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A B S T R A C T

Myrtle berries contain phytochemicals and natural anthocyanins. However, despite their many health benefits, 
anthocyanins face stability challenges in food applications due to their sensitivity to environmental factors. The 
objective of this study was to determine the most effective wall material for microencapsulation myrtle berry 
extract (MBE) with combinations of gum Arabic (GA) and Inulin (IN) at five different ratios (GA/IN: 1/5, 1/2, 1/ 
1, 2/1, 5/1). The microcapsules formulated with GA/IN (2/1) (F4) showed the highest encapsulation efficiency 
(97.8%). Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) confirmed the 
successful encapsulation of the extract. HPLC analysis results showed that delphinidin-3-glucoside and other 
anthocyanins were not degraded after encapsulation. Among all formulations, F4 demonstrated the smallest 
decline in antioxidant activity compared to the other treatments after 60 days of storage. The retention of an
thocyanins in five formulations storage at 40 ◦C ranged from 87.1% to 95.9%. The in vitro release profile further 
demonstrated that the encapsulated anthocyanins had a more controlled release compared with the crude 
extract. Overall, the findings support the concept that microencapsulation can enhance the stability of 
anthocyanins.

1. Introduction

Myrtle (Myrtus communis L.) is an evergreen shrub that grows in the 
Mediterranean area, particularly southern European countries (Alipour 
et al., 2014). Leaves of myrtle have been used for gastrointestinal dis
orders, healing wounds and urinary systems due to their antiseptic and 
astringent properties (Alipour et al., 2014). Myrtle leaves contain fla
vonoids, phenolic compounds, and essential oils. (D'Urso et al., 2019; 
Messaoud & Boussaid, 2011; Pereira et al., 2017). Its berries are 
particularly rich in anthocyanins, flavonoids, fatty acids, and various 
organic acids including ascorbic, tartaric, citric, tannic, and malic acids 
(Giampieri et al., 2020). The high polyphenol content of myrtle berries is 
closely associated with significant health benefits, including potential 
applications in managing cardiovascular diseases and neoplastic disor
ders (Correddu et al., 2019; Hacıseferoğulları et al., 2012; Çakmak et al., 
2021). Also, it has been shown that myrtle berries could be a good 
source of antioxidants compound and anthocyanins (Giampieri et al., 
2020; Jabri et al., 2016; Wannes & Marzouk, 2016). Supporting this, 

research by Jaberi et al. demonstrated the efficacy of myrtle berry 
extract in mitigating obesity-related issues. The study showed that the 
extract effectively restored lipid profiles and reduced inflammation in 
rats fed a high-fat diet, suggesting its protective potential against 
diet-induced metabolic disturbances (Jabri et al., 2023).

Anthocyanins, natural coloring compounds (blue, purple, red) found 
in plants, are a suitable alternative to artificial colors in the food in
dustry (Sganzerla et al., 2021,Li et al., 2022; Liu et al., 2025). These 
compounds also possess significant antioxidant, antimicrobial, and 
anti-inflammatory properties (L. Li et al., 2022; Liu et al., 2025; Zhang 
et al., 2020), offering numerous health benefits including neuro
protective, cardioprotective, and anticancer effects (Shu et al., 2023). 
Human studies have also confirmed their role in preventing metabolic 
diseases, mainly due to their anti-inflammatory and antioxidant activ
ities (Kolehmainen et al., 2012; Zafra-Stone et al., 2007). Despite these 
advantages, the practical application of anthocyanins is limited due to 
their inherent instability and low bioavailability (Bustamante-Bernedo 
et al., 2024; Jaouhari et al., 2025). They are highly sensitive to factors 
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such as temperature, light, pH, oxygen, and metal ions, which can lead 
to rapid degradation. (Qi et al., 2023; Zhao et al., 2021).

To address the instability of anthocyanins, microencapsulation is a 
promising technique (Gan et al., 2026). Among the hydrocolloids used 
for encapsulation, GA and IN are commonly applied to entrap bioactive 
compounds due to their hydrophilic nature. A combination of the two 
hydrocolloids can be used as a stabilizing agent and texture enhancer. 
GA, due to its emulsifying properties and its ability to form protective 
layers around particles, plays a key role in system stability (Osman et al., 
1994). IN, on the other hand, is a soluble prebiotic fiber that not only 
improves the sensory and textural properties of the product but also 
enhances its nutritional value by increasing its fiber content. Previous 
studies have shown that the combination of these two substances can 
lead to synergistic effects in emulsion stability and improvements in the 
rheological properties of the formulation compared to individual use 
(Mehran et al., 2020; Pereira Souza et al., 2017), making it an ideal 
choice for encapsulating the sensitive myrtle berry extract.

Although anthocyanin instability and the application of various wall 
materials have been extensively investigated, limited attention has been 
given to the functional performance of a GA/IN system in the micro
encapsulation of myrtle berry extract. In particular, the effects of this 
binary mixture on encapsulation efficiency, anthocyanin protection 
during processing, and bioaccessibility during gastrointestinal condi
tions remain insufficiently understood. This research gap is especially 
important because the interactions between GA and IN may result in 
synergistic functional properties that have not been fully evaluated for 
this extract. The main hypothesis was that combining GA and IN would 
provide superior encapsulation performance compared with using either 
biopolymer alone, leading to enhanced anthocyanin retention and 
greater stability. Thus, this study aimed to evaluate the effect of GA and 
IN mixture on encapsulation efficiency, morphology, stability of 
anthocyanin content and antioxidant activity of the encapsulations. The 
physicochemical and technological properties of the microcapsules were 
also assessed, together with anthocyanin release kinetics and stability 
during in vitro gastrointestinal digestion.

2. Material and method

2.1. Chemicals

Food-grade gum Arabic (GA) and inulin (IN) were sourced from 
Samchon Chemical (Korea). Other chemicals and reagents such as 2,2- 
diphenyl-1-picrylhydrazyl (DPPH), citric acid, acetonitrile, pepsin, and 
pancreatin were of analytical grade and obtained from sigma-aldrich 
company.

2.2. Anthocyanin extraction

Myrtle berries were collected in October 2023 from the Noorabad 
area in Fars province. Subsequently, the berries were steeped in 250 ml 
70% ethanol containing 1% citric acid for 24 h. The obtained extract was 
vacuum-filtered to separate the supernatant and solid residues. The 
supernatant was then evaporated under reduced pressure at 40 ◦C using 
a rotary evaporator to remove the solvent. The concentrated myrtle 
berries extract (MBE) stored at 5 ◦C until further analysis.

2.3. Preparation of microcapsules by spray dryer

Inulin and gum Arabic with different ratio including F1:5% GA and 
25% IN; F2: 10% GA and 20% IN; F3: 15% GA and 15% IN; F4: 20% GA 
and 10% IN; and F5: 25% GA and 5% IN w/w% of total solution; were 
added to 60 ml distilled water. The mixture was stirred at 1000 rpm for 
30 min to ensure complete dissolution and the absence of lumps. Sub
sequently, the mixture was stored overnight at 4 ◦C for full hydration. 
Following hydration, 10 ml of MBE was gradually incorporated into the 
slurry while homogenizing at 15000 rpm for 5 min using an Ultra-turrax 

homogenizer (IKA T18 Staufen, Germany). (Robert & Fredes, 2015).
A laboratory scale spray dryer (DSD02, Dorsa, Iran) was used in this 

study. The homogenized mixtures were fed using a peristaltic pump at 
the rate of 0.8 L/min, and dried at an inlet temperature of 120 ◦C and an 
outlet temperature 68 ◦C. The concentrated myrtle berries extract was 
continuously stirred with a magnetic stirrer at ambient temperature 
during the spray drying process. Dried red powder samples were kept 
them in amber glass at 5 ◦C for further analyses. It is noteworthy that the 
single-temperature approach inherently limits the generalizability of the 
obtained results regarding process optimization.

2.4. Moisture content

Moisture content of the microcapsules was measured by the gravi
metric method. To determine moisture content, 0.2 g of each sample was 
weighed in triplicate and dried at 105 ◦C by Wisd oven until constant 
weight was achieved. The moisture content was then calculated based 
on the weight difference.

2.5. Powder yield

Powder yield was determined by calculating the ratio of the total dry 
weight of the powder—obtained after subtracting the moisture content 
from the total powder weight post-spray drying—to the initial weight of 
solids used to make the suspension, as showing in following equation: 

Yield (%)=
total weight of powder after spray drying

total theoretical dry weight of powder
(1) 

2.6. Total monomeric anthocyanin content (ACY)

Total monomeric anthocyanins (ACY) determination Total mono
meric anthocyanins were calculated using the pH differential method. 
Absorption of ANY extracted from microparticles in two buffers, pH =
1.0 at 520 nm and pH = 4.5 at 700 nm was read using a Lambda EZ210 
spectrophotometer. The results after three replicates in the measure
ment were calculated using the equation: 

ACY (mg/L) =((A1-A2) x MW x 1000 × D)/(ε x L)                           (2)

Where A1 and A2 are absorption in pH 1.0 and pH 4.5, respectively; D is 
the dilution factor; Mw is the molecular weight (449.2166 g mol − 1); ε is 
the extinction coefficient (26,900 cm− 1 mol− 1 L) and L is the cell length 
(cm).

2.7. HPLC/DAD (HPLC coupled with a diode array detector) for 
anthocyanin analysis

An Azura system equipped with DAD detector (Knauer, Germany) 
was used to analyze the samples. Chromatographic separation was 
performed on a Nucleodur (250 × 4 mm, C18, 5 μm) controlled at 25 ◦C 
with a special column. The solvent flow rate and injection volume were 
1.0 ml/min and 10 μL, respectively. Solvent consisted of water 87%, 
acetonitrile 3% formic acid 10% and solvent B includes water 40%, 
acetonitrile 50% and formic acid 10%. The applied gradient program 
was: from 90% to 75% A in 20 min, from 75% to 50% A in 35 min. 
Absorbance spectra were collected for all peaks from 200 to 700 nm. The 
identification and quantification were done by the pure standard.

2.8. Encapsulation efficiency (EE%)

The encapsulation efficiency is calculated to evaluate the ability of 
walls to encapsulate anthocyanins and determines how much anthocy
anin is trapped in the walls. To isolate the total anthocyanin content, 1 
mL distilled water was poured to 200 mg of microparticles and put in an 
ultrasonic bath for 10 min. Then, it was made up to 20 mL with ethanol 
and the mixture was filtered by Whatman paper (A). To determine the 
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surface anthocyanins, a mixture containing 250 mg powder and 10 ml 
ethanol was agitated in glass tube for 10 s at room temperature. 
Following this, the slurry was centrifuged at 5000 rpm for 3 min to 
separate undissolved particles (B). The absorbance of clear supernatants 
of solution A and B was read at 520 nm. EE% of anthocyanin compounds 
are computed utilizing the subsequent equation: 

EE=
(Asolution A − Asolution B)

Asolution A
× 100 (3) 

2.9. Fourier transform infrared spectroscopy (FTIR) analysis

The Fourier transform infrared (FTIR) spectroscopic analysis was 
performed using the Nicolet (Magna 550, USA). For this purpose, the 
samples were compressed into disk-shaped tablet by mixing with 
anhydrous potassium bromide. Each spectrum was recorded by 16 scans 
across a spectral range of 4000 to 400 cm − 1, with a resolution of 4 cm 
− 1.

2.10. Antioxidant activity determination

The antioxidant activities of the MBE and encapsulated powders 
stored at 40 ◦C for 0, 15, 30 and 60 days were determined using DPPH 
method. The DPPH assay was carried out according to the procedure of 
Bolling et al. (Bolling et al., 2015), and the absorbance was recorded at 
517 nm. In the method, anthocyanins were combined with 2 mL of 
DPPH methanolic solution (60 μL/mL). After 70 min in darkness, 
absorbance was read at mentioned wavelength. The percentage of 
radical scavenging activity (%SA) is calculated using Equation (4): 

%SA=
Ac − As

Ac
× 100 (4) 

Where As represents the absorbance of the sample and Ac represents the 
absorbance of the control sample. To prepare the control sample, 
methanol is used instead of anthocyanin. The sample concentration 
yielding 50% inhibition (IC50) was determined by plotting the inhibi
tion percentages against the sample concentrations. The samples were 
analyzed in triplicate.

2.11. Scanning electron microscopy (SEM)

The microscopic morphology of the microcapsules was recorded 
with a scanning electron microscope (MIRA3, TESCAN, Czech Repub
lic). For this purpose, a layer of conductive tape was applied to a sample 
holder. The samples were evenly distributed on the conductive tape, and 
a thin layer of gold was sprayed onto them. Measurement conditions 
included a voltage of 3 kV.

2.12. Storage stability of microcapsules

To evaluate degradation of encapsulated anthocyanins, they were 
put in an amber glass bottles (30 ml) provided with a self-sealing rubber 
cap and aluminium seals and was stored at 5 ◦C and at 40 ◦C. After 
extraction of anthocyanins, the absorbance of the samples at 520 nm was 
read for analysis of total anthocyanin contents at 0, 15, 30 and 60 days 
intervals (Mehran et al., 2020).

2.13. In vitro study of release profile

The release profile of anthocyanins under simulated gastric and in
testinal conditions was evaluated following the methodology described 
by de moura et al., with minor modifications (de Moura et al., 2019). For 
the release profile study, 0.3 g of microcapsules were suspended in 100 
mL of simulated gastric fluid (pH 1.2) containing pepsin and maintained 
in an Erlenmeyer flask at 37 ◦C for 240 min in a thermostatic bath, with 
intermittent stirring. The study was also conducted in simulated 

intestinal fluid (pH 7.4) containing pancreatin with the same amount of 
sample. The in vitro release of total anthocyanins from MBE and mi
croparticles in the two specified media was monitored at predetermined 
time intervals (15, 30, 60, and 120 min).

2.14. Statistical analyses

The data were calculated from at least three replicates and reported 
as mean ± standard deviation. A p-value <0.05 was considered signif
icant, determined using Duncan's multiple range tests in Minitab 
v22.4.0. Graphs of mean values with error bars were created using 
Microsoft Excel 2019.

3. Results

3.1. Moisture

Moisture content is an important property because powder quality, 
flowability, stickiness, and product stability depend on its moisture 
content. The ideal moisture content for powders is 3 to 4%. Exceeding 
this threshold may not only alter the physical characteristics of the 
product but also increase the risk of microbial proliferation.

In the present work, the moisture values found for five formulations 
ranged from 2.31% to 4.52%. A progressive increase in moisture was 
observed with higher concentrations of IN. This trend can be attributed 
to the intrinsic chemical structure of IN, which contains numerous hy
droxyl groups capable of readily interacting with and absorbing water 
molecules from the surrounding environment. Oliveira et al. observed a 
similar behaviour, studying the freeze-dried of buriti oil with GA and IN 
(de Oliveira et al., 2022).

3.2. Encapsulation efficiency

The significant difference (p ≤ 0.05) observed between treatments 
highlighted that microencapsulation efficiency is largely dependent on 
the type and ratio of wall materials. Treatment F4 exhibited the highest 
encapsulation efficiency, which can be attributed to the excellent 
emulsification capacity and film-forming properties of GA. GA's protein 
and polysaccharide compounds effectively entrap active ingredients, 
thereby significantly enhancing the protection of anthocyanins from 
degradation. This superior protection is attributed to the wall's ability to 
shield the flavylium cation in anthocyanins from water molecules.

Conversely, an excess of GA in formulation F5 led to a reduction in 
efficiency, indicating that an optimal ratio of wall materials is necessary. 
Formulation F1, with a higher proportion of IN, displayed lower 
encapsulation efficiency, likely due to IN's limited film-forming capacity 
and emulsification properties. This finding is consistent with the prin
ciple that a combination of proteins and polysaccharides can achieve 
higher efficiency than single encapsulating materials (Dagni et al., 2025; 
Mahdavi et al., 2016). Since encapsulation efficiency directly affects the 
retention and stability of anthocyanins, the total and individual antho
cyanin contents of the formulations were subsequently evaluated.

3.3. Powder yield analysis

Powder yield is a key parameter in spray-drying processes, reflecting 
the efficiency with which the liquid extract is converted into a dry 
powder. High yield indicates minimal material loss during drying and 
collection, while low yield often results from sticking, incomplete dry
ing, or deposition of material on the dryer walls. Evaluating powder 
yield is essential for optimizing processing parameters and ensuring the 
scalability of spray-dried extract production. The lowest powder yield 
was obtained from the crude extract, likely due to its sticky nature. 
Encapsulation markedly improved the powder yield; however, differ
ences among the various formulations were not statistically significant. 
For instance, Guldiken et al. reported spray-dried black carrot extract 
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yields ranging from 36.9% to 52.1% (Guldiken et al., 2019).

3.4. Evaluation of total anthocyanins

Table 1 shows that formulation F4 achieved the highest total 
anthocyanin content (2.57 mg/g), with F3 closely following (2.56 mg/ 
g). This indicates minimal anthocyanin degradation during the spray- 
drying process for these formulations, suggesting that the combination 
of GA and IN at a 20:10 ratio provided superior encapsulation efficiency 
compared to using either GA or IN alone. The overall anthocyanin 
degradation across all formulations ranged from 11.76% to 27.55%, 
based on initial anthocyanin content. The higher efficiency observed in 
formulation F4 can be explained by the synergistic mechanism of the 
wall materials. GA, due to its proteinaceous fractions, establishes strong 
interactions with anthocyanins and prevents their thermal instability. 
IN, by forming a dense carbohydrate matrix, limits oxygen penetration 
and heat transfer. The combination of these two polymers creates a 
stable and protective structure that reduces anthocyanin degradation 
during the process. This finding aligns with Gonzalez et al., who re
ported that a maltodextrin-IN blend maximized total anthocyanin and 
phenolic content retention (Romero-González et al., 2020). Also, in a 
study by Farahani et al., the amount of degradation of anthocyanins in 
malva was reported to be between 15.66% and 26.52% was reported, 
which is consistent with the results of this study (Farahani et al., 2024).

3.5. Evaluation of anthocyanins by HPLC

To better understand the types of anthocyanins, present in MBE and 
all treatments, a detailed HPLC analysis was performed. The HPLC–DAD 
approach enabled a rapid analysis of the anthocyanin fractions. As 
depicted in the chromatogram (Fig. 1), six major peaks were resolved 
within a 50-min analysis. Peak 1 was identified as delphinidin-3-O- 
glucoside by comparison with a reference standard. This compound 
was found in the highest concentration in the fourth treatment, 
measuring 0.492 mg/g. Subsequent analysis of peak spectral charac
teristics and comparison with established HPLC conditions for antho
cyanins, supported by existing literature, allowed for the tentative 
identification of peaks 2 through 6. These peaks correspond to cyanidin- 
3-glucoside, petunidin-3-O-glucoside, peonidin-3-O-glucoside, malvi
din-3-O-glucoside, and petunidin-3-arabinoside, respectively, consti
tuting approximately 5.9%, 19.1%, 7.2%, 39.4%, and 8.2% of the total 
identified anthocyanins. Notably, similar anthocyanin profiles have 
been reported in other studies analyzing myrtle berry (Maldini et al., 
2016; Tuberoso et al., 2010).

3.6. Fourier transform infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a technique used 
to identify chemical bonds within molecules by analyzing their infrared 
absorption spectra. In this study, FTIR was employed to detect chemical 
bonds characteristic of phenolic compounds. The FT- IR spectra for MBE 
extract, wall material and F4 formulation are shown in Fig. 2.

The major broad peak band that occurred around at 3400 cm− 1 in F4 
and wall corresponds to the O-H functional group stretching vibration in 

carbohydrates and residual water. This peak appears broader in the 
infrared spectrum of the extract, which is related to the hydroxyl group 
of phenolic compounds. The MBE spectra showed a band 2930 cm− 1 was 
assigned to CH stretching vibration. The band at 1725 cm− 1 corre
sponding to the bending vibration of C-O-C groups, at 1640 cm− 1 

attributed to the vibration of the (C=C) bond in the benzopyran ring, at 
1408 cm− 1 associated with the (C=C) stretching vibration in the aro
matic ring, at 1252 cm− 1 linked to the stretching of pyran rings in the 
anthocyanin structure, and a peak at 1078 cm− 1 assigned to the aro
matic C-H in the aromatic ring.

Most peaks associated with MBE disappeared in the F4 microcapsule 
spectra. This phenomenon can be attributed to the MBE peaks being 
masked by the matrix spectra due to the low MBE content in the pre
pared microcapsule. The spectrum of the F4 powder closely resembles 
that of the matrix, confirming successful encapsulation of MBE. These 

Table 1 
Characterization of myrtle berries extract and microparticles with different formulation.

Formulation Moisture content w/w% Total anthocyanins (mg/g) Delphinidin-3-glucoside (mg/g) EE% Yield w/w%

F1 4.52 ± 0.04a 2.11 ± 0.03a 0.401 ± 0.008a 94.3 ± 0.2a 76.11 ± 0.52a

F2 4.23 ± 0.05a 2.31 ± 0.02a 0.439 ± 0.005a 95.4 ± 0.3b 74.78 ± 0.61a

F3 3.36 ± 0.05b 2.56 ± 0.02b 0.480 ± 0.004b 96.1 ± 0.3c 76.15 ± 0.84a

F4 3.01 ± 0.04b 2.57 ± 0.04c 0.492 ± 0.006c 97.8 ± 0.2d 75.31 ± 0.96a

F5 2.31 ± 0.05c 2.45 ± 0.01b 0.474 ± 0.009b 96.5 ± 0.4c 74.96 ± 0.72a

MBE 5.27 ± 0.03 11.65 ± 0.03 2.24 ± 0.008 – 63.47 ± 0.96b

Results show the mean value ± standard deviation from three samples.
There are no significant differences among the samples with the same letters in the same column (p < 0.05)

Fig. 1. HPLC chromatogram of anthocyanin extracted of MBE.

Fig. 2. FTIR spectra of MSE, MD, IN and F4.

A. Shafiei et al.                                                                                                                                                                                                                                  LWT 250 (2026) 119497 

4 



results are in agreement with those reported by Mehran et al. (Mehran 
et al., 2020) and Karunrat et al. (Sakulnarmrat et al., 2022) for echium 
amoenum petal and mangosteen pericarp encapsulates, respectively.

3.7. Antioxidant activity assays

An excess of free radicals in the body can engage in chemical re
actions with other substances, leading to damage in organs and tissues. 
Numerous conditions, including cardiovascular, degenerative diseases, 
cerebrovascular disorders, and inflammation, are associated with free 
radicals. Anthocyanins, due to their efficient electron-donating proper
ties, act as potent antioxidants by scavenging free radicals through 
electron donation, thereby preventing oxidative harm (Kalisz et al., 
2013). Therefore, assessing the antioxidant capacity of both crude and 
encapsulated anthocyanin extracts is crucial.

In this study, the DPPH test, which is a simple and reproducible 
method, was used to determine antioxidant activity. As depicted in 
Fig. 3, the IC50 value of the crude MBE extract exhibited a five-fold in
crease after one month of storage at 40 ◦C, signifying a commensurate 
decrease in its antioxidant efficacy. In contrast, the prepared micro
capsules demonstrated no significant elevation in their IC50 values. 
These findings underscore the protective effect of the encapsulation 
process on antioxidant activity, suggesting that the anthocyanins, when 
entrapped within the matrix, effectively retain their radical-scavenging 
capabilities.

The IC50 values for F1, F2, F3, F4, and F5 increased by 2.30, 1.90, 
1.82, 1.33 and 1.68 times, respectively, over 60 days. Notably, formu
lation F4 displayed the least reduction in antioxidant activity after 60 
days compared to the other treatments. This improved performance of 
formulation F4 under the tested conditions may be attributed to its more 
suitable matrix structure. This structure likely contributed to its higher 
encapsulation efficiency, enabling it to protect anthocyanins from oxy
gen and temperature.

This result is consistent with the study by Jéssica Righi da Rosa et al. 
on the encapsulation of blueberry anthocyanins by xanthan gum and 
maltodextrin (da Rosa et al., 2019). Also, Lacerda et al. demonstrated 
that the combination of IN, starch, and maltodextrin significantly en
hances the antioxidant activity of jussara pulp (Lacerda et al., 2016).

3.8. Particle morphology

The morphologic characteristics, influenced by the formulation 
components, provide insights into the physical integrity and potential 
behavior of the encapsulated anthocyanins. SEM images of the five- 
formulation encapsulated of MBE are presented in Fig. 4. The morpho
logical analysis revealed that the particles generally presented a spher
ical shape with a notably wrinkled surface texture, devoid of any visible 
cracks (see Fig. 5).

Formulation F1, characterized by the highest IN content in the wall 
material, yielded particles that appeared more spherical and possessed 
smoother surfaces. An increase in the GA content, however, resulted in 

more pronounced surface wrinkling. This effect was most evident in 
formulations F4 and F5, which displayed the most wrinkled particle 
surfaces. In this regard, Farahani et al. showed smooth surface formation 
with IN whereas maltodextrin resulted in wrinkled surfaces (Farahani 
et al., 2024). The same results were recorded according to the formation 
of smoother surfaces in spray-dried Hibiscus sabdariffa extract, where 
maltodextrin, IN, and quince seed mucilage were used as the wall ma
terial (Kalajahi et al., 2025).

3.9. Stability

Thermal stability is a critical parameter for evaluating the preser
vation of anthocyanins over time (Govaichelvan et al., 2024). As illus
trated in Figs. 3 and 4, the total anthocyanin content of both the MBE 
and the five microencapsulated treatments progressively decreased with 
prolonged storage. At both evaluated temperatures, the unencapsulated 
MBE exhibited the most pronounced loss, confirming that the micro
capsule wall materials effectively shielded anthocyanins from thermal 
stress and reduced their degradation rate.

The retention rate of anthocyanins in five encapsulated samples at 
5 ◦C ranged from 92.8% to 95.9 %, while at 40 ◦C these values reached 
87.1% to 95.5%. This finding indicated that anthocyanins undergo 
greater degradation at elevated temperatures. Among all formulations, 
treatment F4 exhibited the highest stability at both temperatures, with 
only 4.1–5.8% degradation. These results may be attributed to the ideal 
proportions of GA and IN, which serve as an effective wall material to 
safeguard anthocyanins.

The enhanced stability of anthocyanins in treatment F4 is hypothe
sized to stem from a combination of specific molecular interactions and 
the synergistic behavior of the wall material blend, primarily GA and IN 
in a specific ratio. Firstly, the glycoprotein structure of GA is believed to 
engage in protective interactions with anthocyanins. This likely involves 
hydrophobic interactions between the non-polar regions of GA and the 
aromatic benzene rings of anthocyanins, which are crucial structural 
components responsible for their color and susceptibility to degradation. 
Simultaneously, the abundant carbohydrate hydroxyl groups present in 
both GA and IN can form multiple hydrogen bonds with the polar, hy
drophilic regions of anthocyanins. These hydrogen bonds effectively 
anchor the anthocyanin molecules within the matrix, limiting their 
conformational flexibility and shielding them from external destabiliz
ing agents.

The observed synergistic behavior of the GA-IN blend further con
tributes to superior encapsulation. GA's role as an effective emulsifier 
ensures the initial formation of a stable emulsion with finely dispersed 
anthocyanin-loaded droplets. IN likely acts as a structural co-matrix, 
potentially forming a more rigid and continuous network during the 
drying process, thus reinforcing the protective film formed by GA. This 
combined matrix significantly improves the overall encapsulation effi
ciency by minimizing anthocyanin loss during processing. Crucially, By 
effectively entrapping anthocyanins within the core of the microcapsule, 
the wall material blend provides a robust barrier, directly leading to the 
enhanced stability observed in this study (Song et al., 2022). The 
enhanced stability observed in the present study may also be attributed 
to the synergistic behavior of the wall-material blends, which improve 
encapsulation efficiency and limit the exposure of anthocyanins at the 
microcapsule surface. These results consistent with the study of Wei 
deng et al., who showed the stability of purple corn anthocyanin 
improve with blending of maltodextrin/GA and maltodextrin/whey 
protein (Deng et al., 2023). Coyotecat et al. also reported high encap
sulation efficiency and increased stability of red cabbage extract by 
combining GA, IN and pea protein (Muñoz-Coyotecatl et al., 2025). The 
hygroscopicity of IN is a well-documented characteristic. However, this 
study did not include an evaluation of storage humidity's effects on the 
microcapsules. Future research should address this by investigating 
product stability under various controlled humidity conditions.Fig. 3. The trend of antioxidant activity during 60 days.
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3.10. Release

Investigating the release profile of an active ingredient is crucial for 
understanding its behavior and the mechanism governing its release (see 
Fig. 6). Experiments conducted under defined conditions can yield 
valuable insights, particularly concerning the food matrices suitable for 
incorporating this active material. Fig. 7 illustrates the percentage of 
anthocyanins released from MBE and the encapsulated extract F4 during 
simulated gastrointestinal digestion over 2 h. The unencapsulated an
thocyanins (MBE) exhibited a rapid release, with 63%, 89%, and 96% 
released within the first 15, 30, and 60 min, respectively. In contrast, the 
encapsulated powder (F4) demonstrated a sustained and controlled 
release, with only 79% released after 60 min. This controlled release is 
critical for ensuring a more consistent and prolonged delivery of 

anthocyanins throughout the gastrointestinal tract, thereby maximizing 
their potential therapeutic benefits.

The release kinetics of anthocyanins differed significantly between 
the unencapsulated and encapsulated extracts in this medium. The F4 
formula achieved a release of 89% after 120 min. Conversely, the 
anthocyanin content in the MBE began to decline after 30 min, dropping 
to 64% by the end of the 2-h period.

Anthocyanins exhibit greater stability in acidic conditions due to the 
formation of the flavylium cation; however, in neutral media, they 
transform into a colorless carbinol-like form. The slight decrease in 
anthocyanin release at pH = 6.8 from 30 min onwards in the crude 
extract may be related to the faster deprotonation of the flavylium cation 
in anthocyanins, leading to reduced color stability. As documented in 
the literature (Jiang et al., 2019; Xue et al., 2024), this deprotonation at 
near-neutral pH shifts the anthocyanin equilibrium towards less stable 

Fig. 4. Scanning electron photomicrographs of spray-dried products (F1, F2, F3, F4, F5).

Fig. 5. Storage stability of MBE and encapsulated powders during storage at 
5 ◦C for 15 days and 30 days.

Fig. 6. Storage stability of MBE and encapsulated powders during storage at 
40 ◦C for 15 days and 30 days.
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quinoidal and ring-opened species. This degradation process directly 
leads to reduced color stability. This finding aligns with the research by 
Yue Wu et al. who reported that encapsulation of anthocyanins signifi
cantly enhanced the colonic accessibility (Wu et al., 2020). A compa
rable trend was observed in a study by Li et al., in which the 
encapsulating anthocyanins within a gel network enhances their sta
bility and enables a safe, regulated release of anthocyanins in simulated 
intestinal fluid (W. Li et al., 2025). Release profiles show potential in lab 
conditions, but performance in real food matrices requires further study.

4. Conclusion

This comparative investigation into the microencapsulation of myr
tle berry anthocyanins using various ratios of GA and IN has elucidated 
the critical role of wall material synergy in stabilizing these sensitive 
bioactives. The high encapsulation efficiencies achieved, ranging from 
94.3% to 98.7%, demonstrate the potential of these natural polymers for 
effective protection. Notably, the GA:IN ratio of 2:1 emerged as optimal, 
achieving an encapsulation efficiency of 98.7% and exhibiting superior 
anthocyanin retention. Therefore, the combination of high performance 
(high efficiency and controlled release) with the use of readily available, 
low-cost, and safe GA/IN carriers firmly establishes a pathway for the 
large-scale application of this encapsulation technology. The in vitro 
release profiles in simulated gastric and intestinal fluids further suggest 
that this optimized microenvironment not only preserves anthocyanins 
during processing but also influences their subsequent release dynamics. 
While this study provides robust evidence for enhanced in vitro thermal 
stability and protective encapsulation, future in vivo investigations are 
essential to ascertain the potential improvements in anthocyanin 
bioavailability. This research provides the necessary scientific principles 
for the food and pharmaceutical industries to develop innovative 
products with enhanced shelf life and performance.
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