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Introduction: Citrus trees are widely cultivated for their fruits, leaves, and flowers, which have diverse
applications in food, pharmacology, aromatherapy, and cosmetics. During fruit processing, peels are
the primary waste byproduct, yet they are rich in essential oils with valuable uses in perfumery,
pharmacology, aromatherapy, cosmetics, detergents, and food flavoring. This study focuses on
extracting essential oil from Persian lime peels and microencapsulating it to enhance its stability and
preserve its beneficial properties, including antioxidant activity, with a DPPH radical scavenging
percentage of 63.64% in run 18.

Materials and Methods: Persian lime essential oil (PLEO) was used as the core material, with
maltodextrin and whey protein as wall materials and microcrystalline cellulose as the carrier. The
encapsulation process was optimized using a central composite design, evaluating three independent
variables: EO concentration (10%, 20%, and 30% w/w), maltodextrin concentration (25%, 50%, and
75% wiw), and whey protein concentrate (10%, 20%, and 30% w/w). The dependent variables included
encapsulation vyield, efficiency, loading capacity, moisture content, hygroscopic properties, bulk
density, tapped density, and particle density.

Results and Discussion: Based on numerical optimization, when EO, MD, and WPC were set at
29.68%, 41.28%, and 30%, respectively, the following values were obtained: encapsulation yield
(66.46%), encapsulation efficiency (76.70%), loading capacity (64.7%), moisture content (1.83%),
hygroscopicity (1.8%), bulk density (0.39 g/cm?), tapped density (0.43 g/cms3), particle density (1.28
g/cm3), compressibility index (7.98%), Hausner ratio (1.08), powder recovery (66.94%), solubility
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(23.81%), inhibitory power (32.23%), and release rates in buffer (65.4%) and simulated saliva
(92.74%), with an overall desirability of 0.492. The results indicated that high EO and WPC
concentrations, combined with moderate MD levels, improved encapsulation efficiency, yield, density
parameters, flowability, solubility, inhibitory power, and release rates while reducing moisture content
and hygroscopic properties.

Innovative Food Technologies, 12(2), 136-162,Winter 2025

Conclusions: The combination of moderate maltodextrin and high whey protein concentrate effectively
preserved the antioxidant activity of PLEO by enhancing entrapment efficiency. Maltodextrin served
as an effective carrier for producing powders with desirable properties, while whey protein concentrates
significantly influenced the release of the encapsulated core. The selection of appropriate wall materials
and the use of an efficient drying technique, such as spout fluidized bed drying, can facilitate the
production of microencapsulated powders containing volatile flavors and essential oils.
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Fig 1. 3D surface contour plots of RSM for evaluation of independent variables (Lime EO concentration, maltodextrin, and WPC; %) effects
on the dependent variable Encapsulation Yield (EY), Encapsulation Efficiency (EE) and Loading Capasity (LC)
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Table 1. Exact values of each random run for independent and dependent variables

RUN EO% MD% WPC% EY% EE% LC% MC% HG% glinD'B g/‘lﬁ—:zii g/zzii Cl% PR% HR% S0% 1P% REL1% REL2%
1 20 75 20 80.52 8291 69.89 2.27 164 0.358 0.435 1.287 17.69 66.20 1215 22.60 8.20 29.76 56.89
2 20 50 20 67.06 72.76 61.33 156 175 0.357 0.400 1.259 10.75 68.23 1120 14.00 14.48 39.20 71.20
3 20 50 20 7391 76.45 64.44 147 2.07 0.364 0.417 1.250 1271 66.64 1.146 12.20 25.61 4270 69.47
4 30 25 30 63.65 73.65 62.09 214 136 0.385 0.417 1213 7.67 65.62 1.083 23.00 44.92 75.54 98.20
5 20 25 20 65.73 74.02 62.40 0.66 2.20 0.412 0.460 1175 10.50 60.85 1.140 9.00 41.90 56.51 77.40
6 30 75 10 75.33 63.63 53.64 2.09 2.24 0.376 0.435 1215 13.45 64.20 1155 22.60 8.99 35.28 65.72
7 20 50 30 64.68 83.35 70.27 179 219 0.385 0.435 1272 11.49 65.80 1.130 15.20 11.85 68.72 93.50
8 10 25 10 70.85 60.33 50.86 0.67 2.56 0.476 0.526 1.168 9.51 54.97 1.105 13.20 51.78 57.55 88.52
9 10 25 30 67.25 62.15 52.39 0.77 2.96 0.405 0.476 1170 15.00 59.32 1.176 16.20 50.18 85.48 100.0
10 20 50 10 69.55 72.93 61.48 132 2.06 0.370 0.426 1.185 13.15 64.05 1.151 11.00 34.29 36.60 78.40
11 30 50 20 70.38 72.46 61.08 1.00 2.20 0.417 0.460 1.268 9.35 63.72 1.103 20.80 4431 36.10 65.40
12 20 50 20 71.00 76.64 64.61 272 1.96 0.380 0.435 1.253 12.64 65.28 1.145 13.80 26.69 4350 74.57
13 10 50 20 64.10 65.77 55.45 0.69 2.89 0.363 0.417 1.255 13.00 66.77 1.149 22.40 13.60 56.20 84.91
14 10 75 10 80.98 71.37 65.23 143 2.86 0.333 0.370 1.260 10.00 70.63 1111 28.60 15.45 49.50 79.38
15 20 50 20 68.81 78.49 66.16 112 2.40 0.385 0.435 1.247 11.49 65.12 1.130 17.40 24.24 36.48 69.45
16 30 75 30 75.51 81.63 68.81 220 1.80 0.400 0.455 1.360 12.09 66.54 1138 33.40 757 42.80 67.40
17 20 50 20 67.71 76.54 62.15 164 184 0.370 0.430 1253 13.95 65.68 1.162 15.40 25.45 36.45 68.65
18 30 25 10 75.04 54.11 40.56 0.54 243 0.462 0.500 1175 7.56 57.45 1.082 13.20 63.64 47.80 70.50
19 10 75 30 62.78 83.84 70.68 2.46 2.40 0.354 0.400 1.350 11.50 70.37 1.130 30.60 5.43 52.10 78.40
20 20 50 20 65.87 7274 62.15 1.60 178 0.369 0.435 1.260 15.09 65.48 1.178 12.80 26.30 41.43 73.76
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Fig 2. 3D surface contour plots of RSM for evaluation of independent variables (Lime EO concentration, maltodextrin, and WPC; %) effects
on the dependent variable Moisture Content (MC) and Hygroscopicity (HG).
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Fig 3. 3D surface contour plots of RSM for evaluation of independent variables (Lime EO concentration, maltodextrin, and WPC; %) effects
on the dependent variable Bulk Density (BD), Tapped Density (TD) and Particle Density (PD)
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Fig 6. RSM 3D surface contour plots to evaluate the independent variables (concentration of lemon essential oil, maltodextrin, and WPC; %)
and their effect on the dependent variable of Release in buffer (REL1) and Release in simulated saliva media (REL2)

2o g 95250 sloolailinl 4 aKes b g bl el Sbawy VO LY
whol> @ls (oalod d9zme o)z 5 (sole pine il
ghe b opy olakie colgys b plel pbae
A (B e Al diged 4 obiws gl /FAY Congllas

il 00l AMS ¥ Jguz jo (golgainn diged

oo by Jie o ¥ a2 e Vo gy 0l 0
(Bt Blaal (285 a5 0 b g oads )b Oglaie maw
a> g e sl il azgi Lol ol age diges

A Bges Slasein ¥ Jous
Table 2. Optimized sample specifications

Variables Value
Lime EO% 29.68
Maltodextrin% 41.28
WPC% 30.00
Moisture content% 1.83
Hygroscopicity% 1.80
Encapsulation efficiency% 76.70
Encapsulation yield% 66.46
Loading capacity% 64.70
Bulk density (g/cm®) 0.39
Tapped density (g/cm®) 0.43
Particle density (g/cm?®) 1.28
Flowability index 7.98
Cohesiveness 1.08
Porosity 66.94
Solubility% 23.81
Inhibition power% 32.23
Release in buffer % 65.40
Release in simulated saliva% 92.74
Desirability 0.492
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