(CHO_SD2 and CHO_L2). The Casson viscosity for the control sample (CHO_C) was 1.61 Pa s 337 

 Rheological properties Textural properties Melting properties 

Sample 
Casson yield 

stress (Pa) 

Casson viscosity 

(Pa s) 
Hardness (g) 

Peak 

temperature (°C) 

Enthalpy of melting 

(J g-1) 

CHO_C 13.1±0.81ce 1.61±0.04bce 18286.75±17.76e 32.1±0.0bcde 17.27±1.12bce 

CHO_SD1 13.23±0.63ce 1.86±0.09acde 16952.98±1613.41 30.4±0.0acde 26.12±1.09acde 

CHO_SD2 9.13±0.42abd 1.36±0.05ab 16302.32±659.71 31.6±0.1abe 21.24±0.08ab 

CHO_L1 13.56±0.11ce 1.53±0.07be 17103.66±2000.33 31.6±0.1abe 18.86±0.73be 

CHO_L2 8.15±0.14abd 1.29±0.07abd 14100.37±74.73a 31.2±0.1abcd 22.65±1.03abd 
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and, again, a significant (p<0.05) decrease in viscosity was observed for the samples CHO_SD2 338 

and CHO_L2 (1.36 and 1.29 Pa s). It is noteworthy to point out that the chocolates prepared by 339 

adding encapsulates directly to the chocolate mass (CHO_SD1 and CHO_L1) were significantly 340 

(p<0.05) more viscous than those in which the encapsulates were previously homogenized in cocoa 341 

butter (CHO_SD2 and CHO_L2). The possible reason for the decrease of the rheological 342 

parameters in samples CHO_SD2 and CHO_L2 is the incorporation method in which the 343 

encapsulates were homogenized in cocoa butter before being added to the chocolate mass that may 344 

result in the reduction of the free fat phase in the chocolate matrix due to the coating of the 345 

encapsulated particles with cocoa butter. However, samples CHO_SD1 and CHO_L1 were 346 

characterized with higher values of yield stress (13.23 and 13.56 Pa) compared to samples 347 

CHO_SD2 and CHO_L2 (9.13 and 8.15 Pa), which could mean that chocolates prepared with 348 

direct addition to the chocolate mass (CHO_SD1 and CHO_L1) achieved stronger interactions 349 

between the ingredients compared to samples CHO_SD2 and CHO_L2. 350 

Aeschlimann and Beckett (2000) stated that expected values of Casson viscosity for dark chocolate 351 

are in the range from 2 to 4 Pa s, while values for the yield stress are in the range from 4 to 32 Pa, 352 

respectively. In the study by Glicerina et al. (2016), dark chocolate was the most viscous (9.62 Pa 353 

s), followed by milk chocolate (1.55 Pa s) and the least viscous was white chocolate (0.59 Pa s). 354 

In the present study, the values of Casson viscosity (1.29 – 1.86 Pa s) and yield stress (8.15 – 13.56 355 

Pa) for all chocolates were within the expected range for dark chocolates.  356 

Changes in the rheological parameters of chocolates due to the addition of spray-dried particles 357 

and liposomes are expected, as new solid components have been added to the chocolate matrix. 358 

Lončarević et al. (2019) reported an increase in Casson viscosity from 0.56 Pa s to 1.24 Pa s with 359 

incorporation of spray-dried green tea extract, with maltodextrin as a carrier, in white chocolate in 360 

a concentration of 100 g kg-1. However, in the study by Didar (2021), the addition of liposomal 361 

encapsulated vitamin D3 at a concentration of 5 μg per 10 g of chocolate had no significant effect 362 

on the Casson viscosity of dark chocolate (1.26 and 1.25 Pa s). Similar was reported in the study 363 

by Polat et al. (2020) where rheological properties of white chocolate, in terms of Casson yield 364 

stress and viscosity, were not significantly affected after adding spray-dried Nannochloropsis 365 

oculate, with maltodextrin as a carrier, in a concentration range from 0.125 g to 0.75 g per 100 g 366 

of chocolate. Thus, the authors (Polat et al., 2020) concluded that the addition of spray-dried 367 
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particles will not cause any changes in the chocolate making process, such as in the degree of 368 

mixing, tempering time, conching and molding. 369 

3.4. Textural properties of chocolates 370 

Among the textural properties, the hardness of the formulated chocolates was studied and the 371 

results are presented in Table 2. 372 

According to the obtained results, only the addition of liposomes previously homogenized in cocoa 373 

butter (CHO_L2) led to a significant (p<0.05) decrease in hardness, from 18286.75 g to 14100.37 374 

g, compared to control chocolate (CHO_C). A lower chocolate hardness indicates the presence of 375 

a weaker network structure, i.e. chocolates that are more sensitive to breakage (Glicerina et al., 376 

2013). The results are consistent with the rheological measurements of the chocolates (section 377 

3.3.), where the same sample was characterized with the smallest value of yield stress, indicating 378 

weaker interactions between its components compared to other samples. Also, a possible cause of 379 

the decrease in hardness is the disruption of the lipid bilayer structure of the liposomes by this 380 

incorporation method, and in this case, phosphatidylcholine acted as an emulsifier. This conclusion 381 

is supported by the research of Ashkezary et al. (2018), who found that a higher content of lecithin 382 

in the chocolate formulations results in a less hard chocolate. This effect was not observed in the 383 

preparation of chocolates with direct addition of liposomes in the chocolate mass (CHO_L1).  384 

In the present study, the addition of the spray-dried particles in a content of 2 %, regardless of the 385 

method of incorporation (direct addition in chocolate mass / previous homogenization in cocoa 386 

butter) into the chocolate, did not significantly (p>0.05) affect the hardness of the chocolates. 387 

Lončarević et al. (2018) found an increase in the hardness of white chocolate from 4041.67 g to 388 

4332.00 g due to the addition of spray-dried blackberry juice with maltodextrin as a carrier, in a 389 

content of 10 %. According to the obtained results in the present study, the content of spray-dried 390 

particles of 2 % was clearly not sufficient to result in significant changes in the chocolate texture. 391 

Barišić et al. (2021) reported a lower hardness (~9500 g) for dark chocolate compared to this study, 392 

that could be due to the composition of the chocolates, as they used more sugar (42 %) and less 393 

cocoa liquor (36 %), cocoa butter (21.57 %) and lecithin (0.4 %) than in the present study. 394 

3.5. Melting properties of chocolates 395 
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The melting profile of the chocolates was analyzed using DSC and the results are shown in Figure 396 

5 and Table 2.  397 

DSC analysis revealed the presence of the form IV (β'1) of cocoa butter in all chocolate samples, 398 

whose melting is expected in the temperature range from 26 to 28 °C (Ostrowska-Ligȩza et al., 399 

2023) and the dominance of the form V (β2) of cocoa butter, whose melting range is between 29 400 

and 34 °C (Calva-Estrada et al., 2020; Afoakwa. 2016). Considering the dominance of form V of 401 

cocoa butter compared to the other forms, it can be concluded that the tempering process of all 402 

chocolates was carried out correctly. However, the maximum melting temperatures of all samples 403 

decreased significantly (p<0.05) with the addition of encapsulates. Thus, the highest maximum 404 

melting temperature of 32.1 °C was determined in the control sample (CHO_C) and the lowest of 405 

30.4 °C in the sample CHO_SD1. It is interesting to point out that samples prepared with spray-406 

dried particles previously homogenized in cocoa butter (CHO_SD2) and the one prepared with 407 

liposomes added directly to the chocolate mass (CHO_L1) had the same maximum melting 408 

temperature (31.6 °C). From this it can be concluded that the maximum melting temperature may 409 

not be influenced by the type of encapsulates or the way it is added, but by the reduction of the 410 

free fat phase in the chocolate matrix due to the coating of the encapsulates with cocoa butter. As 411 

stated by Ostrowska-Ligȩza et al. (2019), in addition to the type of fat in the chocolate, the fat 412 

content also affects the melting properties of the chocolate and that the lower fat content is 413 

accompanied with the lower melting temperature. For samples CHO_SD1, CHO_SD2 and 414 

CHO_L2, the addition of encapsulates also led to a significant increase (p<0.05) in the energy 415 

required to completely melt the chocolate reflected in an increase in the enthalpy of melting. 416 

Didar (2020) also reported a decrease in the maximum melting temperature of white chocolate by 417 

increasing the content of encapsulated pomegranate extract (1, 2, 3, 4 and 5 g per 200 g of 418 

chocolate) prepared by coacervation of pectin and gelatine. For white chocolate without the 419 

addition of encapsulated extract, the maximum melting temperature was 34.5 °C, while with the 420 

addition of encapsulated pomegranate extract in a concentration of 5 g per 200 g of chocolate, it 421 

dropped to 32.8 °C. On contrary, the addition of various polymers such as gelatine, starch, ethyl 422 

cellulose, xanthan gum, etc., in various content from 2 to 10 %, can result in the increase in the 423 

melting temperature of the chocolate thus enabling the formulation of heat-resistant chocolates. In 424 

this case, the polymers most likely form a network that physically prevents the cocoa butter from 425 

flowing out of the chocolate at elevated temperatures. Since polymers are mostly hydrophilic and 426 
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as such do not bind fats, it is unlikely that chemical interactions between fats and polymers will 427 

occur (Fadilah et al., 2021; Stortz and Marangoni, 2011). 428 

3.6. Sensory evaluation of chocolates 429 

The results of the sensory analysis of chocolates, including an evaluation of appearance (colour, 430 

gloss and surface), acoustics (breakage), texture (melting), taste (sweet, bitter and herbal) and 431 

overall acceptability, are shown in Figure 6. 432 

All chocolates were evaluated with high scores for colour, in a narrow range from 7.6 (CHO_SD1) 433 

to 8.5 (CHO_SD2). The samples CHO_C and CHO_SD1 were evaluated with the lowest scores 434 

for gloss intensity (5.6 and 5.5, respectively), while the highest score for gloss intensity was found 435 

in the sample CHO_SD2 (7.8). The same sample (CHO_SD2) was also evaluated with the highest 436 

score for surface appearance (7.9). In general, the sample CHO_SD2 was evaluated with the 437 

highest scores in terms of chocolate appearance parameters. Chocolates prepared by prior 438 

homogenization of the encapsulates in cocoa butter (CHO_SD2 and CHO_L2) were generally 439 

evaluated with higher scores for visual appearance (colour, gloss and surface), that could indicate 440 

better homogenization in the chocolate matrix as a result of the preparation method. Chocolates 441 

prepared with the addition of liposomes, samples CHO_L1 and CHO_L2, were evaluated as 442 

having the most intense breakage with scores of 7.6 and 7.3, respectively. The most intense melting 443 

was assessed in the sample CHO_SD1 (8.0) and the least intense with equal scores (6.4) in the 444 

samples prepared with liposomes (CHO_L1 and CHO_L2). All chocolates were evaluated as 445 

medium sweet, within a range of 5.6 (CHO_L2) to 6.6 (CHO_SD1 and CHO_C). Regardless of 446 

the high content of cocoa solids (65.5 %) in the chocolates, the bitterness was not pronounced, as 447 

all chocolates were evaluated as slightly bitter, within a narrow range of scores between 3.3 448 

(CHO_SD1) and 4.0 (CHO_L2). Also, the herbal taste of ground ivy extract was successfully 449 

masked by encapsulation, but also by incorporation into chocolate, since the herbal taste in all 450 

chocolates was evaluated with very low scores between 1.6 (CHO_L1) and 2.8 (CHO_L2). All 451 

chocolates were well accepted by the members of sensory panel, as the scores for overall 452 

acceptability were between 6.3 (CHO_SD1) and 7.9 (CHO_L1). 453 

Conclusion 454 

The addition of both spray-dried and liposomal encapsulated systems of ground ivy extract, 455 

regardless of the incorporation method (direct addition in chocolate mass / previous 456 
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homogenization in cocoa butter), resulted in a richer and more diverse bioactive composition of 457 

the chocolates compared to the control. Also, the encapsulates retained controlled and continuous 458 

release of polyphenolic compounds after incorporation into chocolate. The desirable melting 459 

profile of the chocolates, as well as their highly acceptable textural and rheological properties, 460 

were maintained after the addition of both encapsulated systems. However, the decrease of the 461 

rheological parameters, due to the reduction of the free fat phase in the chocolate matrix as a result 462 

of coating the encapsulates with cocoa butter, as well as high sensory scores for the visual 463 

appearance, for chocolate samples prepared with previous homogenization of encapsulates in 464 

cocoa butter, indicate that such preparation method results in better homogenization of chocolate 465 

mass.   466 
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Abstract 16 

In present study, innovative chocolates with incorporated spray-dried and liposomal encapsulates 17 

of ground ivy extract were developed. Encapsulates, whose morphology was studied by scanning 18 

electron (SEM) and atomic force (AFM) microscopy, were incorporated into chocolate matrix in 19 

two ways – firstly, by direct addition into prepared chocolate mass and, secondly, by addition of 20 

cocoa butter in which the encapsulates were previously homogenized. Chocolates were 21 

characterized by determination of bioactive profile and release kinetics of encapsulated 22 

polyphenols simulating in vitro digestion. Physical characterization included determination of 23 

rheological, textural and melting parameters, while sensory analysis evaluated appearance, 24 

acoustics, texture and taste. Chocolates were enriched with ground ivy polyphenols, including 25 

chlorogenic acid, rosmarinic acid and rutin. Prior homogenization of encapsulates in cocoa butter 26 

resulted in decrease in Casson yield stress and viscosity of chocolates, but also in higher sensory 27 
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evaluations of visual appearance. The maximum melting temperature of chocolates remained 28 

within the narrow range from 30.4 to 31.6 °C. 29 

Keywords: bioactive characterization; enriched chocolate; encapsulation; melting properties; 30 

rheological characterization; textural properties  31 

 32 

1. Introduction 33 

Chocolate is a popular confectionery product for all generations of consumers and thus represents 34 

a good matrix for enrichment and delivery of bioactive compounds. Chocolate, especially one with 35 

a high content of cocoa solids, is a rich source of polyphenolic compounds, in particular flavan-3-36 

ols, anthocyanins and proanthocyanidins. These bioactive compounds are responsible for 37 

numerous health benefits associated with the consumption of chocolate products (Tan et al., 2021). 38 

Commission Regulation 2015/539 authorized health claim for cocoa flavanols stating that cocoa 39 

beverages (with cocoa powder), dark chocolate, capsules or tablets containing high-flavanol cocoa 40 

extract which provide at least a daily intake of 200 mg of cocoa flavanols help maintain the 41 

elasticity of blood vessels contributing to normal blood flow. The consumption of cocoa and 42 

chocolate products also activates the pleasure centres of the human brain and has stimulating, 43 

relaxing and antidepressant effects due to the presence of methylxanthines - theobromine and 44 

caffeine (Tuenter et al., 2018). It is interesting to mention that, to a lesser extent, cocoa beans and 45 

chocolate contain two neurotransmitters important to the brain - anandamide (N-arachidonoyl 46 

ethanolamine) and phenylethylamine (Rodrigues-Silva, 2012). Cocoa beans and chocolates with a 47 

high content of cocoa solids also contain high levels of magnesium (Cinquanta et al., 2016), which 48 

is a cofactor in more than 300 enzyme systems that regulate various biochemical reactions in the 49 

body (Grassia et al., 2019). 50 

In 2023, the chocolate confectionery market generated a revenue of approximately USD 238.5 51 

billion worldwide. It is expected to grow continuously in the coming years, reaching a value of 52 

USD 316.3 billion in 2028 (Statista, 2024). Milk chocolate is the most popular among consumers 53 

and accounts for 51 % of the global market, while dark chocolate makes up 31 % (Afoakwa, 2016). 54 

Dark chocolate differs significantly from milk chocolate in its sensory profile, as it does not contain 55 

milk ingredients, has a lower sugar content and a higher content of cocoa solids. Thus, its bitter 56 

taste can limit consumer acceptance and preference (Sun-Waterhouse and Wadhwa, 2013; 57 
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Kennedy and Heymann, 2009). Nevertheless, the demand for dark chocolate is growing worldwide 58 

as consumers become more health-conscious and prefer healthier foods. Accordingly, they 59 

therefore recognize dark chocolate as a healthier alternative to milk chocolate (IMARC Group, 60 

2023). The research regarding the incorporation of polyphenolic compounds, as powerful 61 

antioxidants with various health benefits, in food products including chocolate, is progressing. The 62 

major advantage of using chocolate as a matrix for the delivery of bioactive compounds is the 63 

ability to mask unpleasant flavours, while the major disadvantage is the high content of sugar in 64 

classic formulations (Faccinetto-Beltrán et al., 2021). To further increase the bioaccessibility and 65 

bioavailability of the incorporated polyphenolic compounds, encapsulation can be applied (Grgić 66 

et al., 2020). Spray drying is the most widely used encapsulation technique in the food industry 67 

(Nedovic et al., 2011) and, among some, incorporation of spray-dried green tea extract (Lončarević 68 

et al., 2019) and Nannochloropsis oculata microalgae (Polat et al., 2020), with maltodextrin as 69 

carrier, into chocolate has been reported. Due to their suitability for the encapsulation of both 70 

hydrophobic and hydrophilic compounds, liposomes are being extensively researched for the 71 

delivery of various bioactive compounds (Esposto et al., 2021). Thus, the fortification of chocolate 72 

with chitosan-coated liposomes loaded with mulberry waste extract (Gültekin-Özgüven et al., 73 

2016) and liposomal vitamin D3 (Didar, 2021) has been reported.  74 

The aim of the present study was to formulate chocolates in line with current trends in the 75 

confectionery market, including the increased demand for dark chocolate and the inclusion of 76 

polyphenolic compounds. Ground ivy was selected as a plant source of polyphenolic compounds. 77 

Ground ivy is widespread in Europe, including the Republic of Croatia, and has been used in 78 

traditional medicine for generations. The most important bioactive compounds in ground ivy are 79 

polyphenolic compounds, such as apigenin, luteolin, rutin, caffeic acid, rosmarinic acid, vanillic 80 

acid, etc. It is worth mentioning that terpenoids, alkaloids and steroids are also present. Various 81 

biological activities of ground ivy have been demonstrated, such as anti-inflammatory, 82 

antimicrobial, anti-cancer, depigmenting effects, etc. (Zhou et al., 2021). To improve the 83 

bioavailability of the polyphenols, they were incorporated into the chocolate matrix in 84 

encapsulated form. Finally, the formulated chocolates were tested for their bioactive, physical, 85 

rheological, melting and sensory properties. 86 

2. Materials and methods 87 
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2.1. Materials 88 

Cocoa liquor and cocoa butter were supplied by Barry Callebaut (Switzerland) and powdered sugar 89 

by Franck d.d. (Croatia). Rosmarinic acid (97 %), chlorogenic acid (95 %), rutin trihydrate (>97 90 

%), theobromine (>98 %), caffeine, (-)-epicatechin (>98 %), α-amylase from human saliva, pepsin 91 

from porcine gastric mucosa, bile bovine and pancreatin from porcine pancreas were supplied by 92 

Merck (Germany). Formic acid was purchased from Carlo Erba (Germany), methanol from 93 

Panreac (Spain) and acetonitrile from Fisher Scientific (USA). Potassium dihydrogen phosphate, 94 

sodium hydrogen carbonate, magnesium chloride hexahydrate, ammonium carbonate and sodium 95 

hydroxide were purchased from Lach-Ner (Czech Republic). Phospholipon® 90G (purified 96 

phosphatidylcholine from soybean lecithin; P90G) was supplied by Lipoid GmbH (Ludwigshafen, 97 

Germany). 98 

Ground ivy was collected in April 2020 in Bilogora (Croatia) and the voucher is stored in Flora 99 

Croatica Database (University of Zagreb Faculty of science, Department of Botany, Croatia) under 100 

number 71767. For the experiments, air-dried, ground aerial parts of ground ivy with size below 101 

450 µm were used. Extraction was performed in a water bath (Inko VKZ ERN, Inkolab d.o.o., 102 

Croatia) at 100 °C for 10 min with a sample/solvent ratio of 1 g/100 mL. Demineralized water 103 

(with electrical conductivity below 2 µs/cm) was used as solvent. After extraction, centrifugation 104 

(9500 rpm, 20 min) was performed and the supernatant was used for further experiments. 105 

2.1. Methods 106 

2.1.1. Preparation of spray-dried encapsulation systems 107 

The preparation of spray-dried encapsulate, consisting of partially hydrolyzed guar gum and mucin 108 

as carriers, of the ground ivy extract, used in the present study, is fully described in the study by 109 

Šeremet et al. (2024), along with its bioactive and physico-chemical characterization. For this 110 

sample, an encapsulation efficiency of 83.9 % for total polyphenols was determined. The mean 111 

diameter of the microparticles was determined to be 8.59 ± 2.62 µm (Šeremet et al., 2024). 112 

2.1.2. Preparation of liposomal encapsulation systems 113 

The preparation of the liposomal encapsulation systems of ground ivy extract, used in the present 114 

study, is described in the study by Šeremet et al. (2022), along with their bioactive and physico-115 

chemical characterization. Liposomal encapsulation provided encapsulation efficiency of 94.7 % 116 
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for total polyphenols. The Z-average size was 106.7 ± 0.9 nm. the polydispersity index was 0.21 117 

± 0.01 and the zeta potential was -21.17 ± 0.46 mV (Šeremet et al., 2022). 118 

2.1.3. Morphological characterization of encapsulates (AFM and SEM microscopy) 119 

For AFM (atomic force microscopy) measurements, liposomes were diluted 40 times with 120 

ultrapure water. Volume of 5 µL of diluted sample was pipetted directly onto freshly cleaved mica. 121 

The mica sheets were placed in enclosed Petri dishes for 30 min to allow the evaporation of solvent 122 

and afterward AFM imaging was performed. AFM analysis of plain liposomes and liposomes with 123 

encapsulated ground ivy extract was performed on Multimode scanning probe microscope with 124 

Nanoscope IIIa controller (Bruker, Billerica, MA, USA) and scanner with 125 µm lateral 125 

engagement (JV). The tapping mode using silicon probes (TESP-V2, nominal resonance frequency 126 

320 kHz, nominal spring constant 42 N m-1, Bruker) was applied throughout the experiments. The 127 

ratio of the set-point amplitude to the free amplitude (A/A0) was kept at 0.9 (light tapping) to 128 

minimize the interaction forces between the tip and the surface during imaging in the tapping 129 

mode, while linear scanning rate was optimized between 1.0 and 1.5 Hz with a scan resolution of 130 

512 samples per line. The processing and analysis of images were carried out using NanoScope 131 

Analysis software (Bruker, NanoScope Analysis ver. 2.0). Images are presented as raw data except 132 

for the first-order two-dimensional flattening. All measurements were performed in air at room 133 

temperature.  134 

Morphology of obtained spray-dried particles was examined using SEM (scanning electron 135 

microscopy) with TESCAN Mira3 microscope (Czech Republic). Particles were coated with a 136 

layer of gold (5 nm) and examined using an acceleration voltage of 3.8 kV and x1500 and x5000 137 

magnification. 138 

2.1.4. Preparation of chocolates 139 

To make the chocolates, all the ingredients were mixed in a melanger (Twin Stone, USA) for 2 140 

hours. The cocoa liquor and cocoa butter were heated to 50 °C before being poured into the 141 

melanger. After mixing in a melanger, the resulting chocolate mass was tempered manually - the 142 

chocolate mass was heated to 45 – 50 °C, then cooled to 28 °C and reheated to 32 °C with constant 143 

mixing and finally poured into molds. The spray-dried and liposomal encapsulates were added to 144 

the formulations of chocolates and total of 5 formulations were produced (Table S1; 145 

Supplementary material). The control sample (sample CHO_C) was produced without the addition 146 
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of encapsulates, i.e. it contained cocoa liquor (45.5 %), cocoa butter (20 %), powdered sugar (33 147 

%) and sunflower lecithin (1.5 %). Two chocolate samples were produced with spray-dried 148 

particles - in the first recipe (sample CHO_SD1), particles were added directly to the chocolate 149 

mass in the melanger in a content of 2 % to the chocolate mass during the last half hour of mixing, 150 

while in the second recipe (sample CHO_SD2), particles were added to cocoa butter (in a content 151 

of 10 % to cocoa butter) and after homogenization, enriched butter was added to the mixture of 152 

other ingredients to prepare the chocolate mass. Two chocolates were enriched with liposomes - 153 

in the first formulation (sample CHO_L1) liposomes were added directly to the chocolate mass 154 

the last half hour of mixing in a content of 4 %, and the second formulation (sample CHO_L2) 155 

involved the addition and homogenization of the liposomes in cocoa butter (in a content of 20 % 156 

to the cocoa butter) and the subsequent addition of the liposomes-enriched cocoa butter to the 157 

mixture for the chocolate mass. Each chocolate formulation was carried out in duplicate at intervals 158 

of 7 days. 159 

2.1.5. Characterization of bioactive properties of chocolates 160 

The formulated chocolates (3 g) were transferred into a reagent bottle and heated to 70 °C in a 161 

water bath (Inko VKZ ERN, Inkolab d. o.o., Croatia) for 10 min. Water heated to boiling point (10 162 

mL) was then added to the bottles and mixed with a magnetic stirrer (WiseStir SMHS-6, Witeg, 163 

Germany) for 15 min. After cooling, methanol (10 mL) was added to the same bottles and the 164 

samples were again mixed on a magnetic stirrer for 15 min and then transferred to an ultrasonic 165 

bath (Elmasonic S 60 H, Elma, Germany), heated to 50 °C, for 15 min. At the end of the 166 

extractions, the samples were cooled and centrifuged (9500 rpm, 20 min; Thermo Scientific SL8/8 167 

R centrifuge, USA). The supernatants were analyzed for individual polyphenolic compounds and 168 

methylxanthines using the HPLC-PDA chromatographic system (Agilent Series 1200, Agilent 169 

Technologies, USA). The column Zorbax Extend C18 (4.6 × 250 mm, i.d., 5 μm; Agilent 170 

Technologies, USA) was used as a stationary phase, while a mobile phase consisted of (A) 1 % 171 

(v/v) formic acid solution in water (A) and 1 % (v/v) formic acid solution in acetonitrile (B). A 172 

gradient elution was performed as follows:  0 min – 7 % B; 5 min – 7 % B; 45 min – 40 % B; 47 173 

min – 70 % B; 52 min – 70 % B with the flow of 1 mL/min. The injection volume of sample was 174 

5 μL and the column temperature 25 °C. The chromatograms were recorded at 320 and 350 nm. 175 

Identification of individual bioactive compounds was performed by comparing the retention times 176 

and characteristic absorption spectra (190 – 400 nm) with commercially available standards. 177 
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Quantification was enabled by establishing calibration curves (2 – 100 μg/mL). The analysis was 178 

performed in duplicate. All samples were filtered through 0.2 μm RC syringe filters (Macherey-179 

Nagel, Düren, Germany) prior to analysis. 180 

The simulated digestion of chocolates comprised the oral phase (simulated salivary fluid – SSF), 181 

the gastric phase (simulated gastric fluid - SGF) and the intestinal phase (simulated intestinal fluid 182 

– SIF). SSF, SGF and SIF were prepared as suggested by Minekus et al. (2014) and contained 183 

appropriate inorganic salts and enzymes. The release profile was monitored by the determination 184 

of rosmarinic acid using the HPLC-PDA methodology described previously.  185 

2.1.6. Characterization of rheological properties of chocolates 186 

The rheological properties of chocolates were determined according to the method IOCCC (2000) 187 

on modular compact rheometer MCR102 (Anton Paar GmbH, Austria). The results were analyzed 188 

using the RheoCompass program (Anton Paar, Austria), while the Casson model was used to 189 

determine the yield stress and viscosity of chocolate samples.  190 

2.1.7. Characterization of textural properties of chocolates 191 

The hardness of the chocolate samples was determined on a TA.HD.plus texture analyser (Stable 192 

Micro Systems, UK) following method described in the study by Nightingale et al. (2011). The 193 

sample dimensions were 3 cm x 2.5 cm x 1 cm (length x width x height), and samples were 194 

tempered to room temperature before analysis. 195 

2.1.8. Characterization of melting properties of chocolates 196 

DSC analysis was performed on a Mettler Toledo DSC 823e (Switzerland) following method 197 

described in the study by Dolatowska-Żebrowska et al. (2019). The results are presented in the 198 

form of DSC thermograms, from which the values for the maximum melting temperature and the 199 

specific enthalpy of melting for the form V (β2) of the cocoa butter were determined. 200 

2.1.9. Characterization of sensory properties of chocolates 201 

The sensory analysis of the chocolate samples was carried out according to the ISO 8589:2007 202 

method and by an internal panel of the Faculty of Food Technology and Biotechnology (University 203 

of Zagreb, Croatia), consisting of 20 members aged between 20 and 50 years. All panel members 204 

met the following criteria: (a) no aversions, allergies or intolerances to chocolate, (b) non-smokers, 205 
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(c) normal perceptual ability, (d) no chocolate cravings and (e) individuals who were interested in 206 

participating. 207 

The panel members had experience in evaluating chocolate products and were trained in sensory 208 

analysis for identification and quantification of descriptive attributes. The training of the panel 209 

members took place in 3 parts, once a week, in which the panellists tried various commercially 210 

available chocolates. The panellists were trained to recognize and quantify the intensity of 211 

investigated parameters from the scale from 1 to 9 (with 1 indicating extremely low intensity of 212 

the parameter and 9 indicating extremely high intensity of the parameter). Study included 213 

investigation of parameters of appearance (colour, gloss and surface), acoustics (breakage), texture 214 

(melting) and taste (sweet, bitter and herbal).  The samples were evaluated in separate booths of 215 

the sensory laboratory under white light illumination at room temperature. The dimensions of the 216 

chocolate samples served to the panellists were 3 cm x 2.5 cm x 1 cm (length x width x height). 217 

For sensory analysis, samples were brought to room temperature (22 °C) and served in Petri dishes. 218 

A warm water (60 °C) was provided for rinsing between samples. 219 

The experimental chocolates were served to the panel members in the same way as described above 220 

for the training samples. Parameters of appearance (colour, gloss and surface), acoustics 221 

(breakage), texture (melting) and taste (sweet, bitter and herbal) were evaluated using a rating scale 222 

from 1 to 9, as explained above. The overall acceptability of the chocolates was rated on a hedonic 223 

scale from 1 to 9, with 1 indicating an extremely undesirable product and 9 indicating an extremely 224 

desirable product. Ethical approval was not required for this study. Written consent was obtained 225 

from the panel members and the obtained data and results were not published without their 226 

knowledge. 227 

2.1.10. Statistical analysis 228 

One-way ANOVA and Tukey’s post hoc test were performed in the Statistica (v.14, TIBCO 229 

Software Inc.) software. The differences were considered significant at p<0.05. 230 

3. Results and discussion 231 

3.1. Morphology and size of spray-dried and liposomal encapsulates 232 

The morphology of the spray-dried particles was analysed by SEM, while that of the liposomes by 233 

AFM. The results are presented in Figure 1 and Figure 2. 234 
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SEM analysis revealed a heterogeneous size distribution in the spray-dried particles, as expected 235 

since the droplets are not uniform in size when sprayed (Toledo Hijo et al., 2014). Particles were 236 

in the size range from 1.5 µm to 20 µm, with spherical but also with irregular shapes, and some of 237 

them with dents or fissures. Concavities, observed in some of the particles, might be due to the 238 

rapid evaporation of solvent during spray drying (Kuck and Noreña, 2016). 239 

According to the AFM analysis, the height of the plain liposomes and the liposomes encapsulated 240 

with ground ivy extract was the same (5 nm), as well as the width (between 60 and 460 nm). AFM 241 

analysis also revealed that the encapsulation of ground ivy extract could potentially disrupt the 242 

spherical shape of the liposomes. However, AFM analysis cannot provide reliable evidence for 243 

this, as sample preparation required drying of the sample, that can lead to collapse of the liposome 244 

structure, aggregation or deformation (Erami et al., 2019). The deformation of the loaded 245 

liposomes is also evidenced by uniform structures with a height of about 0.5 nm around the 246 

liposomes, indicating the release of the encapsulated extract, which is probably due to the 247 

spreading of the liposomes on the mica surface. Batinić et al. (2020) reported similar values for 248 

the height of liposomes, ranging from 4 to 12 nm, prepared using Phospholipon® 90G, cholesterol 249 

and surfactant for the encapsulation of folic acid, as well as the appearance of a flattened and 250 

collapsed structure with its encapsulation into liposomes.  251 

3.2. Bioactive profile of chocolates 252 

The bioactive characterization of the formulated chocolates was performed by quantification of 253 

the individual methylxanthines and polyphenolic compounds (Table 1) and by studying the kinetic 254 

release of the polyphenolic compounds from the chocolates during simulated digestion in mouth, 255 

stomach and small intestine (Figure 3). 256 

Table 1 Bioactive profile of formulated chocolates 257 

 Methylxanthines and polyphenolic 

compounds originating from cocoa liquor 

(mg g-1 chocolate) 

Polyphenolic compounds originating from 

ground ivy extract 

 (µg g-1 chocolate) 

Sample Theobromine Caffeine 
(-)-

Epicatechin 

Chlorogenic 

acid 

Rosmarinic 

acid 
Rutin 

CHO_C 16.49±0.24bcd 2.22±0.03bcde 3.60±0.11bcde nd nd nd 

CHO_SD1 17.30±0.03ac 2.56±0.04ae 4.23±0.12a 50.97±0.31cde 36.89±0.22de 49.98±0.53cde 

CHO_SD2 18.19±0.47abde 2.68±0.06ae 4.46±0.01ade 48.22±0.07bde 36.27±0.09de 55.61±1.43bde 
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CHO_L1 17.37±0.10ac 2.56±0.05ae 4.16±0.07ac 16.26±0.37bce 8.40±0.06bce 21.55±0.47bc 

CHO_L2 17.13±0.22c 2.42±0.04abcd 4.04±0.12ac 17.31±0.07bcd 9.21±0.42bcd 21.25±0.13bc 

nd-not detected; a-statistically significant (p<0.05) to CHO_C; b-statistically significant (p<0.05) to CHO_SD1; c-258 
statistically significant (p<0.05) to CHO_SD2; d-statistically significant (p<0.05) to CHO_L1; e-statistically 259 
significant (p<0.05) to CHO_L2. 260 

Theobromine, as the most abundant bioactive compound in chocolates, was determined in the 261 

range from 16.49 mg g-1 (CHO_C) to 18.19 mg g-1 (CHO_SD2), while the content of caffeine was 262 

much lower ranging from 2.22 mg g-1 (CHO_C) to 2.68 mg g-1 (CHO_SD2). The dominant 263 

polyphenolic compound originating from the cocoa liquor was (-)-epicatechin with content in the 264 

range from 3.60 mg g-1 (CHO_C) to 4.46 mg g-1 (CHO_SD2). Alañón et al. (2016) analysed the 265 

bioactive profile of commercially available chocolates and reported that the contents of 266 

theobromine, caffeine and epicatechin were 8.4, 2.3 and 2.5 mg g-1, respectively, in chocolate with 267 

cocoa solids of 60 %, while in chocolate with cocoa solids of 72 %, these contents were 12.7, 2.9 268 

and 3.6 mg g-1, respectively. The bioactive composition of chocolate depends primarily on the 269 

composition of the cocoa beans, that varies depending on the growing region, the ripeness of the 270 

beans, the climatic conditions during the growing, the harvesting period, the time of storage, as 271 

well as the later stages of processing the beans, of which fermentation, drying and roasting have 272 

the greatest influence on the bioactive profile (Urbańska et al., 2019; Oracz et al., 2015). 273 

The analysis of chocolates prepared with the addition of spray-dried particles (CHO_SD1 and 274 

CHO_SD2) and liposomes (CHO_L1 and CHO_L2) revealed a more diverse and richer 275 

polyphenolic profile than control chocolate (CHO_C). Chlorogenic acid, rosmarinic acid and rutin 276 

were identified in chocolates among the polyphenolic compounds originating from ground ivy 277 

extract. The content of chlorogenic acid, rosmarinic acid and rutin in chocolates prepared with the 278 

addition of the spray-dried particles was 50.97, 36.89 and 49.98 μg g-1 in the sample CHO_SD1 279 

and 48.22, 36.27 and 55.61 μg g-1, respectively, in the sample CHO_SD2, while in chocolates 280 

prepared with liposomes, these contents were much lower and amounted to 16.26, 8.40 and 21.55 281 

μg g-1 in the sample CHO_L1 and 17.31, 9.21 and 21.25 μg g-1, respectively, in the sample 282 

CHO_L2. This higher content of polyphenolic compounds originating from ground ivy extract in 283 

the chocolates with incorporated spray-dried particles, compared to those prepared with liposomes, 284 

was expected since spray-dried particles contained about 20 % of ground ivy extract, while content 285 

of the extract in liposomes was about 5 %, as explained in the previous studies dealing with the 286 
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bioactive characterization of these encapsulation systems (Šeremet et al., 2024; Šeremet et al., 287 

2022).  288 

Furthermore, this study simulated the digestion of chocolates in the mouth (SSF), stomach (SGF) 289 

and small intestine (SIF) and examined the release of rosmarinic acid to verify the continuous and 290 

controlled release of the bioactive compounds from the encapsulates after incorporation into the 291 

food product. The results are presented in Figure 3. 292 

According to the presented results, the addition of both encapsulates of ground ivy extract into 293 

chocolate matrix, regardless of the encapsulation technique (spray drying / liposomal technique) 294 

and incorporation method (direct addition in chocolate mass / previous homogenization in cocoa 295 

butter), a continuous and controlled release of rosmarinic acid was achieved. Among the chocolate 296 

samples prepared with addition of spray-dried particles (CHO_SD1 and CHO_SD2), changes in 297 

the kinetic release of rosmarinic acid were observed between 30 and 120 min in SGF (Figure 3a), 298 

with better retention of rosmarinic acid, i.e. its slower release, within the sample CHO_SD2, which 299 

is consistent with a set hypothesis. In the chocolates prepared with the addition of liposomes 300 

(CHO_L1 and CHO_L2), the change was observed only in the 30th min of the SGF (Figure 3b), 301 

where again a slower release of rosmarinic acid was observed in the chocolate with the addition of 302 

liposomes previously homogenized in cocoa butter (CHO_L2). Considering the obtained results 303 

and the successful enrichment of chocolates with polyphenolic compounds of ground ivy extract, 304 

it can be concluded that the encapsulation systems were successfully incorporated into chocolate 305 

products, as a continuous and controlled release of the target compound was achieved under 306 

simulated digestive conditions. 307 

When developing formulations of functional chocolates, these are often enriched with polyphenols 308 

of plant origin. Poliński et al. (2022) significantly enriched the phenolic content of white chocolate 309 

by adding powdered leaves of matcha green tea and moringa in a content of 1, 2, 3 and 4 %. The 310 

addition of matcha green tea in a content of 4 % even led to a 32.5-fold higher total phenolic 311 

content, compared to control white chocolate, but only if the powder was added in the tempering 312 

phase, as the total phenolic content was 18.6 times higher when added in the conching phase. 313 

Żyżelewicz et al. (2021) investigated the addition of freeze-dried extract of blueberries, 314 

raspberries, blackberries, pomegranates pomace and beetroots in a content of 1 % to dark and milk 315 

chocolate. The greatest increase in total phenolic content was observed with the addition of 316 
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blueberry extract, from 0.9 to 1.6 mg GAE (gallic acid equivalents) g-1 in milk chocolate and from 317 

1.4 to 2.3 mg GAE g-1 in dark chocolate. Lončarević et al. (2019) developed white chocolate 318 

formulations with increased total phenolic content and antioxidant capacity by adding spray-dried 319 

green tea extract with maltodextrin as a carrier, in a content of 60, 80 and 100 g kg-1. The addition 320 

of 100 g kg-1 of green tea extract led to an increase in the total phenolic content from 0.41 to 2.73 321 

GAE g kg-1 and antioxidant capacity from 1.22 to 16.12 mmol Trolox kg-1.  322 

3.3. Rheological properties of chocolates 323 

According to the flow (Figure 4a) and viscosity (Figure 4b) curves, all chocolates shown 324 

pseudoplastic behaviour evidenced by the increase in shear stress and decrease in viscosity with 325 

increasing shear rate. Casson model was used to evaluate rheological parameters and the results 326 

are presented in Table 2.  327 

Table 2 Rheological, textural and melting properties of chocolates 328 

a-statistically significant (p<0.05) to CHO_C; b-statistically significant (p<0.05) to CHO_SD1; c-statistically 329 
significant (p<0.05) to CHO_SD2; d-statistically significant (p<0.05) to CHO_L1; e-statistically significant (p<0.05) 330 
to CHO_L2. 331 

The Casson yield stress for the control sample (CHO_C) was 13.1 Pa. The addition of spray-dried 332 

particles and liposomes directly into the chocolate mass (CHO_SD1 and CHO_L1) had no 333 

significant influence (p>0.05) on the yield stress of the chocolates (13.23 and 13.56 Pa, 334 

respectively). A significant (p<0.05) decrease in yield stress (9.13 and 8.15 Pa) was observed in 335 

chocolate samples where the same encapsulates had been previously homogenized in cocoa butter 336 

(CHO_SD2 and CHO_L2). The Casson viscosity for the control sample (CHO_C) was 1.61 Pa s 337 

 Rheological properties Textural properties Melting properties 

Sample 
Casson yield 

stress (Pa) 

Casson viscosity 

(Pa s) 
Hardness (g) 

Peak 

temperature (°C) 

Enthalpy of melting 

(J g-1) 

CHO_C 13.1±0.81ce 1.61±0.04bce 18286.75±17.76e 32.1±0.0bcde 17.27±1.12bce 

CHO_SD1 13.23±0.63ce 1.86±0.09acde 16952.98±1613.41 30.4±0.0acde 26.12±1.09acde 

CHO_SD2 9.13±0.42abd 1.36±0.05ab 16302.32±659.71 31.6±0.1abe 21.24±0.08ab 

CHO_L1 13.56±0.11ce 1.53±0.07be 17103.66±2000.33 31.6±0.1abe 18.86±0.73be 

CHO_L2 8.15±0.14abd 1.29±0.07abd 14100.37±74.73a 31.2±0.1abcd 22.65±1.03abd 
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and, again, a significant (p<0.05) decrease in viscosity was observed for the samples CHO_SD2 338 

and CHO_L2 (1.36 and 1.29 Pa s). It is noteworthy to point out that the chocolates prepared by 339 

adding encapsulates directly to the chocolate mass (CHO_SD1 and CHO_L1) were significantly 340 

(p<0.05) more viscous than those in which the encapsulates were previously homogenized in cocoa 341 

butter (CHO_SD2 and CHO_L2). The possible reason for the decrease of the rheological 342 

parameters in samples CHO_SD2 and CHO_L2 is the incorporation method in which the 343 

encapsulates were homogenized in cocoa butter before being added to the chocolate mass that may 344 

result in the reduction of the free fat phase in the chocolate matrix due to the coating of the 345 

encapsulated particles with cocoa butter. However, samples CHO_SD1 and CHO_L1 were 346 

characterized with higher values of yield stress (13.23 and 13.56 Pa) compared to samples 347 

CHO_SD2 and CHO_L2 (9.13 and 8.15 Pa), which could mean that chocolates prepared with 348 

direct addition to the chocolate mass (CHO_SD1 and CHO_L1) achieved stronger interactions 349 

between the ingredients compared to samples CHO_SD2 and CHO_L2. 350 

Aeschlimann and Beckett (2000) stated that expected values of Casson viscosity for dark chocolate 351 

are in the range from 2 to 4 Pa s, while values for the yield stress are in the range from 4 to 32 Pa, 352 

respectively. In the study by Glicerina et al. (2016), dark chocolate was the most viscous (9.62 Pa 353 

s), followed by milk chocolate (1.55 Pa s) and the least viscous was white chocolate (0.59 Pa s). 354 

In the present study, the values of Casson viscosity (1.29 – 1.86 Pa s) and yield stress (8.15 – 13.56 355 

Pa) for all chocolates were within the expected range for dark chocolates.  356 

Changes in the rheological parameters of chocolates due to the addition of spray-dried particles 357 

and liposomes are expected, as new solid components have been added to the chocolate matrix. 358 

Lončarević et al. (2019) reported an increase in Casson viscosity from 0.56 Pa s to 1.24 Pa s with 359 

incorporation of spray-dried green tea extract, with maltodextrin as a carrier, in white chocolate in 360 

a concentration of 100 g kg-1. However, in the study by Didar (2021), the addition of liposomal 361 

encapsulated vitamin D3 at a concentration of 5 μg per 10 g of chocolate had no significant effect 362 

on the Casson viscosity of dark chocolate (1.26 and 1.25 Pa s). Similar was reported in the study 363 

by Polat et al. (2020) where rheological properties of white chocolate, in terms of Casson yield 364 

stress and viscosity, were not significantly affected after adding spray-dried Nannochloropsis 365 

oculate, with maltodextrin as a carrier, in a concentration range from 0.125 g to 0.75 g per 100 g 366 

of chocolate. Thus, the authors (Polat et al., 2020) concluded that the addition of spray-dried 367 
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particles will not cause any changes in the chocolate making process, such as in the degree of 368 

mixing, tempering time, conching and molding. 369 

3.4. Textural properties of chocolates 370 

Among the textural properties, the hardness of the formulated chocolates was studied and the 371 

results are presented in Table 2. 372 

According to the obtained results, only the addition of liposomes previously homogenized in cocoa 373 

butter (CHO_L2) led to a significant (p<0.05) decrease in hardness, from 18286.75 g to 14100.37 374 

g, compared to control chocolate (CHO_C). A lower chocolate hardness indicates the presence of 375 

a weaker network structure, i.e. chocolates that are more sensitive to breakage (Glicerina et al., 376 

2013). The results are consistent with the rheological measurements of the chocolates (section 377 

3.3.), where the same sample was characterized with the smallest value of yield stress, indicating 378 

weaker interactions between its components compared to other samples. Also, a possible cause of 379 

the decrease in hardness is the disruption of the lipid bilayer structure of the liposomes by this 380 

incorporation method, and in this case, phosphatidylcholine acted as an emulsifier. This conclusion 381 

is supported by the research of Ashkezary et al. (2018), who found that a higher content of lecithin 382 

in the chocolate formulations results in a less hard chocolate. This effect was not observed in the 383 

preparation of chocolates with direct addition of liposomes in the chocolate mass (CHO_L1).  384 

In the present study, the addition of the spray-dried particles in a content of 2 %, regardless of the 385 

method of incorporation (direct addition in chocolate mass / previous homogenization in cocoa 386 

butter) into the chocolate, did not significantly (p>0.05) affect the hardness of the chocolates. 387 

Lončarević et al. (2018) found an increase in the hardness of white chocolate from 4041.67 g to 388 

4332.00 g due to the addition of spray-dried blackberry juice with maltodextrin as a carrier, in a 389 

content of 10 %. According to the obtained results in the present study, the content of spray-dried 390 

particles of 2 % was clearly not sufficient to result in significant changes in the chocolate texture. 391 

Barišić et al. (2021) reported a lower hardness (~9500 g) for dark chocolate compared to this study, 392 

that could be due to the composition of the chocolates, as they used more sugar (42 %) and less 393 

cocoa liquor (36 %), cocoa butter (21.57 %) and lecithin (0.4 %) than in the present study. 394 

3.5. Melting properties of chocolates 395 



15 
 

The melting profile of the chocolates was analyzed using DSC and the results are shown in Figure 396 

5 and Table 2.  397 

DSC analysis revealed the presence of the form IV (β'1) of cocoa butter in all chocolate samples, 398 

whose melting is expected in the temperature range from 26 to 28 °C (Ostrowska-Ligȩza et al., 399 

2023) and the dominance of the form V (β2) of cocoa butter, whose melting range is between 29 400 

and 34 °C (Calva-Estrada et al., 2020; Afoakwa. 2016). Considering the dominance of form V of 401 

cocoa butter compared to the other forms, it can be concluded that the tempering process of all 402 

chocolates was carried out correctly. However, the maximum melting temperatures of all samples 403 

decreased significantly (p<0.05) with the addition of encapsulates. Thus, the highest maximum 404 

melting temperature of 32.1 °C was determined in the control sample (CHO_C) and the lowest of 405 

30.4 °C in the sample CHO_SD1. It is interesting to point out that samples prepared with spray-406 

dried particles previously homogenized in cocoa butter (CHO_SD2) and the one prepared with 407 

liposomes added directly to the chocolate mass (CHO_L1) had the same maximum melting 408 

temperature (31.6 °C). From this it can be concluded that the maximum melting temperature may 409 

not be influenced by the type of encapsulates or the way it is added, but by the reduction of the 410 

free fat phase in the chocolate matrix due to the coating of the encapsulates with cocoa butter. As 411 

stated by Ostrowska-Ligȩza et al. (2019), in addition to the type of fat in the chocolate, the fat 412 

content also affects the melting properties of the chocolate and that the lower fat content is 413 

accompanied with the lower melting temperature. For samples CHO_SD1, CHO_SD2 and 414 

CHO_L2, the addition of encapsulates also led to a significant increase (p<0.05) in the energy 415 

required to completely melt the chocolate reflected in an increase in the enthalpy of melting. 416 

Didar (2020) also reported a decrease in the maximum melting temperature of white chocolate by 417 

increasing the content of encapsulated pomegranate extract (1, 2, 3, 4 and 5 g per 200 g of 418 

chocolate) prepared by coacervation of pectin and gelatine. For white chocolate without the 419 

addition of encapsulated extract, the maximum melting temperature was 34.5 °C, while with the 420 

addition of encapsulated pomegranate extract in a concentration of 5 g per 200 g of chocolate, it 421 

dropped to 32.8 °C. On contrary, the addition of various polymers such as gelatine, starch, ethyl 422 

cellulose, xanthan gum, etc., in various content from 2 to 10 %, can result in the increase in the 423 

melting temperature of the chocolate thus enabling the formulation of heat-resistant chocolates. In 424 

this case, the polymers most likely form a network that physically prevents the cocoa butter from 425 

flowing out of the chocolate at elevated temperatures. Since polymers are mostly hydrophilic and 426 
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as such do not bind fats, it is unlikely that chemical interactions between fats and polymers will 427 

occur (Fadilah et al., 2021; Stortz and Marangoni, 2011). 428 

3.6. Sensory evaluation of chocolates 429 

The results of the sensory analysis of chocolates, including an evaluation of appearance (colour, 430 

gloss and surface), acoustics (breakage), texture (melting), taste (sweet, bitter and herbal) and 431 

overall acceptability, are shown in Figure 6. 432 

All chocolates were evaluated with high scores for colour, in a narrow range from 7.6 (CHO_SD1) 433 

to 8.5 (CHO_SD2). The samples CHO_C and CHO_SD1 were evaluated with the lowest scores 434 

for gloss intensity (5.6 and 5.5, respectively), while the highest score for gloss intensity was found 435 

in the sample CHO_SD2 (7.8). The same sample (CHO_SD2) was also evaluated with the highest 436 

score for surface appearance (7.9). In general, the sample CHO_SD2 was evaluated with the 437 

highest scores in terms of chocolate appearance parameters. Chocolates prepared by prior 438 

homogenization of the encapsulates in cocoa butter (CHO_SD2 and CHO_L2) were generally 439 

evaluated with higher scores for visual appearance (colour, gloss and surface), that could indicate 440 

better homogenization in the chocolate matrix as a result of the preparation method. Chocolates 441 

prepared with the addition of liposomes, samples CHO_L1 and CHO_L2, were evaluated as 442 

having the most intense breakage with scores of 7.6 and 7.3, respectively. The most intense melting 443 

was assessed in the sample CHO_SD1 (8.0) and the least intense with equal scores (6.4) in the 444 

samples prepared with liposomes (CHO_L1 and CHO_L2). All chocolates were evaluated as 445 

medium sweet, within a range of 5.6 (CHO_L2) to 6.6 (CHO_SD1 and CHO_C). Regardless of 446 

the high content of cocoa solids (65.5 %) in the chocolates, the bitterness was not pronounced, as 447 

all chocolates were evaluated as slightly bitter, within a narrow range of scores between 3.3 448 

(CHO_SD1) and 4.0 (CHO_L2). Also, the herbal taste of ground ivy extract was successfully 449 

masked by encapsulation, but also by incorporation into chocolate, since the herbal taste in all 450 

chocolates was evaluated with very low scores between 1.6 (CHO_L1) and 2.8 (CHO_L2). All 451 

chocolates were well accepted by the members of sensory panel, as the scores for overall 452 

acceptability were between 6.3 (CHO_SD1) and 7.9 (CHO_L1). 453 

Conclusion 454 

The addition of both spray-dried and liposomal encapsulated systems of ground ivy extract, 455 

regardless of the incorporation method (direct addition in chocolate mass / previous 456 
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homogenization in cocoa butter), resulted in a richer and more diverse bioactive composition of 457 

the chocolates compared to the control. Also, the encapsulates retained controlled and continuous 458 

release of polyphenolic compounds after incorporation into chocolate. The desirable melting 459 

profile of the chocolates, as well as their highly acceptable textural and rheological properties, 460 

were maintained after the addition of both encapsulated systems. However, the decrease of the 461 

rheological parameters, due to the reduction of the free fat phase in the chocolate matrix as a result 462 

of coating the encapsulates with cocoa butter, as well as high sensory scores for the visual 463 

appearance, for chocolate samples prepared with previous homogenization of encapsulates in 464 

cocoa butter, indicate that such preparation method results in better homogenization of chocolate 465 

mass.   466 
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Figure Captions 

Fig. 1 SEM analysis of spray-dried particles - x1500 magnification (a) and x5000 magnification 

(b) 

Fig 2. AFM images of plain liposomes on mica surface – phase image (a) and topographic image 

(b); and of liposomes encapsulated with ground ivy extract on mica surface - phase image (c) and 

topographic image (d). Vertical profiles along indicated lines in (b, d) are shown next to the 

corresponding images. Images were acquired using the tapping mode in air, with scan sizes of 5 

µm x 5 µm (a, b) and 1 µm x 1 µm (c, d) and vertical scales of 7 nm (b, d). 

Fig. 3. Kinetic release of rosmarinic acid from chocolates prepared with spray-dried particles (a) 

and liposomes (b) encapsulated with ground ivy extract in the mouth (SSF), stomach (SGF) and 

small intestine (SIF) 

Fig. 4 Flow curves (a) and viscosity curves (b) of prepared chocolates 

Fig. 5 DSC thermograms for prepared chocolates 

Fig. 6 Sensory evaluation of prepared chocolates 
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