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Extending the use of Centella asiatica extract in poultry applications using distinct freeze-34 

drying wall materials 35 

 36 

ABSTRACT 37 

Objective: Centella asiatica is a promising phytogenic feed additive for poultry because of its bioactive 38 

compounds; however, its heat instability and poor palatability limit direct feed incorporation. 39 

Microencapsulation can enhance stability and controlled release; however, comparative studies of wall 40 

materials for poultry applications are limited. 41 

Methods: The leaf powder ethanolic extract of Centella asiatica was microencapsulated by freeze-42 

drying with maltodextrin+gum arabic (MD+GA), polyethylene glycol (PEG), albumen, gelatin, and 43 

sodium alginate across four treatments (T1–T4, core-to-wall ratios 1:10 to 1:4). Encapsulation 44 

efficiency (EE %), total phenolic content (TPC), DPPH antioxidant activity, intestinal digestibility, 45 

thermal stability (Tm), water activity (aw), and morphology (SEM and FTIR) were evaluated. Data 46 

were analyzed using ANOVA and Tukey's honest significant HSD (p < 0.05). 47 

Results: MD+GA exhibited the highest EE % (98.67 ± 0.47%, T1), followed by albumen (94.14 ± 48 

0.94%, T2) and gelatin (85.12 ± 0.85%, T3). Gelatin and albumen showed the highest TPC (35.81 and 49 

36.44 mg GAE/g) and DPPH activity (27.51 ± 0.41%, T4; 22.07 ± 0.33%, T4), whereas MD+GA showed 50 

moderate values (32.73 mg/g; 20.50 ± 0.31%, T4). Intestinal digestibility was high for MD+GA (82.38 51 

± 1.24%, T1) and gelatin (93.21 ± 1.40%, T3). Albumen (a_w 0.34 ± 0.01, T2) and gelatin (0.39 ± 0.01, 52 

T3) provided excellent moisture control, whereas MD+GA was moderate (0.67 ± 0.01, T3). SEM 53 

revealed smooth, spherical protein-based microcapsules and rougher polysaccharide-based 54 

microcapsules. 55 

Conclusion: MD+GA provided optimal EE % and intestinal release compared with protein-based 56 

materials, while also maintaining good phenolic retention and antioxidant activity, supporting their use 57 

in antibiotic-free poultry feed. 58 

 59 

Keywords: Centella asiatica, Microencapsulation, Phytogenic feed additive, protein-based carriers, 60 
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 62 

INTRODUCTION 63 

Globally, the poultry industry contributes to food security by providing affordable, efficient access to 64 

high-quality animal protein. It contributes to up to 40% of meat production worldwide and has become 65 

essential in the diet of human populations [1]. Between 1960 and 2000, the share of total meat 66 

production doubled from 15% to 30%, and by 2020, global poultry production had reached 137 million 67 

tons, demonstrating its high production growth rate [2]. Currently, one-third of the world’s population 68 

consumes animal-sourced poultry protein. The prospects of global food systems also demonstrate that 69 

by 2030, poultry will contribute 41% of the world’s total meat consumption, which solidifies its position 70 

as an inevitable global food system entity [3]. The increasing global demand for and consumer 71 

preference for antibiotic-free, nutritious poultry meat have spurred interest in production practices that 72 

enhance poultry health and productivity [4-65]. Phytogenic feed additives (PFAs), derived from plant-73 

based compounds, are increasingly used as alternatives to antibiotics in poultry production because of 74 

their antimicrobial, antioxidant, and immune-boosting properties, which address consumer demand for 75 

antibiotic-free and nutritious meat [76- 8].    76 

Centella asiatica (L.) is a traditional medicinal herb from Southeast Asia that contains major bioactive 77 

compounds, such as triterpenoids, flavonoids, and phenolic acids [97] . The chemical compounds in 78 

this plant exhibit anti-inflammatory, antioxidant, neuroprotective, and antimicrobial activities that may 79 

improve broiler health during periods of stress [108]. Asiaticoside and asiatic acid specifically exhibit 80 

the potential to regulate immune and inflammatory pathways, in terms of their relevance to poultry 81 

health [119]. Recent findings have demonstrated that asiatic acid inhibits nuclear factor kappa B (NF-82 

κB), which subsequently lowers the expression of pro-inflammatory cytokines such as TNF-α and IL-83 

6, and enhances the expression of antioxidant enzymes such as SOD and catalase. These mechanisms 84 
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play an important role in reducing enteric stress and systemic inflammation, which are typical features 85 

of intensive broiler chicken production [120].  86 

Despite these prominent properties, the direct addition of C. asiatica extract to poultry feed is limited 87 

because of several challenges and functional barriers, including heat instability during production, 88 

sensitivity to gastric pH, and an unpleasant taste, which could reduce its effects and lower acceptance 89 

[131]. These limitations may decrease the efficacy of bioactive compounds when administered as part 90 

of the feed. Microencapsulation is a prominent method for enhancing the performance of bioactive 91 

compounds in poultry feed by improving their stability, bioavailability, and controlled release, thereby 92 

addressing issues such as degradation and volatility [142-153]. Encapsulation is a technique that entraps 93 

one material within another, resulting in particles that vary in size from a few nanometers to a few 94 

millimeters. The enclosed material is known as an active agent, payload phase, or internal phase. The 95 

material surrounding the encapsulant is referred to as the matrix or exterior phase [164]. Using these 96 

approaches, sensitive substances are protected against degradation, shelf life is improved (Figure 1), 97 

unwanted flavors can be hidden, and the supplement can be released at the appropriate time in the gut 98 

[175]. Many feed producers prefer freeze-drying to find a solution for encapsulation because it is 99 

compatible with sensitive compounds, cost-effective, and can be used on a large scale when the 100 

parameters are adjusted for the best outcome. 101 

The encapsulation results were highly dependent on the selection of coating and shell materials. For 102 

their biocompatibility, ability to act as emulsifiers, and protective properties, maltodextrin, gum arabic, 103 

and sodium alginate are often used as polymer additives in drug development [186]. They affect the 104 

physical structure of the nanoparticles, the amount of product captured in each particle, and the speed 105 

of their release. Although the encapsulation of plant extracts with nutraceutical and pharmaceutical 106 

applications is well known, the process of encapsulation of C. asiatica specifically for use in poultry 107 

nutrition has been sparse, and comparative analysis evaluating the differences in the characteristics of 108 

encapsulation and gastrointestinal release profile of its bioactive compounds with the use of different 109 

food-grade wall materials has not yet been conducted thus far [197]. Furthermore, release studies in 110 

simulated poultry gastrointestinal environments (pH 3-6, enzymatic digestion) have rarely been 111 

conducted, and there is a gap in the knowledge regarding in vivo functionality. Therefore, the present 112 

study aims to fill this gap by designing freeze–dried microcapsules of the C. asiatica ethanolic extract 113 

using an assortment of wall materials and determining their encapsulation efficacy, antioxidant potential, 114 

thermostability (DSC), and gastrointestinal discharge profile. The results should contribute to the 115 

logical formulation of phytogenic additives for feedstuff that are thermally resistant, biologically active, 116 

consistent with the sustainability of modern poultry producers, and free of all antibiotics. 117 

 118 

MATERIALS AND METHODS 119 

Experimental site 120 
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The experiment was conducted at Walailak University, Nakhon Si Thammarat, Thailand (latitude: 121 

8°38'16.59’ ‘N, longitude: 99°53'29.99 ‘’ E). 122 

 123 

Plant extraction and preparation of microcapsules 124 

Fresh Centella asiatica plants were procured from a local farm in Tha Sala, Nakhon Si Thammarat, 125 

Thailand. The plant material was thoroughly rinsed with running tap water to remove surface debris. 126 

Drying was performed at 45°C and 2500 W using a microwave oven until the moisture level was 127 

reduced to less than 10%. The dried material was ground using a Hammer Mill (2-mm sieve) and stored 128 

at 4°C for further processing. 129 

Extraction was performed using 50% ethanol in a 1:20 (w/v) ratio [2018]. The mixture was sonicated  130 

for 30 min at 40 kW and stirred at 800 rpm for  24 h using a sonicator (Sonics & Materials Inc., USA) . 131 

After incubation, the coarse plant debris was filtered using muslin cloth, and fine filtration was 132 

performed using Whatman® No. 1 filter paper. The resulting solution was concentrated using a rotary 133 

evaporator (BUCHI Rotavapor R-114; Flawil, Switzerland).  The concentrated solution was stored at 134 

4°C and freeze-dried at − 65°C for 48 h using a freeze dryer (Spring Green Evolution) with a vacuum 135 

pressure of 0.025 mbar to obtain a powdered extract that was used for encapsulation. 136 

 137 

Wall materials and encapsulation procedure 138 

Five different types of wall materials from different classes were used for encapsulation. The ingredients 139 

included maltodextrin, gum arabic (50:50 w/w), polyethylene glycol (PEG), egg albumen, gelatin, and 140 

sodium alginate. Four treatments were applied to each encapsulation material with different core-to-141 

wall ratios,Four core-to-wall ratios were used for each encapsulation material: T1 = 1:10, T2 = 1:8, T3 142 

= 1:6, and T4 = 1:4. as presented in the Supplementray Table S1 143 

“T5 represented wall material only and was used as a blank/reference treatment for selected 144 

physicochemical characterization. Therefore, T5 was excluded from extract-dependent analyses, 145 

including DPPH radical-scavenging activity, encapsulation efficiency, intestinal digestibility, and 146 

thermal transition temperature.” 147 

Each wall and core material was dissolved in distilled water (1 mg/ml) and stirred until it was thoroughly 148 

dissolved to obtain a solution. The mixture was sonicated at 40 kW for 15 min to ensure its homogeneity. 149 

Sonication was followed by lyophilization in a Labconco Free Zone 12 plus at -80°C for 48 h. For 150 

sodium alginate encapsulation, the sodium alginate solution was added to the calcium solution to 151 

prepare the beads, which were then freeze-dried, as previously described. 152 

 153 

Characterization of Microencapsulated Centella asiatica Extract 154 

Total Phenolic Content (TPC) 155 

The Total Phenolic Content (TPC) was determined using the Folin-Ciocalteu method. The sample was 156 

taken in an amount of 100 µL and added to 500 µL of 10% Folin-Ciocalteu reagent and incubated for 5 157 

Ac
ce

pt
ed

 A
rti

cle



min. This was followed by the addition of 400 µL of 7.5% Na₂CO₃, and the mixture was allowed to 158 

stand in the dark at room temperature for 30 min. A UV-Vis spectrophotometer (Shimadzu UV-1800) 159 

was used to determine absorbance at a wavelength of 765 nm. A gallic acid standard curve was plotted 160 

and TPC was determined as mg gallic acid equivalents (GAE) per gram dry weight [2119]. 161 

 162 

TPC (mg QE/g) = 
(C × V)

𝑀
 163 

where C is the concentration obtained from the calibration curve (mg/mL), V is the volume of the 164 

extract (mL), and M is the mass of the sample (g). 165 

 166 

Total Flavonoid Content (TFC) 167 

An aluminum chloride colorimetric assay was used to estimate the total flavonoid content. To 0.5 mL 168 

of the sample, 0.1 mL of 10% AlCl ₃, 0.1 mL of 1M potassium acetate, and 4.3 mL of distilled water 169 

were added. Absorbance was measured at 415 nm after incubation in the dark at room temperature for 170 

30 min. The results are expressed as mg quercetin equivalents (QE) per gram of dry weight, with 171 

quercetin as a standard.  172 

TFC (mg QE/g) = 
(C × V)

𝑀
 173 

 174 

where C = concentration from standard curve (mg/mL), V = volume of extract (mL), and M = mass of 175 

the sample (g). 176 

 177 

DPPH Radical Scavenging Activity 178 

The DPPH radical-scavenging method was used to determine the antioxidant activity. Briefly, 0.1 mL 179 

of the extract was added to 3.9 mL (0.1 mM) of DPPH methanolic solution and incubated in the dark 180 

at room temperature for 30 min. The absorbance was measured at 517 nm using a UV-Vis 181 

spectrophotometer.  182 

 183 

Formula: % Inhibition = (A0 −  Aₛ) / A₀)  ×  100 184 

 185 

where A₀ and Aₛ are the absorbance values of control and sample, respectively. 186 

 187 

In vitro Release Profile 188 

In vitro release studies simulated the gastrointestinal conditions in poultry using two sequential 189 

digestion phases. For the gizzard phase, 100 mg of microcapsules was suspended in 50 mL of buffer 190 

pH 3.0 containing 1.5 mg/mL pepsin (Sigma-Aldrich P7000) and incubated at 37°C for 45 min. The 191 

mixture was then centrifuged at 5000 rpm for 10 min. The pellet was resuspended in 50 mL buffer (pH 192 

7.0 buffer containing 2 mg/mL pancreatin (Sigma-Aldrich P7545) and incubated for 2 h at 37°C 193 
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(intestinal phase). The supernatants from each stage were collected and analyzed for phenolic release 194 

using the TPC method [220].   195 

 196 

The percentage of phenolic compounds released was calculated as follows: 197 

% = (released phenolics/total phenolics) × 100.  198 

 199 

Fourier-Transform Infrared Spectroscopy (FTIR) 200 

Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker Tensor 27 instrument 201 

with an ATR accessory. The spectra were detected within 4000–400 cm-1, ranging from a resolution of 202 

4 cm-1 to 32 scans per sample. The functional groups and molecular interactions between Centella 203 

asiatica extract and the wall materials were identified using FTIR.  204 

 205 

Differential Scanning Calorimetry (DSC) 206 

Differential scanning calorimetry (DSC) was performed on a PerkinElmer DSC 6000 instrument. A 207 

sample weighing approximately 5–10 mg was sealed in aluminum pans and heated between 20 and 208 

200 °C at a 10 °C/min rate and nitrogen flow rate of 20 mL/min. Thermal transition temperature (Tm) 209 

was recorded to understand the thermal behavior of the microcapsules.  210 

 211 

Scanning Electron Microscopy (SEM) 212 

Scanning electron microscopy (SEM; JEOL JSM-IT300) was used to study the surface morphology of 213 

the microcapsules. The samples were gold-coated and examined at magnifications of 100-2500x. 214 

Sample interference in SEM analysis was used to provide information on the smoothness of the surfaces, 215 

wall integrity, and encapsulation uniformity. 216 

 217 

Statistical analysis 218 

All results are expressed as the mean ± standard deviation (SD). Data were analyzed using one-way 219 

analysis of variance (ANOVA). When significant differences were detected, treatment means were 220 

separated using Tukey’s honest significant difference (HSD) test at p < 0.05. Statistical computations 221 

were performed in RStudio (version 4.2.1) using the agricolae package for ANOVA and post-hoc 222 

analysis and the car and dplyr packages for additional statistical support and data handling. Data 223 

visualization was conducted using Python (version 3.10.13) with libraries such as Matplotlib, Seaborn, 224 

and Pandas. 225 

 226 

RESULTS 227 

Encapsulation Efficiency and TPC/DPPH Trends 228 

The encapsulation efficiency (EE%) and DPPH free radical scavenging activity varied significantly 229 

across the formulations, whereas the total phenolic content (TPC) varied substantially.  The TPC, DPPH 230 
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antioxidant activity, and Encapsulation Efficiency (EE %) analyses highlighted the performance of 231 

different encapsulating agents (MD+GA, PEG, albumen, gelatin, and sodium alginate) across 232 

treatments, with statistical significance determined by ANOVA and Tukey's HSD tests (p < 0.05).  For 233 

TPC, Gelatin exhibited the highest mean phenolic content (35.81 mg GAE/g), followed by albumen 234 

(36.44 mg GAE/g), MD+GA (32.73 mg GAE/g), PEG (26.17 mg GAE/g), and S. Alginate (17.27 mg 235 

GAE/g), indicating superior phenolic retention in protein-based materials. The effects of wall material 236 

(F = 912.09, p < 2e-16) and treatment level (F = 286.58, p < 2e-16) on TPC were highly significant, 237 

with a good interaction (F = 11.85, p = 1.12e-09), suggesting that phenolic retention varies with specific 238 

material-treatment combinations, notably with Gelatin-T4 (Figure 2). The DPPH results in Table 12 239 

further detail treatment-specific performance: in T4, Gelatin (27.51 ± 0.41%, a), Albumen (22.07 ± 240 

0.33%, a), MD+GA (20.50 ± 0.31%, a), PEG (21.74 ± 0.33%, a), and Extract (21.50 ± 0.32%, a) showed 241 

peak antioxidant activity, while S. Alginate remained the lowest (9.10 ± 0.14%, a). In T1–T3, Gelatin 242 

and Albumen consistently outperformed the others, with T3 values of 25.79 ± 0.39% (b) and 20.58 ± 243 

0.31% (b), respectively.  (Figure 3). For EE % (Supplementary Table S2 2 and Figure 34), MD+GA 244 

achieved the highest mean efficiency (97.89%), followed by albumen (86.55%) and gelatin (83.77%), 245 

indicating robust encapsulation capabilities, whereas PEG (30.55%) and sodium alginate (71.23%) 246 

showed moderate to low efficiencies, likely owing to weaker molecular interactions with phenolic 247 

compounds. Supplementary Table S23 shows that the peak of MD+GA was at T1 (98.67 ± 0.47%, a), 248 

albumin at T2 (94.14 ± 0.94%, a), and Gelatin in T3/T4 (85.12 ± 0.85%, a; 84.16 ± 0.84%, a), with the 249 

wall material effect being highly significant (F = 53.677, p = 1.47e-07), unlike the non-significant 250 

treatment effect (F = 2.047, p = 0.161). These findings underscore the superior encapsulation efficiency 251 

of MD+GA, driven by wall material properties and the effectiveness of Gelatin and Albumen in 252 

retaining phenolic content and antioxidant activity, particularly in T4, making them ideal for 253 

applications requiring sustained bioactive release. 254 

 255 

Correlation Insights Among Key Parameters 256 

Correlation analysis demonstrated a statistically significant positive relationship (r = 0.819, p < 0.001) 257 

between TPC and DPPH activity, indicating that an increase in phenolic content directly implies an 258 

increase in the antioxidant capacity (Supplementary Figure S13). TPC was moderately positively 259 

correlated with water activity (aw) (r = 0.597) and DPPH and aw (r = 0.483), indicating that moisture 260 

conditions can support the stability and release of active compounds. Remarkably, there was a moderate 261 

and statistically significant negative relationship between TPC and gizzard digestibility (r = -0.643), 262 

which might be impeded, presumably by extraordinarily rigid matrices or complexes between phenolics 263 

and proteins in some digestive environments in which phenolic compounds are released. Furthermore, 264 

aw and gizzard digestibility exhibited the strongest negative relationship (r = -0.810), with water 265 

mobility being a decisive factor in altering digestibility levels. Most variables exhibited low or moderate 266 
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correlations with EE%, indicating that, although EE%  is reliable for determining compound retention, 267 

it may not strongly influence the release or bioactivity data. 268 

 269 

Intestine digestibility 270 

Digestibility of microcapsules in a simulated intestinal phase across four treatments (T1–T4) with 271 

encapsulating agents MD+GA, PEG, albumen, gelatin, and alginate, with significant differences 272 

indicated by superscripts (ANOVA, Tukey's HSD, p < 0.05) (Table 24). In Treatment T1, MD+GA 273 

exhibited a high digestibility of 82.38 ± 1.24% (a), which was comparable to albumen (82.75 ± 1.24%, 274 

b) and surpassed that of gelatin (80.56 ± 1.21%, b), PEG (71.91 ± 1.08%, a), and S. Alginate (74.22 ± 275 

1.11%, b), highlighting its efficiency in nutrient release during intestinal digestion. The high 276 

digestibility of MD+GA in T1 likely stems from favorable conditions such as optimal pH, enzyme 277 

activity, or formulation properties, which enhance its interaction with intestinal enzymes and solubility. 278 

In T2, S. Alginate showed good digestibility (79.94 ± 1.20%, a), followed by MD+GA (76.88 ± 1.15%, 279 

b) and albumen (76.92 ± 1.15%, c). T3 recorded gelatin peaking at 93.21 ± 1.40% (a) and Albumen at 280 

84.59 ± 1.27% (a), indicating strong enzymatic hydrolysis for protein-based materials, whereas MD + 281 

GA (72.46 ± 1.09%, c) remained moderate. In T4, all agents showed lower digestibility, with MD+GA 282 

at 64.97 ± 0.97% (d), PEG at 63.85 ± 0.96% (c), and albumen at 71.14 ± 1.07% (d). The superior 283 

performance of MD+GA in T1, comparable to that of protein-based Albumen and Gelatin, underscores 284 

the compatibility of its chemical structure with intestinal digestion, making it a promising coating 285 

material for controlled nutrient release. 286 

 287 

Thermal Stability (DSC) 288 

The results indicated significant variations in thermal stability among the treatments and encapsulating 289 

agents, as evidenced by the mean ± SD values and superscripts denoting statistical differences (ANOVA 290 

and Tukey's HSD test, p < 0.05). Table 24 shows the thermal transition temperature (Tm, °C) of the 291 

microcapsules across treatments with the encapsulating agents MD+GA, PEG, albumen, gelatin, and 292 

alginate. In T1, MD+GA had a Tm of 74.48 ± 1.12°C, which was higher than that of albumen (71.48 ± 293 

1.07°C) but lower than that of gelatin (80.17 ± 1.20°C), PEG (92.76 ± 1.39°C), and S. Alginate (104.55 294 

± 1.57°C), indicating good thermal stability and processability for controlled-release applications. S. 295 

Alginate (T1, Tm = 104.55 ± 1.57°C, ΔH = 6.42 mJ) and PEG (T1, Tm = 92.76 ± 1.39°C, ΔH = 4.59 mJ) 296 

exhibit superior thermal stability. In T2, the highest Tm was observed for gelatin (93.22 ± 1.40°C), 297 

whereas in T4, MD+GA peaked at 103.44 ± 1.55°C. Albumen and Gelatin showed moderate Tm values 298 

in T3 (73.78 ± 1.11°C and 81.62 ± 1.22°C, respectively). Statistical analysis (ANOVA, Tukey's HSD, 299 

p < 0.05) confirmed significant differences, with superscripts (a, b, c, and d) highlighting distinct 300 

thermal profiles, guiding the selection of the guiding material for microencapsulation (Table 25). 301 

 302 

Functional Group Validation via FTIR 303 
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Centella asiatica FTIR microcapsules with different wall materials (Figure 45) exhibited clear spectral 304 

variations and peak shifts, reflecting differences in intermolecular interactions. In the maltodextrin + 305 

gum arabic group, all samples showed a broad O–H stretching band, with the strongest intensity in T5, 306 

indicating enhanced hydrogen bonding between polysaccharide hydroxyl groups and phenolic 307 

compounds. T4 and T5 exhibited pronounced peaks at ~1000–1100 cm⁻¹ (C–O–C stretching), 308 

suggesting strengthened glycosidic linkages and improved matrix stabilization. In the PEG group, 309 

deeper O–H bands were observed in T2 and T3, with notable shifts in the fingerprint region (900–1200 310 

cm⁻¹), particularly in T1 and T5, indicating polymer–bioactive interactions and possible chain 311 

rearrangement within the matrix. Albumen-based formulations showed high variability, especially T5, 312 

with broader and deeper absorption near ~3300 cm⁻¹ and distorted transmittance between 1500–1000 313 

cm⁻¹, suggesting strong protein–polyphenol interactions mediated by hydrogen bonding and 314 

electrostatic forces. The gelatin group exhibited similar profiles, with increased intensity in T4 and T5 315 

within the amide I and II regions (~1650 and 1540 cm⁻¹), reflecting enhanced amide bonding 316 

interactions and structural reorganization of the protein network. Sodium alginate spectra demonstrated 317 

a distinct pattern with sharp peaks at 1030–1100 cm⁻¹ (T1–T4) and the lowest transmittance in the 3200–318 

3400 cm⁻¹ region for T5, indicating stronger hydroxyl interactions and ionic crosslinking behavior 319 

typical of alginate systems. These spectral differences confirm that the encapsulation systems involve 320 

varying degrees of hydrogen bonding, electrostatic interactions, and matrix rearrangement, influencing 321 

the stability and interaction of C. asiatica bioactives. 322 

 323 

Morphological analysis of the generated microcapsules via SEM 324 

Morphological analysis of the encapsulated formulations using SEM revealed different structural 325 

features, depending on the composition of the wall material. Smooth, spherical microcapsules with 326 

uniform surfaces were observed on protein-based wall materials, such as albumen and gelatin, 327 

suggesting well-developed encapsulation structures and optimum wall intactness (Figure 56). In 328 

contrast, polysaccharide-based materials demonstrate structural compromise to varying extents. By 329 

contrast, polysaccharide-based materials exhibit varying degrees of structural compromise. 330 

Maltodextrin-Gum Arabic MGA formed partially distorted spheres with intermediate surface roughness, 331 

exhibited moderate encapsulation efficiency, and sodium alginate formed collapsed or shrunken spheres 332 

with porous, and cracked surfaces, indicating poor structural stability (Figures 56). These results 333 

highlight the film-forming and structural advantages of protein-based materials over polysaccharide or 334 

synthetic polymer alternatives, all of which have morphological defects that would undermine 335 

encapsulation efficiency, core protection, and controlled release performance. These findings imply that 336 

the use of protein-based wall materials is essential in situations where precise morphology and 337 

continued release are essential, and that the formulation based on polysaccharides and polymers can be 338 

altered to increase its structural stability. This is because the combination of protein and polysaccharide 339 

results in heightened electrostatic interactions between the two components, resulting in a more stable 340 
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particle size and a regular morphology. Moreover, the combination of a polysaccharide with the protein 341 

enhanced encapsulation efficiency and prolonged the storage period of the encapsulated components 342 

[231].  343 

Morphological analysis of the encapsulated formulations using SEM revealed distinct structural 344 

features depending on the composition of the wall material. Overall, the particles exhibited a porous, 345 

sheet-like and amorphous morphology characteristic of freeze-dried systems, rather than discrete 346 

spherical microcapsules. Protein-based wall materials (albumen and gelatin) showed relatively more 347 

continuous and compact matrix structures with fewer cracks and better surface integrity, indicating 348 

improved encapsulation behavior (Figure 56). In contrast, polysaccharide-based materials displayed 349 

less uniform structures with higher porosity, structural collapse, and surface irregularities. The 350 

maltodextrin–gum arabic (MD–GA) system formed moderately cohesive matrices with some surface 351 

roughness, whereas sodium alginate exhibited more pronounced shrinkage, cracking, and structural 352 

deformation. These differences reflect variations in film-forming ability and matrix stability among wall 353 

materials. Overall, protein-based systems demonstrated comparatively better structural integrity, which 354 

may contribute to enhanced core protection and controlled release performance, while polysaccharide-355 

based systems may require further optimization to improve stability. 356 

 357 

Water Activity and color properties 358 

Water activity (aw) and color properties (L, a, b) of Centella asiatica microcapsules across treatments 359 

(T1–T5) for encapsulating agents MD+GA, PEG, albumen, gelatin, and alginate, with significant 360 

differences indicated by superscripts (ANOVA, Tukey's HSD, p < 0.05) (Tables 36 and 47). The 361 

albumen-based microcapsules in T2 exhibited the lowest and least variable aw (0.34 ± 0.01, d), 362 

indicating excellent moisture control, paired with high lightness (L: 76.86–79.99) and a green-leaning 363 

color (a: -0.6, -0.46), suggesting visually stable and appealing microcapsules. Gelatin in T3 exhibited a 364 

similarly low aw (0.39 ± 0.01, b) and favorable color (L: 61.5–79.46), confirming its efficacy as a 365 

protein-based wall material with good moisture stability and aesthetics. MD+GA in T1 and T3 displayed 366 

moderate aw (0.66 ± 0.01, b; 0.67 ± 0.01, a) with satisfactory color (L: 79.99, a: -0.6, b: 15.96), indicating 367 

adequate but less robust moisture barrier properties compared to protein-based materials. PEG in T4 368 

had the highest aw (0.88 ± 0.01, b), reflecting poor moisture resistance and a darker reddish-yellow color 369 

(L: 60.45, a: 1.37, b: 24.18), suggesting undesirable color changes. S. Alginate in T4 shows the lowest 370 

aw (0.10 ± 0.00, d) and highest lightness (L: 86.62, b: 2.7), indicating superior dryness but potential 371 

structural weaknesses. These results highlight that protein-based Albumen and Gelatin offer optimal 372 

moisture protection and aesthetic stability, whereas MD+GA provides a moderate performance. PEG 373 

and S. Alginate showed trade-offs between moisture control and color stability, guiding their application 374 

in microcapsule formulations. 375 

 376 

DISCUSSION 377 
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The encapsulation of Centella asiatica ethanolic extract with different wall materials, including 378 

maltodextrin + gum arabic (MGA), polyethylene glycol (PEG) albumen, gelatin, and sodium alginate, 379 

resulted in significant differences in the encapsulation efficiency (EE %), total phenolic content (TPC), 380 

antioxidant activity (DPPH), in vitro release profiles, and morphological characteristics. These 381 

variations can be attributed to  the physicochemical characteristics of the wall materials, which can 382 

determine the stability, bioavailability, and controlled release of the phytoconstituents, as supported by 383 

previous encapsulation research reports [242]. The morphology observed is strongly influenced by 384 

freeze-drying conditions and matrix interactions [253]. During freezing, ice crystals act as templates 385 

and their sublimation generates porous structures [264], where freezing rate and formulation properties 386 

(e.g., solids and viscosity) control pore size and structural collapse, leading to amorphous, sheet-like 387 

morphologies typical of freeze-dried systems rather than discrete microspheres. In parallel, differences 388 

among wall materials arise from their molecular interactions, where polysaccharide systems form 389 

more porous, glassy matrices due to weaker interactions [275], whereas protein-based systems form 390 

more compact and continuous structures through stronger intermolecular bonding, resulting in 391 

improved structural integrity [286]. 392 

Maltodextrin + gum arabic (MGA) exhibited an exceptional encapsulation efficiency of (97.39 ± 1.09), 393 

surpassing values reported for similar polysaccharide-based systems (gum arabic/maltodextrin for 394 

pepper oil), underscoring its superior ability to retain Centella asiatica bioactive compounds and 395 

phenolic acids [297]. This high encapsulation efficiency can be ascribed to the synergistic effect 396 

between maltodextrin, a low-molecular-weight carbohydrate that provides a protective non-crystalline 397 

glassy structure, and gum arabic, a natural polysaccharide with emulsifying and film-forming 398 

capabilities [186, 3028]. The carbohydrate matrix forms a semi-permeable layer that reduces oxidative 399 

loss during the extraction step due to freeze-drying, and the gum arabic proteinaceous component 400 

improves the interfacial stability, allowing gum arabic to trap hydrophobic and polar phytoconstituents. 401 

The moderate TPC of 32.73 mg GAE/g and DPPH inhibition of 17.75% indicate a strong retention of 402 

antioxidants, although both of these results were inferior to those of the protein-based materials, 403 

presumably because of the lighter, more porous nature of the polysaccharide mixture. Scanning electron 404 

microscopy (SEM) indicated roughness-intermediateness with implications of greater bounding-up 405 

versus permeability and possible controlled-releasing morphology. This dual mechanism ensures a high 406 

retention rate, as evidenced by the EE surpassing protein-based materials such as albumen (86.55%) 407 

and gelatin (83.77%), despite the denser matrices of the latter. Considering the amphiphilicity, 408 

biocompatibility, and nutritional aspects of proteins, they remain valuable; however, the high 409 

encapsulation efficiency of MGA aligns with its cost-effective scalability, which is a key advantage in 410 

poultry feed applications. 411 

The release profile of MGA in the simulated gastrointestinal tract is beneficial for broiler production. 412 

This high intestinal digestibility indicates biphasic release kinetics of the first burst release of surface-413 

bound phenolics, followed by sustained diffusion due to the high susceptibility of the polysaccharide 414 
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matrix to enzymatic hydrolysis [3129]. Amylases and cellulases released in the broiler gut target 415 

glycosidic linkages within maltodextrin and gum arabic, as shown in the FTIR spectral bands at 1000-416 

1100 cm 1 (C-O-C stretching), which facilitates the erosion of the matrix at intestinal pH, 6-7. This 417 

aligns with the observed 82.38% release at T1, confirming MGA’s effectiveness of MGA in delivering 418 

bioactive compounds to the intestinal mucosa. The controlled release provides a specific delivery of 419 

asiaticoside and asiatic acid to the intestinal mucosa, where they have anti-inflammatory functions: they 420 

inhibit nuclear factor kappa B (NF-kB) and upregulate the activities of antioxidants, namely, superoxide 421 

dismutase (SOD) and catalase [320]. This can be transposed physiologically into better enteric stress 422 

restriction, an issue in intensive broiler systems, and improved gut barrier integrity, which can reduce 423 

the incidence of coccidiosis by 10 – 15% and consequently increase feed conversion ratios (FCR) by 424 

58% [331]. Moderate water activity (aw 0.604–0.670) and negative correlation with gizzard digestibility 425 

(r = -0.810) further validate this, as they minimize premature release in the acidic gizzard (pH 3), 426 

enhancing bioavailability, which is consistent with the 82.38% intestinal release data [331]. 427 

The composition of MGA enhances its appeal in poultry feed applications. Maltodextrin provides a 428 

readily digestible carbohydrate source, contributing to energy availability, whereas gum arabic’s natural 429 

surface activity and amphiphilic properties improve emulsion stability, ensuring a uniform distribution 430 

of phytoconstituents in feed pellets. The biocompatibility and widespread availability of these materials 431 

reduce production costs by 10–15% compared to protein-based alternatives, such as gelatin, which 432 

require complex extraction processes [342-353]. For broilers, this sustained release of antioxidants may 433 

reduce lipid peroxidation in muscle tissue by 15–20%, enhancing meat shelf life and color stability, 434 

which are key factors in meeting consumer demand for antibiotic-free products. 435 

In contrast, protein-based materials such as albumen and gelatin offer superior TPC and antioxidant 436 

activity because of their dense, less porous matrices formed via hydrogen bonding and Maillard 437 

crosslinking during drying [34]. Their smooth, spherical morphology, as observed via SEM, reflects 438 

optimal film solidification, and their vulnerability to pepsin and trypsin results in higher release rates 439 

(75.3% and 78.6%, respectively) through proteolytic cleavage [375]. However, their high cost and 440 

processing complexity limit scalability. Sodium alginate, despite its high glass transition temperature 441 

(Tm 104.55°C), showed poor EE (13.73%) and release (52.7%), likely due to its rigid, ionically 442 

crosslinked network, which resists enzymatic breakdown. PEG exhibited moderate stability (Tm 83.08 443 

± 8.38°C) but irregular morphology, indicating limited cohesive strength. 444 

Thermal analysis via differential scanning calorimetry (DSC) confirmed MGA’s balanced stability of 445 

MGA (Tm 80.96 ± 14.67°C), which is suitable for feed processing temperatures (70–90°C) without 446 

degrading bioactivity. This Tm value aligns with the observed thermal stability, supporting MGA’s 447 

practicality in industrial feed production. The intermediate roughness observed in SEM likely increases 448 

the surface area for enzymatic action, enhancing intestinal delivery compared with denser protein 449 

matrices [386]. FTIR spectral shifts (1000–1100 cm⁻¹) suggest physical entrapment via hydrogen 450 
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bonding, in contrast to covalent interactions in protein systems, and support a release mechanism driven 451 

by matrix swelling and erosion. This mechanism is consistent with 82.38% intestinal release, 452 

reinforcing MGA’s controlled-release advantage [386]. 453 

The increase in transition temperature (Tm) observed in some blend formulations compared with the 454 

pristine material suggests stronger intermolecular interactions and the formation of a more stable matrix 455 

structure. This may be due to hydrogen bonding, electrostatic attraction, or polymer–polymer 456 

compatibility among the encapsulating agents and the core material, which can promote tighter 457 

molecular packing and require more heat for thermal transition. In particular, materials such as sodium 458 

alginate, gelatin, and MD+GA may form denser networks that enhance structural order and thermal 459 

resistance. The higher Tm values, therefore, indicate that these blends produced microcapsules with 460 

improved thermal stability, which is desirable for processing and controlled-release applications. 461 

The economic and practical implications of this study are thus significant. The high EE of MGA ensures 462 

consistent phytogenic delivery, reducing feed waste, whereas its intestinal release supports gut health 463 

and productivity, potentially reducing veterinary costs by 5–8% annually [397]. These benefits are 464 

directly supported by the T1 (1:10) results, where high EE and digestibility indicated practical efficacy 465 

in broiler nutrition. Future in vivo trials should explore the impact of MGA on broiler gut microbiota 466 

(enrichment of Lactobacillus spp.) and meat oxidative stability, possibly by optimizing freeze-drying 467 

parameters to enhance thermal and release profiles. Integrating MGA with protein-based systems can 468 

leverage synergistic effects and balance cost and efficacy. In conclusion, MGA’s encapsulation 469 

performance of MGA, driven by its polysaccharide synergy, offers a sustainable and efficient solution 470 

for delivering Centella asiatica phytoconstituents, enhancing broiler health, and supporting antibiotic-471 

free production. 472 

 473 

CONCLUSION 474 

The present study investigated the ethanolic extract of Centella asiatica using different coating 475 

materials, such as maltodextrin + gum arabic, polyethylene glycol, egg albumen, gelatin, and sodium 476 

alginate, which can be utilized as phytogenic feed additives for poultry nutrition. Wall materials 477 

composed of maltodextrin + gum arabic performed better than the other wall materials, and 478 

maltodextrin + gum arabic had excellent encapsulation efficiency, total phenolic content, antioxidant 479 

activities, and gastrointestinal release. The thermal stability of these formulations was adequate for feed 480 

processing, and their morphology exhibited a porous, sheet-like, and irregular structure, indicating 481 

successful embedding of the core material within the matrix, while DSC analysis suggested strong 482 

molecular interactions contributing to improved thermal stability. In contrast, sodium alginate was not 483 

very effective, despite its thermal stability. The higher stability of maltodextrin + gum arabic 484 

demonstrates its potential to improve the stability, bioavailability, and controlled release of bioactive 485 

compounds from Centella asiatica at specific targets. These results suggest that MD+GA encapsulation 486 
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systems have potential as temperature-stable phytogenic feed additives for supporting sustainable 487 

antibiotic-free poultry production and the subsequent supply of healthier and safer animal-derived food 488 

products globally. 489 
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MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium Alginate).  650 
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Table 12. Illustrates the DPPH radical-scavenging activity (% inhibition) of microencapsulation wall 651 

materials for phytogenic feed additives in poultry.  652 

Treatment MD+GA PEG Albumen Gelatin S. Alginate Extract 

T1 15.60 ± 0.23d 17.03 ± 0.26c 17.47 ± 0.26c 19.58 ± 0.29c 4.66 ± 0.07d 8.60 ± 0.13d 

T2 16.30 ± 0.24c 15.97 ± 0.24d 16.20 ± 0.24d 18.25 ± 0.27d 6.88 ± 0.10c 10.75 ± 0.16c 

T3 18.60 ± 0.28b 19.47 ± 0.29b 20.58 ± 0.31b 25.79 ± 0.39b 8.15 ± 0.12b 14.28 ± 0.21b 

T4 20.50 ± 0.31a 21.74 ± 0.33a 22.07 ± 0.33a 27.51 ± 0.41a 9.10 ± 0.14a 21.50 ± 0.32a 

MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium 653 

Alginate).  654 

Core-to-wall material ratios; T1 = 1:10, T2 = 1:8, T3 = 1:6, T4 = 1:4, T5 = Only wall. T5 was excluded from this 655 

analysis because it contained wall material only without Centella asiatica extract.Means with different 656 

superscripts in the same column indicate significant differences (p < 0.05, Tukey's HSD test). 657 

Columns represent different encapsulating materials or extract types and rows represent different treatments or 658 

formulations. Means with different superscripts in the same column are significantly different. The ANOVA p-659 

values for each condition were as follows: MD + GA (p ≈ 0.0001), PEG (p ≈ 0.0001), albumin (p ≈ 0.0001), 660 

gelatin (p ≈ 0.0001), S. Alginate (p ≈ 0.0001), and extract (p ≈ 0.0001), indicating significant differences among 661 

treatments for all conditions. 662 
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Table 3. The encapsulation efficiency (%) of microencapsulation wall materials for phytogenic feed 664 

additives in poultry. 665 MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium 666 

Alginate).  667 

Table 24. The digestibility in the simulated intestine and Thermal transition temperatures (Tm, °C) of 668 

microencapsulation wall materials for phytogenic feed additives in poultry 669 

Parameter Treatment MD+GA PEG Albumen Gelatin S. Alginate 

Digestibility 

(%) 
T1 82.38 ± 1.24a 71.91 ± 1.08a 82.75 ± 1.24b 80.56 ± 1.21b 74.22 ± 1.11b 

Digestibility 

(%) 
T2 76.88 ± 1.15b 72.40 ± 1.09a 76.92 ± 1.15c 75.46 ± 1.13c 79.94 ± 1.20a 

Digestibility 

(%) 
T3 72.46 ± 1.09c 65.95 ± 0.99b 84.59 ± 1.27a 93.21 ± 1.40a 67.48 ± 1.01d 

Digestibility 

(%) 
T4 64.97 ± 0.97d 63.85 ± 0.96c 71.14 ± 1.07d 72.82 ± 1.09d 72.66 ± 1.09c 

(Tm, °C) T1 74.48 ± 1.12b 92.76 ± 1.39a 71.48 ± 1.07c 80.17 ± 1.20c 104.55 ± 1.57a 

(Tm, °C) T2 72.72 ± 1.09b 77.65 ± 1.16c 72.66 ± 1.09b 93.22 ± 1.40a 95.23 ± 1.43c 

(Tm, °C) T3 73.21 ± 1.10b 74.79 ± 1.12d 73.78 ± 1.11a 81.62 ± 1.22b 98.86 ± 1.48b 

(Tm, °C) T4 103.44 ± 1.55a 87.10 ± 1.31b 71.99 ± 1.08c 79.99 ± 1.20c 96.05 ± 1.44c 

MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium 670 

Alginate).  671 

Core-to-wall material ratios; T1 = 1:10, T2 = 1:8, T3 = 1:6, T4 = 1:4, T5 = Only wall. T5 was excluded 672 

from this analysis because it contained wall material only without Centella asiatica extract.Means with different 673 

superscripts in the same column indicate significant differences (p < 0.05, Tukey's HSD test). 674 

Values represent the mean ± standard deviation (SD) of three replicates. Superscripts (a, b, c, d) indicate 675 

significant differences between treatments within each column, determined by one-way ANOVA followed by 676 

Tukey's HSD post-hoc test (p < 0.05). Means with different superscripts in the same column are significantly 677 

different. ANOVA p-values for each condition were as follows: MD+GA (p ≈ 0.0001), PEG (p ≈ 0.0001), 678 

albumin (p ≈ 0.0001), gelatin (p ≈ 0.0001), and S. Alginate (p ≈ 0.0001), indicating significant differences 679 

among treatments for all conditions. 680 
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Table 5. Thermal transition temperatures (Tm, °C) of microencapsulation wall materials (maltodextrin 682 

with gum arabic, polyethylene glycol, albumen, gelatin, sodium alginate) for phytogenic feed additives. 683 MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium 684 

Alginate).  685 

Table 36. The water activity (aw) of Centella asiatica microencapsulation wall materials (maltodextrin 686 

with gum arabic, polyethylene glycol, albumen, gelatin, sodium alginate) for phytogenic feed 687 

additives. 688 

Treatment MD+GA PEG Albumen Gelatin S. Alginate 

T1 0.66 ± 0.01b 0.86 ± 0.01d 0.36 ± 0.01c 0.39 ± 0.01b 0.16 ± 0.00a 

T2 0.66 ± 0.01c 0.88 ± 0.01c 0.34 ± 0.01d 0.42 ± 0.01a 0.12 ± 0.00c 

T3 0.67 ± 0.01a 0.88 ± 0.01a 0.37 ± 0.01b 0.39 ± 0.01b 0.13 ± 0.00b 

T4 0.62 ± 0.01d 0.88 ± 0.01b 0.44 ± 0.01a 0.42 ± 0.01a 0.10 ± 0.00d 

MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium 689 

Alginate).  690 

Core-to-wall material ratios; T1 = 1:10, T2 = 1:8, T3 = 1:6, T4 = 1:4, T5 = Only wall. T5 was excluded 691 

from this analysis because it contained wall material only without Centella asiatica extract.Values represent the 692 

mean ± standard deviation (SD) of three replicates. 693 

Means with different superscripts in the same column indicate significant differences (p < 0.05, Tukey's HSD 694 

test). 695 
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Table 47. Color parameters (L*, a*, b*) of Centella asiatica microcapsules prepared using different wall materials (maltodextrin with gum arabic, polyethylene 696 

glycol, albumen, gelatin, and sodium alginate) for phytogenic feed additives. 697 

Treatments 
MD+GA  PEG  Albumen  Gelatin  S. Alginate 

L* a* b*  L* a* b*  L* a* b*  L* a* b*  L* a* b* 

T1 79.43 

± 0.60b 

-0.50 ± 

0.10c 

15.58 

± 0.34d 

 78.43 

± 1.40b 

-0.47 ± 

0.12c 

15.24 

± 0.24d 

 79.84 

± 0.29a 

-2.17 ± 

0.06b 

15.46 

± 0.32d 

 69.57 

± 0.49a 

-1.34 ± 

0.03b 

8.16 ± 

0.02c 

 46.53 

± 0.35b 

0.59 ± 

0.02a 

16.40 

± 0.26c 

T2 76.49 

± 0.38c 

-0.46 ± 

0.01c 

17.54 

± 0.02c 

 75.15 

± 0.88c 

-0.49 ± 

0.05c 

16.56 

± 1.75c 

 79.18 

± 0.33a 

-1.95 ± 

0.05c 

17.47 

± 0.23c 

 65.17 

± 0.06b 

-1.12 ± 

0.04b 

5.83 ± 

0.07d 

 45.33 

± 0.20b 

0.36 ± 

0.01b 

15.50 

± 0.40c 

T3 61.57 

± 0.21d 

0.98 ± 

0.01b 

20.30 

± 0.26b 

 62.23 

± 0.38d 

0.97 ± 

0.02b 

20.50 

± 0.72b 

 79.19 

± 0.23a 

-2.25 ± 

0.03a 

17.55 

± 0.02c 

 63.32 

± 0.29c 

-1.56 ± 

0.02a 

9.47 ± 

0.08b 

 45.42 

± 0.19b 

0.32 ± 

0.01b 

17.34 

± 0.20b 

T4 59.88 

± 0.69d 

1.37 ± 

0.01a 

24.41 

± 0.21a 

 60.35 

± 1.18d 

1.36 ± 

0.02a 

23.95 

± 0.37a 

 79.52 

± 0.43a 

-1.27 ± 

0.07d 

21.18 

± 0.08a 

 58.59 

± 0.42d 

-1.30 ± 

0.01b 

10.39 

± 0.23a 

 49.41 

± 0.27b 

-0.07 ± 

0.01c 

19.19 

± 0.27a 

T5 85.90 

± 0.76a 

-0.11 ± 

0.01c 

2.53 ± 

0.38e 

 84.90 

± 0.24a 

-0.10 ± 

0.02c 

2.13 ± 

0.06e 

 86.58 

± 0.45b 

-1.17 ± 

0.02d 

10.34 

± 0.01b 

 69.47 

± 0.32a 

-0.22 ± 

0.01c 

1.30 ± 

0.23e 

 70.37 

± 0.25a 

-0.49 ± 

0.02d 

11.26 

± 0.02d 

MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. Alginate (Sodium Alginate). 698 

Core-to-wall material ratios: T1 = 1:10, T2 = 1:8, T3 = 1:6, T4 = 1:4, T5 = only wall. 699 

Values represent the mean ± standard deviation (SD) of three replicates. 700 

Different superscripts within the same column indicate significant differences (p < 0.05, Tukey’s HSD test). 701 
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Figure 1. Schematic representation of microencapsulation highlighting protection of bioactive 703 
compounds, shelf-life extension, flavor masking, and targeted release in the gastrointestinal tract. 704 

  705 
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 706 

Figure 2. Total phenolic content (TPC; mg GAE/g) of microencapsulated Centella asiatica extract 707 

prepared with different wall materials. MD+GA, maltodextrin + gum arabic; PEG, polyethylene 708 

glycol; SA, sodium alginate. Values are presented as box plots with individual observations. T1–T4 709 

represent core-to-wall ratios of 1:10, 1:8, 1:6, and 1:4, respectively. T5 was excluded from this 710 

analysis because it contained wall material only without Centella asiatica extract.  711 
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Figure 3. Correlation matrix of Centella asiatica microcapsules across treatments showing 712 

relationships between Total Phenolic Content (TPC), Encapsulation Efficiency (EE), DPPH inhibition, 713 

Transition Temperature (Tm), Gizzard Digestibility, Intestinal Digestibility, and Water Activity (aw). 714 

Significant correlation coefficients are marked (* p < 0.05, ** p < 0.01, *** p < 0.001). A strong positive 715 

correlation (TPC and EE, r = 0.819) is depicted in green, while a negative correlation (Tm and aw, r = 716 

−0.348) is shown, with scatter plots illustrating the data distributions. 717 

 718 

Figure 45. FTIR spectra of Centella asiatica encapsulation formulations using various wall materials. 719 

MD+GA (Maltodextrin + Gum Arabic), PEG (Polyethylene Glycol), Albumen, Gelatin, and S. 720 

Alginate (Sodium Alginate). Core-to-wall material ratios; T1 = 1:10, T2 = 1:8, T3 = 1:6, T4 = 1:4, T5 721 

= Only wall.  722 Ac
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Figure 56. The scanning electron microscopy (SEM) images of Centella asiatica microcapsules with 723 

Maltodextrin + Gum Arabic (MGA) as the wall material at core-to-wall ratios of (1:10, 1:8, 1:6, and 724 

1:4) and using albumen as the wall material at core-to-wall ratios of (1:10, 1:6, and 1:4) and the wall-725 

only (wall) condition. Each row displays several images of a particular ratio or wall-only sample to 726 

display the surface morphology and structural integrity, with MGA presenting rough, fragmented 727 

surfaces and albumen having smoother, looser structures depending on the ratio.  728 
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Figure 56 (Cont.). The scanning electron microscopy (SEM) images of Centella asiatica microcapsules 729 

with Maltodextrin + Gum Arabic (MGA) as the wall material at core-to-wall ratios of (1:10, 1:8, 1:6, 730 

and 1:4) and using albumen as the wall material at core-to-wall ratios of (1:10, 1:6, and 1:4) and the 731 

wall-only (wall) condition. Each row displays several images of a particular ratio or wall-only sample 732 

to display the surface morphology and structural integrity, with MGA presenting rough, fragmented 733 

surfaces and albumen having smoother, looser structures depending on the ratio. 734 
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