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ARTICLE INFO ABSTRACT
Keywords: This research aimed to evaluate the oxidative stability and rheological properties of dark choc-
Cymbopogon citratus olates with the addition of essential oils (EO) of Cymbopogon citratus, Pimpinella anisum, and

Pimpinella anisum
Mintostachys mollis
Antioxidants

Thermic properties
Chocolate microstructure

Mintostachys mollis. For this purpose, before the inclusion in chocolates, the EO were chemically
characterized to identify the most important volatile compounds. We added essential oils of
P. anisum, C. citratus and M. mollis to dark chocolates (cocoa 70%) at doses of 10, 12 and 14 pL per
500 g, separately. These chocolates were evaluated for oxidative activity, hardness, microstruc-
ture, rheological and melting properties and antioxidant capacity. It was found that C. citratus EO
(10 pL/500 g of chocolate) improve the oxidative stability of the chocolates at 90 days of storage
at 25 °C (230 meq Oy/kg), while higher concentrations promote lipid oxidation. The incorpo-
ration of essential oils improves the antioxidant capacity, likewise, it changes the rheological,
thermal, and microstructural properties. Therefore, essential oils can improve the physicochem-
ical characteristics of dark chocolates allowing greater stability in oxidative fat and thus increase
the shelf life.

1. Introduction

Chocolate is the main product of cocoa and is one of the most famous sweets worldwide, being consumed by people of different ages
for its organoleptic properties (taste, aroma, and texture), nutritional values, and various benefits to the consumer [1]. In the last
decade, the demand for quality of chocolate by consumers has increased. Considering this, the chocolate industry has been developing
various techniques for continuous improvements in processes and formulas to guarantee the needs and satisfaction of customers [2].
However, processing of these chocolates is complex owing to the interaction of their ingredients (cocoa, cocoa butter and sugar) in the
formation of a complex emulsion and their production stages such as: mixing, refining, conching, tempering, molding and packaging
[1,3].

Conching, though, is one of the critical stages of the chocolate making process, playing a crucial role in reducing unwanted aroma
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compounds and moisture in addition to implying a change in the texture of the chocolate [4]. Next, the tempering operation implies a
thermodynamic stability of the small fat crystals and their homogeneous dispersion to stabilize the polymorphic transitions V of the
cocoa fat at temperatures of 32-34 °C. In the same way, this process generates the shine, softness, malleability, and characteristic color
during the storage period [1,3,5]. However, the monounsaturated fats present in chocolate are the most sensitive and rapidly
degradable by oxidation when exposed to light, oxygen, temperature, and air [6]. In addition, chocolate properties such as hardness
and viscosity are the result of the interaction between the continuous crystallized fat phase and the dispersed solid particles [7], which
are influenced by the production process, conching, tempering (size, shape, surface), incorporation of new additives, and the storage
conditions [7-9].

Chocolate has high-quality polyphenol and fat content, thus considered a “superfood” [9,10]. Nevertheless, fats in chocolate are
particularly susceptible to oxidation during processing and storage [11]. These groups of compounds are attributed beneficial prop-
erties for human health, mainly in the prevention of cardiac problems [12]. Moreover, the fats in chocolates determine not only their
nutritional quality, but also their industrial quality [13]. The prevention of their deterioration due to the technology used in processing
could determine the quality of the product.

It’s important to highlight that, the use of essential oils as additives in food processing is becoming more frequent due to their
bioactive properties of their volatile compounds and enhancing of sensory attributes. Unsurprisingly, they can improve flavor, aroma,
and present antimicrobial and antioxidant properties. Unlike other additives, they do not leave any residue on the applied product;
however, the safety of their application depends on their source, amount, and extraction method [14,15]. Even though, there is a great
diversity of plant sources of essential oils, those extracted from Pimpinella anisum, Cimbopogon citratus, and Minthostachys mollis could
be incorporated into chocolate formulations to improve their composition and aroma.

P. anisum is a herbaceous medicinal plant with a very similar aroma to fennel [16]. It is also widely used in food, cosmetics, and
pharmaceuticals due to their aromatic compounds such as terpenes, anisaldehyde and estragole [17]. C. citratus, known as lemongrass,
is popularly used in infusions to treat and prevent fever and gastric disorders [18]. The essential oil of C. citratus has a range of
bioactive compounds [19] in which citral and geraniol stand out as the most pharmacologically and physiologically important con-
stituent [20,21]. Furthermore, its antioxidant properties have been demonstrated to be harnessed to prevent spoilage of fat-rich foods,
such as chocolate [22]. M. mollis is a wild plant that grows throughout most of the Andean region. It is commonly used by local
populations in food and medicine to treat cardiovascular diseases, blood disorders, insect bites, and as an insect repellent [23]. It has
also been shown to have high antioxidant power compared to vitamin C and other commercial antioxidants [24,25]. The essential oils
from aromatic herbs are an excellent technological alternative to improve the quality and seek health benefits from the consumption of
chocolate [26].

In this context, no work has been reported within the field of study, that allows the enrichment chocolates with essential oils of
P. anisum, C. citratus and M. mollis, evaluating the effect that this incorporation can generate on the rheological and textural char-
acteristics and in the antioxidant properties. Therefore, the objective of the present work was to evaluate the effect of the essential oils
of these three species on the chemical, rheological, textural, microstructural, and antioxidant properties and on lipid oxidation pre-
vention of dark chocolate at different storage temperatures.

2. Methodology
2.1. Chemicals and standards

Hexane HPLC grade, chloroform (99%), pure glacial acetic acid (99%), sodium thiosulphate (99%), methanol HPLC grade, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), sodium hydroxide (>98%), potassium iodide (>96%), Folin-Ciocalteu’s phenol, sodium carbon-
ate (99.5%), and the alkane standard solution (mixture of C;9 — C49) were purchased from Sigma-Aldrich.
2.2. Study location

The study was carried out at the Coffee and Cocoa Quality Control Laboratory of the National University Toribio Rodriguez de
Mendoza de Amazonas. This laboratory is located in the city of Chachapoyas at Latitude 6°14'0.83 “S, Longitude 77°51'12.14 “W and
has an average annual temperature of 15.60 °C [27].
2.3. Extraction of essential oils

For the extraction of the essential oils of C. citratus, P. anisum and M. mollis, 20 kg of plant samples from each species were used. The
plant samples were obtained from the Central Market of the city of Chachapoyas - Amazonas - Peru and taken to the Laboratory of the
Faculty of Engineering and Agricultural Sciences of the National University Toribio Rodriguez de Mendoza of Amazonas in order to
carry out the extraction process. In the laboratory, the essential oils were extracted by steam distillation in a semi-industrial stainless
steel distiller, following the methodology described by Andrade et al. [28]. After extraction, the essential oils were packaged in amber
glass bottles and stored in a refrigerator at 8 °C.

2.4. Chemical characterization of essential oils

The chemical composition of the essential oils (EOs) was determined following the methodology described by Adams et al. [29]
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Fig. 1. Summary of the experimental process.

with some modifications. For that, we used a gas chromatograph (model 7890 B GC System) coupled with a mass detector (model 5977
B MSD). The compounds were separated on a DB-5MS Ul capillary column (60 m x 0.25 mm X 1.0 pm). The injector temperature was
220 °C, 0.5 pL of EO diluted composed of 5 pL of essential oil +995 pL of hexane was injected in splitless mode. Helium was used as a
carrier gas with a flow rate of 1 mL/min. The transfer line and ionization source temperatures were 240 and 280 °C, respectively. The
oven temperature was set from 60 to 246 °C, at 3 °C/min, held for 8 min, then raised to 300 °C at 5 °C/min and held for 4.2 min. The
mass range scanned was from 40 to 600 amu. The mass spectra were compared with those from the NIST 2017 library, and to ensure
the identities of the compounds, the linear retention index was calculated through injection of the homologous hydrocarbon series (C1o
- Cyq0).

2.5. Obtaining chocolate

Dry fermented cocoa beans with 7% moisture were used. They were cleaned and roasted at 120 °C for 25 min in an oven (Venticell
Ecoline), following the methodology established by the chocolate industries. The roasted cocoa beans were then crushed in a bean
sheller (AYZ) to remove the shells and obtain cocoa nibs. The cocoa nibs were ground (Prosol SAC, Tritur-50) to obtain cocoa liquor,
and the refining process was carried out for 3 h in two-roller refiners with granite stones (Premier) of 3 kg capacity.

The base formulation for the preparation of dark chocolates 70% was 65% of cocoa paste and 5% of cocoa butter plus 30% of sugar
with the addition of essential oils. The conching and refining process lasted 19 h following the methodology described in Leite et al.
[30]. After this process, EO (10, 12, and 14 pL/500 g of chocolate) were added at 38 °C, these concentrations were determined in
previous trials. The tempering was done manually with temperature variations from 48 °C to 28 °C, which allowed the crystals in the
cocoa mass to settle properly and to finally be molded at 32 °C. The chocolates were then molded in polycarbonate molds for 14 x 12 x
6 cm tablets of 50 g and 1 x 1 x 0.5 cm tablets. All formulations were made in triplicate. The chocolates were wrapped in aluminum
foil and stored at two experimental temperatures, an average of 18 °C, which was measured with a thermohygrometer (Boeco brand,
Model SH-110), and 25 °C, controlled in an incubator (Binder, Germany), for 90 days until further analysis. The experimental process
using the dark chocolate with EO can be seen in Fig. 1.

2.6. Oxidative stability

The oxidative stability of the chocolates was measured using the oxidative deterioration method described by Chavez et al. [24]
and Vargas-Arispuro et al. [31] at 18 °C and 25 °C during a 90-days test with 10-day periodic evaluations.

The peroxide index was determined using AOAC method 28.022 [32]; for this, 200 mg of sample was weighed in an analytical
balance (VWR-503R2) and placed in a 50 mL Erlenmeyer flask. To the solution, 2 mL of chloroform 99% was added and shaken for 1
min, then 5 mL of 99% pure glacial acetic acid and 0.20 mL of 90% saturated potassium iodide solution were added. It was left to stand
in a dark chamber for 10 min, then 15 mL of distilled water was added. To the mixture, it was incorporated 1% starch until it changed a
blue color. Titration with 0.01 N sodium thiosulphate continued until the blue coloring disappeared, the flow rate was measured, and a
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blank assay was performed for the corresponding calculations using equation (1).
PV = ((S —B) x N x 1000) (€}

Where PV: Peroxide value, S: Spent 0.01 N thiosulfate solution, B: Spent 0.01 N thiosulfate solution in the blank, N: Normality of the
0.01 N thiosulfate solution and W: Weight of the analyzed sample (g).

2.7. Determination of hardness

The hardness of the chocolate samples was measured at 12 months of production on a CTX texture analyzer (AMETEK, Brookfield
with Textura Pro 1.0.19 software). Equipped with a 30° conical probe and a 100 kg load cell, the test was performed at a test speed of
10 mm/s with an initial speed of 5 mm/s and a penetration distance of 0.8 mm. The hardness of the specimens was recorded as the
maximum force at the defined penetration distance. Each determination was performed in triplicate following the methodology
described by Lillah et al. [33].

2.8. Rheological properties

Rheological measurements of the chocolate suspensions were performed using a modular compact rheometer (Anton Paar, Model
MCR 302e), equipped with a CC27 concentric cylinder geometry. The samples were melted at 40 °C in an oven (Venticell Ecoline,
Germany) for 60 min. The rheometer cup was filled with the suspension at 40 °C. The temperature was controlled by a Peltier device.

Measurements started with preconditioning at 40 °C for 60 s, followed by a shear rate of 5 s™! for 100 s. The shear rate was
increased from 2 to 50 s1. The data were processed by the equipment software (RheoCompass vs s 1.30) following the methodology
described by Glicerina et al. [34] and Analytical Method 46 [35]. The flow curves were adjusted to the Casson model Equation (2),
which is used to describe the rheological behavior of the yield stress fluid.

60'5 — (60)0.5 + Kl (Y)O.S (2)

where ¢ (Pa) is the shear stress, oy is the Casson yield stress (Pa), K; is the consistency index (Pa. s) and y (s is the shear rate.
2.9. Microstructure analysis

To observe the microstructure of the chocolate samples, 1 g of sample was melted in an oven (Venticell Ecoline, Germany) at 55 °C
for 20 min. Then 10 pL of the melted material was placed on a glass slide (7 x 2.5 cm) and covered with a coverslip parallel to the plane
of the slide, trying to make the sample dispersion homogeneous. The images of the chocolate microstructure were observed with an
inverted fluorescence microscope (IX83, Olympus, Japan) at 40 x magnification and micrographs were captured with a digital camera
(DP74, Olympus, Japan) following the described methodology by Afoakwa et al. [36].

2.10. Melting properties

The thermal behavior of the chocolate treatments was evaluated following the procedure described by Calva-Estrada et al. [37]
using differential scanning calorimetry (DSC) with a DSC-60 plus equipment (DSC-60 plus). To obtain the thermal spectra, the
equipment was left switched on for 30 min to stabilize the electronic system and the furnace. Then the samples were weighed on an
analytical balance, between 2.5 + 0.5 mg, placed in hermetically sealed aluminum vials and subjected to the DSC furnace, working
with an empty sealed aluminum cuvette that served as a blank, with a nitrogen flow rate of 25 mL/min at normal pressure. The samples
were melted at a temperature of 60 °C, for 20 min. For each peak present in the thermogram obtained, the onset temperature (T onset),
end temperature (T end) and enthalpy (AH) were calculated [38].

2.11. Antioxidant capacity

Chocolate defatting was performed following the methodology described by Suazo et al. [39]. Five grams of chocolate was crushed
in a Bosch bean grinder (TSM6A013 B) and sieved in a No. 45 sieve in order to remove large particles. Five hundred milligrams of
chocolate were weighed, and 3 mL of hexane 99% was added and stirred for 10 min at a speed of 3000 rpm in an orbital shaker (Lauda,
Germany BS150). Then the solution was centrifuged at 4830 rpm for 20 min to remove the supernatant (the process was repeated
twice) using a centrifuge (PrO-Analytical, Britain). Finally, the samples were left to dry in a gas extraction cabinet (Labconco, USA) to
eliminate the excess hexane.

For the preparation of the methanolic solution (80%) of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, the methodology described
by Jonfia-Essien et al. [40]. One hundred milligrams of defatted chocolate sample were taken and mixed with 10 mL of 80% methanol
solution, stirred at 3000 rpm for 15 min, then the mixture was centrifuged at 4830 rpm for 30 min, and filtered on filter paper
(Whatman N° 40-2.5 pm). The supernatant was stored at —20 °C until further analysis.

The antioxidant activity of chocolate extracts with EOs was determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging assay. A 0.1 mM methanolic solution of DPPH was prepared. Two milliliters of this solution were placed in a test tube and
200 pL of the extract was added. The mixture was shaken and incubated at 18 °C in dark. The absorbance of the solution was measured
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Table 1
Percentage chemical composition of the essential oils.
Retention Compound name Calculated Library Retention M. mollis*  P. Anisum*  C. Citratus*
Time Retention Index Index
8.27 Propanoic acid 691 700 0.05 ND 4.03
23.89 5-Hepten-2-one, 6-methyl- 983 986 ND ND 10.02
23.91 Bicyclo [3.1.0]hexane, 4-methylene-1-(1-methylethyl)- 984 974 3.36 ND ND
23.95 3-Octanone 995 986 0.49 ND ND
24.27 beta.-Myrcene 990 991 1.14 ND ND
24.47 Cyclohexane, 1-methylene-4-(1-methylethenyl)- 994 1004 4.42 ND ND
24.53 3-Octanol 995 994 5.72 ND ND
26.74 trans-.beta.-Ocimene 1037 1049 ND ND 5.57
27.02 p-Limonene 1042 1018 14.57 0.04 ND
27.39 Eucalyptol 1049 1032 0.74 ND 0.96
29.89 Geraniol 1255 1255 ND ND 15.76
30.34 Linalool 1104 1099 15.30 ND 11.41
30.44 Furan, 3-(4-methyl-3-pentenyl)- 1106 1101 ND ND 1.20
31.01 3-Octanol, acetate 1116 1123 2.03 ND ND
32.69 6-Octenal, 7-methyl-3-methylene- 1221 1147 ND ND 1.89
34.37 (1R,2R,5S)-5-Methyl-2-(prop-1-en-2-yl)cyclohexanol 1179 1196 0.54 ND ND
34.54 3,6-Octadienal, 3,7-dimethyl- 1182 1184 ND ND 10.26
34.77 Isoneral 1164 1170 ND ND 7.14
35.03 Cyclohexanone, 5-methyl-2-(1-methylethenyl)-, trans- 1215 1177 2.18 ND ND
35.98 L-.alpha.-Terpineol 1211 1190 1.98 ND 0.15
36.19 Cyclohexanone, 2-methyl-5-(1-methylethenyl)-, trans- 1215 1201 0.62 ND ND
36.34 alpha.-Thujenal 1218 1190 0.06 ND ND
36.50 6-Octen-1-ol, 7-methyl-3-methylene- 1222 1195 ND ND 0.39
36.84 Citronellol 1228 1228 ND ND 3.13
36.99 2,6-Octadien-1-ol, 3,7-dimethyl-, (Z)- 1231 1228 ND ND 7.84
37.03 8,9-Dehydrothymol 1232 1221 0.79 ND ND
37.15 3,6-Octadien-1-ol, 3,7-dimethyl-, (Z)- 1234 1240 ND ND 0.99
38.14 Phenol, 4-(2-propenyl)- 1255 1255 ND 1.22 ND
38.73 Anethole 1267 1286 ND 0.40 ND
38.90 7-Oxabicyclo [4.1.0]heptan-2-one, 6-methyl-3-(1- 1271 1256 11.73 ND ND
methylethyl)-
39.09 Benzaldehyde, 4-methoxy- 1275 1251 ND 0.89 ND
39.55 (—)-Neomenthylacetate 1284 1304 3.07 ND ND
39.65 Propane, 2-nitro- 653 675 ND 91.82 ND
40.07 Thymol 1296 1291 2.45 0.06 ND
40.48 Bicyclo [2.2.1]heptan-2-ol, 1,7,7-trimethyl-, acetate, 1304 1284 0.57 ND ND
(1 S-endo)-
41.22 2-Cyclohexen-1-one, 2-hydroxy-3-methyl-6-(1- 1319 1302 0.67 ND ND
methylethyl)-
41.72 6-Hydroxycarvotanacetone 1329 1318 2.15 ND ND
41.95 2-Cyclohexen-1-ol, 2-methyl-5-(1-methylethenyl)-, 1336 1336 0.69 ND ND
acetate
43.50 Eugenol 1366 1357 0.38 0.02 ND
45.24 Copaene 1403 1376 11.12 ND ND
46.04 Benzene, 1,4-dimethoxy-2-methyl-5-isopropyl- 1416 1422 ND 0.64 ND
49.38 2-Tridecanone 1499 1497 ND ND 5.41
49.87 alpha.-Farnesene 1511 1508 ND 1.46 ND
51.28 Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1- 1544 1524 10.66 0.55 0.51
(1-methylethyl)-, (1 S-cis)-
51.57 Thymyl isobutyrate 1486 1480 ND 0.34 ND
53.50 2-Undecanone 1297 1294 ND ND 4.88
56.15 Selin-6-en-4.alpha.-ol 1666 1636 ND ND 5.29
56.77 (1R,78,E)-7-Isopropyl-4,10-dimethylenecyclodec-5- 1683 1695 0.45 ND ND
enol
Other compounds 2.08 2.57 3.18

Note. *The chemical composition of M. mollis, P. anisum, and C. citratus is expressed in percentage.
ND: not detected.

with a spectrophotometer (T 9200 PEAK Instruments, USA) at a wavelength of 517 nm. The percentage inhibition was calculated with
equation (3).

% inhibition of DPPH = ((A0 — AS) — (AT — AS)) / (A0 — AS) x 100 3
Where: AO: Absorbance of DPPH solution, AS: Absorbance of methanol, AT: Absorbance of sample.

To determine the antioxidant capacity (mmol TE/L), the linear equation of the calibration curve of five dilutions of Trolox standard
were used.
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Fig. 2. Effect of the incorporation of essential oils on the oxidative stability of dark chocolate during 90 days of storage.

2.12. Statistical analysis of data

To compare the oxidative stability, rheological properties, hardness, microstructure, melting properties and antioxidant capacity of
dark chocolates with the addition of essential oils of C. citratus, P. anisum and M. mollis, an analysis of variance and Tukey’s multiple
comparisons were performed, looking for fits to linear, quadratic, and exponential models, with the statistical software SPSS v.26.

3. Results and Discussion
3.1. Chemical composition of the essential oils

Table 1 describes the chemical composition of the 48 volatile substances identified in the EOs studied. Analysis by gas
chromatography-mass spectrometry revealed the presence of 48 chemical compounds in the essential oils M. mollis, P. anisum y
C. citratus. In the essential oil of M. mollis, 28 chemical compounds were identified, with linalool being the most abundant compound at
15.30%. This compound has essential biological functions, such as antibacterial, anticancer, anti-inflammatory, anxiolytic and con-
traceptive effects [41]. In P. anisum EO, 12 compounds were identified. The 2-nitro-propane was the most abundant compound with
91.82%, which presents anti-inflammatory functions [42]. On the other hand, 20 compounds were identified in the EO of C. citratus,
where geraniol (15.76%) was the most abundant, followed by linalool (11.41%). The geraniol is within the group of monoterpenes
which has chemo preventive and chemotherapeutic properties [43].

3.2. Oxidative stability

Fig. 2 shows that up to 60 days of storage, the lipid oxidation of the chocolates remains stable, but they slightly differ between the
three essential oils in the two storage conditions. However, the remaining 30-day evaluation showed, with greater contrast, the effects
of each natural additive used in the chocolates. Thus, the chocolates with the least lipid oxidation were the chocolates with C. citratus
EO stored at 25 °C (values less than 300 meq O3/kg) and the least stable were the chocolates formulated with M. mollis EO. In fact, the
chocolates with M. mollis EO stored at 18 °C had the highest lipid oxidation with values close to 1500 meq O5/kg. Moreover, in all the
essential oil studied, a higher peroxide value was observed with increasing EO dosage, showing a significant pro-oxidant effect.

Storage conditions are fundamental to guarantee the oxidative stability of the fats in dark chocolates. Temperature oscillations of
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Table 2
Hardness of the chocolate samples with essential oils.
EO Type EO Dose (pL/500 g) Hardness (g) T° (25 °C) Hardness (g) T° (18 °C)
C. citratus 10 2658 + 581°¢ 2475 + 216 2>
12 2511 + 657¢ 2342 + 419 ¢
14 2391 + 275° 2244 + 178 >
P. anisum 10 5044 + 579* 2903 + 486 >
12 4168 + 547° 2371 + 413 >
14 3824 + 645 2351 + 209¢
M. mollis 10 2790 + 609° 2513 + 2192
12 2677 + 721°¢ 2311 + 294 @
14 2680 + 471°¢ 2233 + 146 2®

&€ Equal letters in a column mean that there are no significant differences based on the Tukey test (p < 0.05).

Table 3
Rheological properties of chocolates with essential oils.

EO Type EO Dose (uL/500 g) Storage conditions Casson plastic viscosity (Pa. s) Casson yield strength (Pa)

C. citratus 10 25°C 2.896 + 0.017 > 14.952 + 0.571¢
12 2.700 + 0.052 >4 17.167 + 0.716 ¢
14 2.667 + 0.091 >4 15.253 + 2.072¢

P. anisum 10 25°C 3.001 + 0.011 *® 14.592 + 0.437¢
12 3.151 + 0.044 *® 17.393 + 0.603
14 3.501 + 0.120° 17.474 + 1.445 <4

M. mollis 10 25°C 3.464 + 0.012° 17.347 + 0.396 <4
12 2.758 + 0.050 " 14.080 + 0.589¢
14 2.403 + 0.004 % 16.078 + 0.047¢

C. citratus 10 18°C 1.674 + 0.064 23.9281 + 1.347 2
12 1.674 + 0.0641 23.929 + 1.346
14 1.239 + 0.2928 19.832 + 0.019 >4

P. anisum 10 18°C 1.522 + 0.011f 25.890 + 7.247°
12 1.536 =+ 0.044 24.711 + 0.010 ®
14 1.542 + 0.356° 23.149 + 1.347 3¢

M. mollis 10 18°C 1.636 =+ 0.001f 24.705 + 0.001 *
12 1.650 =+ 0.543f 23.073 + 2.827 3¢
14 1.556 + 0.047° 25.440 + 0.470 *°

%8 Equal letters in a column mean that there are no significant differences based on the Tukey test (p < 0.05).

18 °C affected the protective and stabilizing activity of the essential oil studied. Oxidation of fats has been observed to be a factor of
concern in the food industry due to quality loss in products, highlighting rancidity as a main concern [44]. In this research, we
observed a positive effect of essential oils in preventing lipid oxidation of chocolate at a dose of 10 uL/500 g of chocolate, while the
higher doses (12 and 14 pL/500 g of chocolate) promote the lipid oxidation [24] (Fig. 2).

C. citratus essential oil more effectively prevented fat oxidation under the two storage conditions. In contrast, the essential oil from
M. mollis had less stabilizing effect in long term (90 days of storage). Studies made by Naseri et al. [45] found that controlled tem-
peratures can reduce the formation of peroxides in edible oils.

As shown in Fig. 3 and Table 2, the addition of different types of essential oils modifies the hardness of dark chocolates. The higher
the concentration of essential oil (14 pL/500 g of chocolate), the lower the level of hardness. Likewise, the storage conditions of the
chocolates have a significant influence. At a temperature of 25 °C, the samples show higher hardness (2658-2391 g), while at the
average temperature of 18 °C, the hardness is lower for all treatments (2475-2244 g).

The chocolate samples with higher concentrations of essential oils had lower hardness, which may be due to the solvent effect of the
essential oils that influence the hardening and crystallization processes of the fat phase of 18 °C chocolate [46]. Furthermore, the
texture of a chocolate changes as the bloom (fat and sugar) occurs. Therefore, despite working with the same variety of cocoa (Criollo),
the same amount of fat, and the same type of sugar, this property tends to change [47]. Hence, tempering is essential for a chocolate to
have a proper polymorphic shape and not modify color, hardness, handling, finish, and shelf life [48].

3.3. Rheological properties

Table 3 shows the plastic viscosity and Casson yield of the chocolates evaluated after 12 months of production. The chocolate with
the addition of P. anisum essential oil (14 pL/500 g of chocolate) stored at 25 °C had the highest viscosity (3.50 Pa s) and its elastic limit
was 17.474 Pa; in contrast to C. citratus (14 pL/500 g of chocolate), which had the lowest values. On the other hand, chocolate with the
addition of M. mollis essential oil (14 pL/500 g of chocolate) stored of 18 °C average temperature reached higher viscosity (1.57 Pa s)
and higher elastic limit (25.44 Pa), compared to C. citratus (14 pL/500 g of chocolate) which presented low values. The results show
significant difference in all treatments (p > 0.05).

From the rheological point of view, chocolates have a complex behavior. For example, they have an apparent elastic limit and a
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Fig. 4. Microstructure of chocolate with the addition of EO at 25 °C (A) and 18 °C (B). Scale bars = 2 mm.

plastic viscosity that depends on the manufacturing process [10]. High viscosity chocolates have a pasty sensation that lasts longer in
the mouth [49] and have low consumer acceptability. However, in this research it was found that Casson’s plastic viscosity and yield
strength decreased significantly as the dosage of the essential oils increases. Other research [7,50] showed similar results, as the higher
the dose of cinnamon essential oil added, the lower the viscosity and yield strength of the chocolates.

3.4. Microstructure

In Fig. 4, the micrographs show an increase in the dispersion of the crystal structure of the chocolates. The higher the concen-
trations of essential oil added, the greater the dispersion of chocolate particles. Nevertheless, the variation of the average storage
temperature of 18 °C affected the food matrix by dispersing the particles and increasing the granulometry.

3.5. Melting properties

Fig. 5 shows the melting profiles obtained for each treatment. Chocolates stored at 25 °C presented a maximum melting tem-
perature between 33 and 34 °C, with a AH of 31.97-48.92 J/g, whereas chocolates stored at average temperature of 18 °C reached a
maximum temperature of 32 °C with a AH of 38.64-62.63 J/g. All treatments showed significant difference (p > 0.05).

The size of crystals present in chocolates is generally related to the formation of fat blooms, which causes a lot of dispersion on the
chocolate surface [51]. Recent studies have shown that the higher the variation of storage temperatures, the higher the number of
surface crystals [52]. In this study, however, higher doses of EO (14 pL/500 g of chocolate) resulted in greater dispersion of the
particles which could facilitate the processes of fat bloom in the matrix. Ali et al. [53] found that the chocolate filled with palm mid
fraction and desiccated coconut stored at 18 °C presented the slower migration and changes in the chemical composition and poly-
morphic stability.

The calorimetric properties of chocolate also depend on the processing methods such as tempering and cooling [47]. Taking into
account that during chocolate production the crystalline state and the amount of fat determine the melting properties of the product,
and that there are 6 different polymorphic forms recognized by Roman numerals (I-VI) or Greek letters (y, o, 2, 1, f2 and 1) [54].
Structure VI reaches a high melting temperature (34-36 °C) making the chocolate have an undesirable sandy texture; importantly, the
melting point of all treatments is found in the polymorphic form V (32-33 °C) which coincides with the mouth temperature. Moreover,
in the chocolate industry the crystallization of form V is preferred because it provides brightness and a fine texture to the product [55].
Nonetheless, it should be considered that temperature fluctuations in storage would favor the fat bloom phenomenon macroscopically
observable by the presence of a white layer on the surface of the chocolate [56].
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Fig. 6. Antioxidant capacity of chocolates with EO stored for 90 days at two conditions.

3.6. Antioxidant capacity

Fig. 6 shows the effects of the essential oil of M. mollis, P. anisum and C. citratus on the antioxidant activity of the chocolate samples.
It is observed that, as the dose of essential oil increases, the antioxidant activity also increases for both storage conditions. However,
the samples with the highest antioxidant content are chocolates with M. mollis essential oil with values ranging between 5.8 and 6.2
mmol TE/L.

According to the results, essential oils have great potential as an alternative to synthetic additives in foods to enhance their
antioxidant activity, as observed with S. chamaecparissus essential oil which can increase the antioxidant activity of dark and white
chocolates [7,57,58].

4. Conclusions

The essential oils of C. citratus, P. anisum and M. mollis stabilized lipid oxidation in dark chocolates over a 60-day storage period. At
longer storage, such as 90 days, the effects may vary depending on the additive used. Moreover, the stabilizing effect of C. citratus,
P. anisum, and M. mollis essential oils in dark chocolate varies according to the storage conditions, as fluctuating storage temperatures
promotes lipid oxidation, while controlled temperature conditions improve the oxidative stability of fats. However, the 10 pL of
C. citratus in 500 g of chocolate stored at 25 °C showed a higher oxidation stability.

The results of this study reveal that the essential oils used may have great potential as natural additives to prevent oxidation and
increase the antioxidant capacity as well as improve textural, calorimetric, microstructural in rheological properties of dark choco-
lates. Therefore, this should serve as a basis for future studies to confirm the favorable effect of the use of oils in the chocolate industry.
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