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Abstract
Contemporary society is increasingly interested in topics related to healthy eating. Cases of poisoning, allergies, and adverse 
reactions related to the consumption of synthetic dyes have driven the development of new technologies for the use of natural 
dyes. In this context, the objective of this research is to evaluate the stability of jambolan extract (Syzygium cumini (L.) Skeels) 
microencapsulated by atomization and stored at two temperatures (5 °C and 28 °C), for 90 days, and without lighting. Analyses of 
total phenolic content, total anthocyanins, and instrumental color were carried out every 15 days. The microencapsulated extract 
was used to color gelatin powder as an alternative to synthetic dyes. Jambolan extract microcapsules showed high solubility (90%) 
and had average diameters ranging from 16.75 to 23.35 μm and considerable levels of phenolic compounds (522 mg GAE/100 g) 
and anthocyanins (128.90 mg/100 g). It also showed high encapsulation efficiency of phenolic compounds (89.23%) and antho-
cyanins (94.56%). At the end of the storage time, the total phenolic and total anthocyanin contents of the gelatin produced were 
significantly reduced, from 350.45 mg EAG/100 g and 481.48 mg/100 g to 194.39 mg EAG/100 g and 217.70 mg EAG/100 g, 
respectively. Even with the decrease, the final product presented a visible shadow at the end of the storage time. Although there 
was a decrease in ΔE in gelatin powder during storage, the addition of 7% natural coloring to the powder from microencapsulated 
jambolan extract resulted in an intense and bright color and a high concentration of anthocyanins.
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Introduction

Jambolan [Syzygium cumini (L.) Skeels] is popularly 
known as jambolan, black plum, Indian blackberry, or 
jamelan (Ayyanar & Subash-Babu, 2012). Jambolan is 
an arboreal, perennial species, belonging to the genus 

Myrtaceae, native to India and which can reach up to 20 m 
high (Santiago et al., 2016). Its fruit is native to tropical 
Asia, but has wide geographic dispersion due to the success 
of introductions of the species in tropical and subtropical 
America. Its fruits are small, ovoid, juicy, with white pulp 
and dark colored skin, when ripe, due to the presence of 
anthocyanins, which makes it a cheaper source of natural 
dyes for industrial use (Faria et al., 2011; Santiago et al., 
2016). Jambolan fruit contains high amounts of phenolic 
compounds, such as anthocyanins, which are antioxidant 
pigments found mainly in the peel, with several functional 
characteristics, such as antioxidant, antimutagenic, anti-
microbial, antiglycemic, anticarcinogenic, and antiviral 
activities (Freitas-Sá et al., 2018; Paul & Das, 2019; Sera-
glio et al., 2018; Emam & El-Nashar, 2022). One way to 
add value to the jambolan fruit, promoting a food with high 
biological potential that does not yet have consolidated 
marketing potential, is the application of technologies to 
improve its conservation (Albuquerque, 2019).

 * Maria Inês Sucupira Maciel 
 m.inesdcd@gmail.com

1 Postgraduate Program in Food Science and Technology, 
Universidade Federal Rural de Pernambuco, 
Recife 52171-900, Brazil

2 Department of Food Engineering, Universidade Federal 
do Agreste de Pernambuco, Garanhuns 55292-278, Brazil

3 Federal Institute of Sertão Pernambucano, Department 
of Food Technology, Petrolina Campus, Rod. BR 407 km 08, 
S/N, Jardim São Paulo, Petrolina 56314-520, PE, Brazil

4 Embrapa Food Agroindustry, Av. das Américas, 
Rio de Janeiro 29501, 23020-470, Brazil

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-024-03464-3&domain=pdf


 Food and Bioprocess Technology

Anthocyanins are water-soluble, glycosylated polyphe-
nolic compounds belonging to the flavonoid family that pro-
duce colors ranging from red to blue and are found mainly in 
flowers and fruits (Iacobucci & Sweeny, 1983). Anthocya-
nins differ according to the degree and pattern of hydroxyla-
tion and methoxylation; number, position, and type of sugar 
in the molecule; and number and nature of aromatic or ali-
phatic acids linked to the sugar. The presence of hydroxyla-
tions or methylations influences the stability of these mol-
ecules in solution. Increased glycosylation provides greater 
stability; however, the type of sugar in the medium also 
influences this parameter (Schwartz et al., 2010). The sta-
bility of these molecules is dependent on physical, chemical, 
and environmental factors related to pH, temperature, light 
(UV/visible), copigmentation, oxygen, ascorbic acid, rela-
tive humidity, presence of sugars, sulfur dioxide or sulfites, 
enzymes, and metal ions (Sharma et al., 2016).

In the perception and evaluation of the overall appearance 
of food, color is the most important quality attribute that affects 
consumer acceptance, and an unpleasant color will lead to low 
acceptance and reduce its market value. Consumers associate 
the color of food with safety and quality and as an indicator of 
good processing (Freitas-Sá et al., 2018; Gaibor et al., 2022). 
The dyes most used in the food industry are generally synthetic 
dyes whose application has raised legal and health issues in 
recent years, such as cases of allergies, poisoning, and adverse 
reactions that can cause harm to the consumer’s health (Lao & 
Giusti, 2018). The search for natural dyes comes as a response 
to contemporary society’s search for more sources of healthy 
food. Including plant extracts as natural colorings has received 
a boost in the food industry and already has recognition in 
several countries (Freita et al., 2021). The jambolan fruit has 
been studied and applied with the aim of increasing the quality 
and appearance of processed foods, without interfering with 
their organoleptic properties as in Emam and El-Nashar (2022) 
who applied it to yogurt.

One of the challenges in the production of natural dyes is 
the development of processes that reduce losses of extracted 
compounds to obtain a more stable and desirable product for 
consumers. Various technologies have been used to increase 
the stability of anthocyanins during product development, 
storage, and consumption, reducing nutritional losses. 
Microencapsulation by spray drying is one of the most used 
processes in the food industry and has advantages such as 
preventing biochemical deterioration of the product (deg-
radation of anthocyanins), limiting enzymatic activity and 
microbial growth (Machado et al., 2022). This process has 
gained prominence for protecting phenolic compounds from 
adverse environmental conditions, such as oxygen, humid-
ity, light, and temperature, thus increasing color stability, 
in addition to facilitating the controlled release of materials 
from the encapsulation matrix (Kuck et al., 2017; Mar et al., 
2020). In this way, the product’s shelf life can be increased.

Taking these factors into consideration, the objective 
of this work was to evaluate the stability of phenolic com-
pounds, more specifically the anthocyanins present in the 
aqueous extract of jambolan microencapsulated by spray 
drying, during storage and when applied as a powder for 
colorless and flavorless gelatin. An aqueous extract was 
made with the edible parts of the fruit, in contrast to several 
studies in the literature that use organic solvents (mainly 
acetone and methanol), which can leave toxic residues, for 
phenolic extraction from jambolan. To the best of our knowl-
edge, it is the first time that a microencapsulated jambolan 
aqueous extract was applied as a natural food coloring.

2. Materials and Methods

2.1. Jambolan Processing

Jambolan (Syzygium cumini (L.) Skeels) fruits were col-
lected on Gaibu beach, located in the city of Cabo de Santo 
Agostinho, metropolitan region of Pernambuco (latitude: 
8°17′15″ S, longitude: 35°2′7″ W), between the months of 
February and March 2021. Exsiccates of this plant material 
were produced at the Professor Vasconcelos Sobrinho Her-
barium (UFRPE), located in the Dois Irmãos, metropolitan 
region of Recife at Pernambuco, Brazil, with registration 
number 55,893. The fruits were washed and sanitized in 
a sodium hypochlorite solution (2.5%) for 15 min, rinsed 
(Romualdo et al., 2021), and pulped (Bonina Compacta, 
Itabuna/BA). The pulp was packed in low-density polyeth-
ylene bags, immediately frozen, and stored at − 18 °C. To 
obtain the freeze-dried pulp, the frozen pulp was transferred 
to a freeze-dryer (model Alpha 1-4 LD Plus; Martin Christ, 
Osterode am Harz, Germany) at − 80 °C for 48 h using a 
chamber pressure of 0.28 mbar. The freeze-dried material 
was crushed in a blender (ARNO, Arno Power Max 700, 
Groupe SEB Ltda.), packaged in low-density polyethylene 
bags and stored at −18 °C, protected from light.

2.2. Characterization of the Edible Part of Fresh 
and Freeze‑Dried Jambolan

2.2.1. Chemical and Physical‑Chemical Characterization

The edible part of fresh and freeze-dried jambolan was char-
acterized; for moisture content, it was determined using an 
infrared balance (model ID50, Marte Científica, Marconi, 
Brazil) at 105 °C for 30 min, proteins and total sugars. For 
the physical-chemical characterization, water activity was 
measured using an instrumental water activity meter (AQUA 
LAB®, model 4TE), pH using a calibrated potentiometer 
(TECNAL® TEC-3MP, Piracicaba/SP), and titratable acid-
ity by means of potentiometric titration, neutralizing with 
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sodium hydroxide solution (0.1 M). All measurements were 
done according to AOAC (2016), in triplicate.

2.2.2. Determination of Chromatic Parameters

Instrumental color determination was performed with a 
colorimeter (CR400/410, Minolta Co. Ltd., Osaka, Japan) 
calibrated with a calibration plate (Y = 92.78; x = 0.3139; 
y = 0.3200). The values of L, a*, and b* were determined. 
The color variation during storage time and in the food 
matrix was calculated by ΔE (Eq. 1) (Yekdane et al., 2019).

 where ΔE is the color variation, “i” refers to the analyses 
carried out on day 1, and “f” refers to the last analysis car-
ried out.

2.2.3. Determination of Total Phenolic Compounds 
and Total Monomeric Anthocyanin Content

Total phenolic compounds were determined by reac-
tion, in the absence of light, with the phenolic reagent 
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Folin–Ciocalteu (Sigma Aldrich®, St. Louis, MO, USA), 
stabilized with saturated sodium carbonate solution, 
according to the methodology described by Wettasinghe 
and Shahidi (1999). Absorbances were read at 725 nm 
on a UV-visible spectrophotometer (SHIMADZU®, UV-
1650pc, Japan), and the content of TPC was determined 
by interpolating the absorbance of the samples against a 
standard curve prepared from aqueous solutions of gal-
lic acid (0.1–1 mg  mL−1) (R2 = 0.995), and the results 
were expressed in mg of gallic acid equivalent (GAE) 
 g−1 microcapsules (powder) (mg GAE  g−1). Results were 
expressed as mg of gallic acid equivalent (GAE)/g−1 of 
dry matter.

The determination of total monomeric anthocyanins 
was carried out using the differential pH method described 
by Wrolstad et al. (2005). A diluted aliquot of the extract 
reacted with two buffer solutions, 0.025  M potassium 
chloride (pH = 1) and 0.4 M sodium acetate (pH = 4.5), 
for 50 min at room temperature. The absorbances were 
measured at 520 nm and 700 nm, and the concentration of 
total anthocyanins was determined using Eq. 2, with the 
results expressed as mg of cyanidin 3-glucoside per 100 g 
of dry matter.

 where A is the absorbance at certain wavelengths, Mω is the 
molecular weight of cyanidin 3-glysoside (449.2 g/mol), DF 
is the dilution factor, ε is the molar absorption coefficient 
(29,600 L/(cm·mol)), and L is the optical path (1 cm).

2.3. Production of Jambolan Aqueous Extract

The aqueous extract of jambolan was obtained following the 
methodology of Merz et al. (2020). One gram of the edible 
part of the freeze-dried fruit was mixed with 200 mL of an 
acidified aqueous solution (99:1 v/v,  H2O:HCl 37%) for 80 min, 
protected from light, at 35 °C and under constant stirring 
(100 rpm). The extract was filtered through qualitative filter 
paper (black band, reference model REF. 41) and stored at 5 °C.

2.4. Microencapsulation of Jambolan Aqueous 
Extract

Microencapsulation was performed according to the method-
ology proposed by Santhalakshmy et al. (2015) with some 
modifications. A solution was prepared with aqueous jam-
bolan extract and 30% (m/v) maltodextrin 20DE and stirred 
with a magnetic stirrer until (TECNAL®, TE-102 Turratec, 
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Piracicaba/SP) complete solubilization. A mini spray dryer 
(MSD® 1.0 LM, LABMAQ do Brasil LTDA) was used to 
obtain microparticles (Fig S1, Supplementary Material) 
under the following conditions: drying inlet air temperature of 
150 °C, feed flow rate of 10 mL/min, air flow rate of 35 L/min, 
and outlet air temperature of 80 °C. The microparticles were 
kept in a metallized stand-up pouch bag (80 mL, 8 × 12.5 cm) 
and stored at −18 °C, being characterized for water activity 
and moisture content, according to item 2.2.

2.4.1. Encapsulation Efficiency of Phenolic Compounds

To determine the total phenolic content (TCF) according to 
the methodology described by Saénz et al. (2009), 100 mg of 
microencapsules was dispersed in 1.0 mL of a 50:8:42 (v/v/v) 
ethanol to acetic acid to distilled water solution. The mixture 
was vortexed for 1 min, filtered through a microfilter with 
0.45-µm pore diameter (Syringe Filters K-18; Kasvi, São José 
dos Pinhais, PR, Brazil), and analyzed after reaction with the 
Folin–Ciocalteu reagent as described above.

The surface phenolic compound content (TSF) was deter-
mined according to the methodology described by Saénz et al. 
(2009). 100 mg of microcapsules was dispersed in 1.0 mL 
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of 1:1 (v/v) ethanol to methanol solution, gently stirred for 
5 min to avoid their rupture and microfiltered as described 
above. The phenolic content was assessed in the filtrate using 
the Folin–Ciocalteu reagent and a gallic acid standard curve. 
The encapsulation efficiency (EE) was calculated considering 
the equation described by Rocha et al. (2019).

 where EE is the encapsulation efficiency, TCF is the total 
phenolic compounds content, and TSF is the surface phe-
nolic compound content.

2.4.2 Anthocyanin Encapsulation Efficiency

The determination of the encapsulation efficiency (EE) of 
anthocyanins followed the methodology described by Kanha 
et al. (2021). The total anthocyanin content in the micro-
capsules (TACm) and on the surface of the microcapsules 
(TACs) was determined by spectrophotometry, using the dif-
ferential pH method previously described in item 2.2. The 
microencapsulation efficiency was calculated by the equa-
tion shown in Mahdavi et al. (2016a).

where EE is the encapsulation efficiency, TACt is the total 
anthocyanin content, and TACs is the surface anthocyanin 
content.

2.5. Particle Characterization

2.5.1 Identification and Quantification of Phenolic 
and Anthocyanin by HPLC‑DAD

External standards of hesperidin, procyanidin  B1, catechin, 
procyanidin  B2, trans-caftaric acid, chlorogenic acid, caf-
feic acid, and p-coumaric acid were purchased from Sigma-
Aldrich, whereas epigallocatechin gallate, epicatechin, 
epicatechin gallate, procyanidin  A2, quercetin 3-glucoside, 
rutin, myricetin, kaempferol 3-glucoside, and petunidin 
3-glucoside from Extrasynthese (Genay, France). Trans-
resveratrol was obtained from Cayman Chemical Company 
(Ann Arbor, MI, USA).

The phenolic and anthocyanin profile of the aqueous extract 
of jambolan and the microparticles (Figs. S2–S7, Supplemen-
tary Material) was determined according to the methodology 
validated by Padilha et al. (2017), with adaptations from Dutra 
et al. (2018). A 1 g aliquot of the sample was mixed with metha-
nol acidified with hydrochloric acid (6.0 mol/L) and placed in 
ultrasound at 40 kHz for 30 min at 25 °C (UNIQUE, model 
USC-1800, Brazil). The extract was centrifuged at 3000×g 
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for 20 min (SL-701 centrifuge; Solab, São Paulo, Brazil), and 
the supernatant was collected, diluted to 10% with 0.52 mol/L 
phosphoric acid solution (pH = 2.0), and filtered at 0.45 μm 
(PTFE) (Millex Millipore, Barueri, SP, Brazil).

The analysis was performed on an Agilent 1260 Infinity 
LC System liquid chromatograph (Agilent Technologies, 
Santa Clara, USA) coupled to a diode array detector (DAD) 
(model G1315D), using the Zorbax Eclipse Plus RP-C18 
column as the stationary phase (100 × 4.6 mm, 3.5 μm), cou-
pled to the Zorbax C18 pre-column (12.6 × 4.6 mm, 5 μm), 
and solvents A (0.52 mol phosphoric acid solution, pH = 2.0) 
and B (methanol acidified with 0.5% phosphoric acid). The 
mobile phase flow rate was 0.8 mL/min and the injection 
volume was 20 µL and the column temperature was 35 °C. 
Detection of compounds was carried out at 220, 280, 320, 
360, and 520 nm, and identification and quantification were 
made by comparison with external standards. The results 
were expressed in mg/100 g of dry mass sample. Data col-
lection and analysis were performed using the Open LAB 
CDS ChemStation Edition software (Agilent Technologies, 
Santa Clara, USA).

2.5.2 Hygroscopicity and Solubility

A sample of the microencapsulated aqueous extract (2 g) 
was placed in an airtight container containing a saturated 
NaCl solution (relative humidity of 75.1%). Hygroscopicity 
was expressed by the mass of water absorbed per 100 g of 
sample after 7 days (Tonon et al., 2008).

Solubility was determined according to Shittu and Lawal 
(2007), with modifications. One gram of the sample was 
added to 10 mL of distilled water and kept under magnetic 
stirring for 30 min. The mixture was centrifuged at 6000 rpm 
for 5 min. The supernatant was collected and dried at 105 
°C for 24 h. The relationship between the mass of the dry 
solid, coming from the supernatant, and the initial mass of 
the sample resulted in the percentage of solubility.

2.5.3 Average Diameter and Morphology 
of the Microencapsulated Aqueous Extract

The average diameter was determined on a laser diffrac-
tion analyzer (model S3500, Microtrac, Largo, FL, USA) 
coupled to a common bench ultrasound device to increase 
sample dispersibility. A small amount of sample was dis-
persed in isopropyl alcohol as a carrying fluid and subjected 
to particle size distribution readings. The average diameter 
was determined based on the average diameter of a sphere 
of the same volume (Brouckere diameter, D [4.3]), which is 
generally used to characterize powder particles.

Particle morphology was observed using scanning elec-
tron microscopy (SEM). The samples were fixed in metal-
lic specimen holders (stubs) and then metallized with gold 
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(Leica metalizer, model EM SCD500), at a coating rate of 
15 nm thick, for 80 s, and current of 40 mA and observed 
in a scanning electron microscope (FEI, model Quanta 200 
FEG), operating with 30 kV at 25 °C. Image acquisition 
was performed using the XT microscope software (Utpott 
et al., 2020).

2.6 Stability of Phenolic Compounds 
and Anthocyanins in the Microencapsulated Extract

Aliquots of the microcapsules (5 g) were transferred to 
metallized stand-up pouch bags (80 mL, 8 × 12.5 cm), pro-
tected from exposure to light. The samples were stored 
under refrigeration and at room temperature (5 °C and 28 
°C, respectively), for 90 days, being periodically evaluated 
in relation to color, content of phenolic compounds, and total 
monomeric anthocyanins.

2.7 Application and Stability of the Extract 
Microencapsulated in Gelatin

The microencapsulated jambolan extract was applied in a 
colorless, flavorless gelatin powder, following the methodol-
ogy proposed by Mahdavi et al. (2016b). The tests carried 
out to monitor the stability of microcapsules in gelatin were 
the instrumental determination of color, total phenolic con-
tent, and total monomeric anthocyanins.

2.8 Statistical Analysis

All analyses were performed in triplicate and experimental 
data were presented as mean ± standard deviation. Results 
were subjected to analysis of variance, and post hoc compar-
ison of the means was performed by  Tukey’s test at p < 0.05 
using the Statistica, version 12.0 (StatSoft. Inc., Tulsa, OK, 
USA) software package.

3. Results and Discussion

3.1 Characterization of Fresh and Freeze‑Dried 
Jambolana

Table 1 presents the chemical and physicochemical param-
eters and the content of bioactive compounds in the peel 
and pulp of in natura and freeze-dried jambolan (Syzygium 
cumini (L.) Skeels). The values found for the edible part of 
fresh jambolan are close to those presented by Silva and 
Sá and Sabaa-Srur (2012), and those obtained for freeze-
dried jambolan are similar to those reported by Santiago 
et al. (2016). Barcia et al. (2012) report, in their studies with 
fresh jambolão collected in three different cities (Pelotas, 
Capão do Leão, and Santa Vitória do Palmar), similar results 

for moisture (81.7% ± 3.6–83.9% ± 1.5), ash (0.35% ± 
0.1–0.42% ± 0.1), proteins (0.73% ± 0.0–0.91% ± 0.3), and 
fibers (0.40% ± 0.4–0.57% ± 0.3). The water activity (aw) 
of freeze-dried jambolan (0.264 ± 0.002) was much lower 
than that of in natura jambolan (0.982 ± 0.001), which indi-
cates that it can be considered microbiologically safe (Leong 
et al., 2011). Determining water activity reveals the amount 
of free water in the food responsible for all biochemical, 
microbiological, and spoilage reactions. Low water activity 
values are considered safer and promote greater dust stability 
(Wadibhasme et al., 2020a).

In relation to bioactive compounds, jambolan presented 
levels of phenolic compounds above those reported by 
Singh et al. (2019) (450 g GAE/100 g) and close to the 
anthocyanin content (198 mg/100 g), for the fresh fruit. 
Brito et al. (2017) found a higher value for anthocyanins of 
296.00 ± 16.00 mg/100 g in fresh fruit. Some factors must 
be taken into consideration to explain such divergences in 
values, such as differences in soil or climate.

3.2 Characterization of Microencapsulated 
Jambolan Extract

Table 2 presents the physical and physicochemical character-
ization and the content of bioactive compounds of the micro-
encapsulated jambolan extract. The water activity of the jam-
bolan extract microcapsules was 0.304, a value considered 
very suitable for the stability of the extract, as it represents 
a low amount of water available for chemical reactions and 
microbiological growth. Determining the moisture content 
of microcapsules is important as it is related to the drying 
efficiency and consequently the microbiological safety of 
the product, in addition to characteristics such as adhesion 
and crystallization. Wadibhasme et al. (2020a) presented 
values of water activity, moisture content, and total acidity 

Table 1  Chemical and physicochemical parameters and bioactive 
compounds of the edible part of jambolan (Syzygium cumini (L.) 
Skeels) in natura and freeze-dried jambolan

*Mean of three repetitions ± standard deviation. Values in lines fol-
lowed by the same letters do not differ significantly from each other 
(p < 0.05), using the Tukey test

Parameters In natura* Freeze-dried*

Moisture (%) 87.28 ± 0.01a 14.18 ± 0.04b

Proteins (%) 0.80 ± 0.10b 4.83 ± 0.04a

Total sugars (%) 10.35 ± 0.19b 48.56 ± 0.25a

Lipids (%) 0.51 ± 0.05b 0.68 ± 0.04a

Water activity (aw) 0.98 ± 0.00a 0.26 ± 0.02b

Titratable acidity (g/100 g 
malic acid)

1.64 ± 0.04b 15.64 ± 0.31a

FT (mg GAE/100 g) 610.3 ± 3.47b 2323.18 ± 4.54a

TAC (mg/100 g) 207.76 ± 1.24b 1574.80 ± 26.75a
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(0.333 ± 0.002; 3.90% ±0.02; 0.65 g/100 g malic acid ± 0.05, 
respectively) close to those found in the present study; how-
ever, the pH value was slightly higher (3.45 ± 0.04). The 
moisture content was similar to those commonly observed 
for powder products obtained by spray drying (Singh et al., 
2019; Gaibor et al., 2022).

The chromatic parameters L*, a*, and b* (Table 2) reveal 
that the microencapsulated jambolan extract presented high 
luminosity, due to the color (white) of the encapsulating 
agent used in microencapsulation by atomization and greater 
intensity of the red color, due to the high content of anthocy-
anins in the extract. The values of total phenolic compounds 
were lower than those reported by Tavares et al. (2020) for 
the jambolan powder produced by foam mat drying. The 
anthocyanin content found in the microencapsulated jam-
bolan extract was higher than the value reported by Singh 
et al. (2019) and Raman et al. (2020) in jambolan juice pow-
der and lower than that reported by Tavares et al. (2020).

Solubility is one of the properties that informs how micro-
capsules will behave in an aqueous solution, fundamental for 
their reconstitution and definition of possible applications. 
The microencapsulated extract showed a solubility above 90% 
(Table 2); similar values were observed by Singh et al. (2019), 
Wadibhasme et al. (2020a) for the solubility of jambolan 
microcapsules, and by Santhalakshmy et al. (2015) for the 
powder of the aqueous extract of microencapsulated jambolan.

The hygroscopicity value for microencapsulated jambolan 
extract reported by Santhalakshmy et al. (2015), also using malto-
dextrin as wall material, was higher (22.33 ± 1.52 g  H2O/100 g) 
than that obtained in the present study, which can be explained 
by a difference in the amount of wall material applied.

The encapsulation efficiency (EE) of phenolic compounds 
from microencapsulated jambolan extract was 89.23% 
(Table 2), a value close to that found by Rocha et al. (2019) 
in a mixture of microencapsulated extracts of jussara, jabu-
ticaba, and blueberry (94.21%) and lower than that reported 
by Rezende et al. (2018) in an extract of microencapsulated 
acerola pulp (69.75%).

Regarding the EE of anthocyanins from microencap-
sulated jambolan extract (94.56%), lower EE values were 
reported by Ahmad et al. (2018) in the study with micro-
encapsulated saffron extracts (45% and 63.25%). Mahdavi 
et al. (2016b) obtained EE in their barberry extracts for 
anthocyanins close to those found in this study (between 
91.5 and 93%). In research carried out with microencap-
sulated Chagalapoli extract, Antonio-Gómez et al. (2021) 
present a higher EE value for anthocyanins than the present 
study (99.40%).

The difference in EE values may be attributed to some 
factors, such as the microencapsulation conditions, type, 
and concentration of wall material. Furthermore, the EE 
for total phenolic compounds did not follow the same 
behavior as anthocyanins. In their study with pomegranate 
juice microencapsulated with maltodextrin, Robert et al. 
(2010) found behavior similar to this work, where the EE 
of anthocyanins was 80%, but only 70% for total phenolics. 
The authors attributed these differences to the charges 
present in the bioactive compounds, taking into account 
that anthocyanins contain a positive charge, having greater 
affinity for maltodextrin in relation to other phenols, which 
have a negative charge, with lower affinity for maltodextrin.

3.3 Phenolic Profile of Liquid 
and Microencapsulated Aqueous Extract

In the aqueous extract of jambolan and in the microencap-
sulated extract, 6 phenolic compounds were quantified, 
including 2 flavanols, 1 condensed tannin, and 3 anthocya-
nins (Table 3). These results show the variety and richness of 
phenolic compounds present in the fruit and its derivatives. 
Some phenolic compounds such as catechin and the antho-
cyanin cyanidin 3-glucoside were also reported by Azima 
et al. (2017) in the aqueous extract of jambolan.

Catechin was quantified in jambolan extract in quantities 
greater than procyanidin A2 and epicatechin gallate 
(Table 3), which presented significant concentrations only 
in the microcapsules of the extract. Studies report that 
catechin has long been attributed to its antioxidant and anti-
inflammatory effects, increasing its therapeutic potential as 
interventions for numerous clinical disorders, being used 
as an alternative therapy in the treatment of HIV infection, 
in addition to being one of the most abundant phenolic 
compounds after simulation of gastrointestinal digestion 
in  vitro, showing greater bioaccessibility in aqueous 

Table 2  Physical and physicochemical characteristics and determina-
tion of phenolic compounds and anthocyanins from the microencap-
sulated jambolan extract

*Mean of three repetitions ± standard deviation
FT total phenolics, TAC  total anthocyanin, EE encapsulation effi-
ciency

Parameters Microcapsules*

Moisture (%) 5.15 ± 0.16
Water activity (aw) 0.304 ± 0.010
pH 2.33 ± 0.02
Titratable acidity (g/100 g malic acid) 0.58 ± 0.04
L* 88.27 ± 0.17
a* 25.72 ± 0.12
b* 0.09 ± 0.01
Solubility (%) 97.27 ± 0.28
Higroscopicity  (gH2O/100 g) 14.92 ± 0.01
FT (mg GAE/100 g) 522.72 ± 1.64
TAC (mg/100 g) 128.90 ± 1.16
EE (%) total phenolic compounds 89.23 ± 1.67
EE (%) anthocyanins 94.56 ± 1.61
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extracts (Andrade et  al., 2022). The condensed tannin 
(procyanidin A2), found in jambolan, has a high molecular 
size, as indicated by the high mDP value (average degree 
of polymerization), in addition to contributing to the high 
astringency characteristic of this fruit (Tavares et al., 2016).

Observing the anthocyanin profile (Table 3), two digly-
cosylated anthocyanins (cyanidin 3,5-diglycoside and 
pelargonidin 3,5-diglycoside) and one monoglycosylated 
(cyanidin 3-glucoside) were quantified. Pelargonidin in the 
diglucoside version was the largest source of contribution 
to the total anthocyanins quantified by liquid chromatog-
raphy in the present study.

Carvalho et al. (2017) quantified nine anthocyanins in 
samples of jambolan juice dehydrated in a foam bed, among 
which they found cyanidin in mono- and diglycosylated 

versions, however, in concentrations lower than those found 
in the present study (3.59 ± 0.21 mg/L and 0.10 ± 0.04 mg/L, 
for cyanidin 3,5-diglucoside and cyanidin 3-diglucoside 
in jambolan juice, respectively). Cyanidin in mono- and 
diglycosylated versions are widely reported by other authors 
(Lestario et al., 2017; Romualdo et al., 2021; Santiago et al., 
2016); however, none of the studies reported pelargonidin 
3,5-diglycoside. The difference between the results 
presented in this study and those of the authors consulted 
may be caused by different environmental conditions of 
development, varietal differences in the species, and different 
extraction and analysis methods. The compounds identified 
but not quantified were below the limit of quantification.

3.4 Average Diameter and Morphology 
of Microparticles

The particle size of powder extracts has been associated 
with important characteristics such as susceptibility to 
deterioration, fluidity, appearance, and dispersibility 
(Botrel et al., 2014). Jambolan extract microcapsules had 
average diameters ranging from 16.75 to 23.35 μm. The 
jambolan extract microparticles had a spherical shape and 
varied in size, characteristics typical of those produced 
by microencapsulation by spray drying, in addition to 
a surface without cracks (Fig. 1); this effect is due to the 
rapid evaporation of water forming a smooth and hard 
crust (Tonon et al., 2008). However, it can be noted that 
some parts of the surface of the microcapsules became 
rough, possibly due to shrinkage of the encapsulating agent 
in the initial stages of drying (Mar et al., 2020). These 
characteristics were also observed by other authors (Nunes 
et al., 2015; Daza et al., 2016; Tolun et al., 2020).

Table 3  Phenolic and anthocyanin profile of jambolan extract and 
microencapsulated extract

*Mean of three repetitions ± standard deviation. Means in lines fol-
lowed by the same letters do not differ significantly from each other 
(p < 0.05), using the Tukey test
**N.Q. compounds not quantified

Compound Liquid extract 
(mg/100 g)

Microcapsules 
(mg/100 g)

Procyanidin A2 **N.Q. *0.44 ± 0.01
Catechin *0.81 ± 0.002 **N.Q.
Epicatechin gallate **N.Q. *0.36 ± 0.04
Cyanidin 3,5-diglucoside *0.70 ± 0.008a *0.35 ± 0.0001b

Pelargonidin 3,5-diglu-
coside

*10.13 ± 0.01a *2.07 ± 0.38b

Cyanidin 3-glucoside *1.19 ± 0.04a *0.57 ± 0.01b

Fig. 1  Scanning electron microscopy (SEM) images of microencapsulated jambolan extract: a 100 μm approach; b 50 μm approach; c 20 μm 
approach
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3.5 Stability of Bioactive Compounds 
in the Microencapsulated Jambolan Extract

Regarding the stability of total phenolic and total anthocyanin 
content (Figs. 2 and 3), all samples showed a decrease in these 
compounds over time. It is important to highlight that the micro-
encapsulated jambolan extract stored at 28 °C presented a higher 
content of phenolic compounds (437.07 mg GAE/100 g ± 0.33) 
at the final storage time (90 days), in relation to the extract stored 
at 5 °C (403. 17 mg GAE/100 g ± 0.54), representing a reten-
tion of 83.61% for the microencapsulated extract stored at 28 °C, 
compared to 77.12% for that stored at 5 °C.

The anthocyanins present in the microencapsulated jam-
bolan extract also reduced during storage for 90 days at 5 °C 
and 28 °C. The microencapsulated jambolan extract stored 
at 5 °C presented a higher final content of total anthocy-
anins (117.18 mg/100 g ± 0.47) than that stored at 28 °C 
(105.72 mg/100 g ± 4.63), representing a stability of 90.91% 

for the microencapsulated extract stored at 5 °C, compared 
to 82.02% for that stored at 28 °C.

Taking into account that anthocyanins degrade at high tem-
peratures, a greater decrease is expected during storage at 28 
°C compared to those stored at 5 °C (Sharma et al., 2016); 
however, the group of phenolic compounds is much larger and 
has a wide variety of subgroups, each with different behaviors 
across temperature ranges, requiring a more in-depth study 
to precisely justify the behavior of the phenolic compounds 
present in the jambolan extract microcapsules.

These results were reflected in the color variation at the 
end of 90 days, where the microencapsulated jambolan 
extract stored at 5 °C presented a ΔE of 5.29 ± 0.39, while 
at 28 °C the difference was greater (ΔE = 10.16 ± 0. 73), due 
to greater degradation of anthocyanins.

In the study carried out by Tavares et al. (2020) with 
jambolan juice powder obtained by drying on a foam bed 
and in a hot air circulation dryer, the content of phenolic 
compounds showed a stability of 96% and anthocyanins of 
84.99%, after a period of storage for 150 days at 35 °C.

3.6 Stability of the Microencapsulated Extract 
Added to Gelatin

The results for the colorless gelatin powder sample mixed 
with microencapsulated jambolan extract followed the same 
trend, with a drop in the total phenolic content after 30 days 
(194.39 mg GAE/100 g ± 3.44), which represents a stability 
of 55.46% (Fig. 4).

The total phenolic content decreased and these differences 
were statistically significant along time. The reason for the 
decrease may be the phenolic compounds present on the sur-
face of the sample, which are more susceptible to interac-
tion with oxygen and humidity in the environment, leaving 
them more prone to degradation than those present inside the 

Fig. 2  Stability of total phenolic content of jambolan extract microen-
capsulated and stored at 5 °C and 28 °C 

Fig. 3  Changes in total anthocyanin content in  microencapsu-
lated jambolan extracts stored at 5 °C and 28 °C. Means followed by 
the same lowercase letter in the lines in each of the analyses do not 
differ significantly (p < 0.05), using the Tukey test. Means followed 
by the same capital letter between the lines in each of the analyses do 
not differ significantly (p < 0.05), using the Tukey test 

Fig. 4  Stability of total phenolic compounds from microencapsulated 
jambolan extract applied to gelatin. Means followed by the same low-
ercase letter in the line do not differ significantly (p < 0.05), using the 
Tukey test 
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sample. A similar result was obtained by Tolun et al. (2020) 
in their study with microencapsulated grape pulp extract. The 
authors also highlight that phenolic compounds are a large 
group of substances that have different sensitivity levels that 
can be affected by various conditions during storage.

The results for the colorless gelatin powder sample mixed 
with microencapsulated jambolan extract follow the same 
trend. At the end of 30 days, the total anthocyanin con-
tent was 217.70 mg/100 g ± 5.67, representing retention of 
45.21% (Fig. 5).

Analyzing the anthocyanin content in all cases, a decreas-
ing trend was observed; similar behavior was found in the 
study carried out by Bednarska et al. (2020) with anthocya-
nins in microencapsulated aronia juice. The authors argue that 
during storage, chemical interaction may occur between the 
components of the food matrix, such as proteins or polyuronic 
acids, and the anthocyanins of the natural dye, causing degra-
dation or exposure to oxidation of the anthocyanins. Thus, the 
stability of phenolic compounds and anthocyanins is strongly 
dependent on the characteristics of the food matrix.

The L value (luminosity) dropped probably due to the 
degradation of anthocyanins, which caused changes in the 
color of the gelatin powder, due to the original products of 
anthocyanin degradation, and which also contributed to the 
increase in the b coordinate (yellow intensity). In both cases, 
the decrease in anthocyanin values results in a statistically 
significant color variation (Table 4) confirmed by the ΔE 
for the colorless gelatin mixed with the microencapsulated 
jambolan extract (20.72 ± 0.91). Although the decrease val-
ues were high at the end of storage, the powders prepared 
for gelatin still showed bright color.

Based on the observed data, the addition of 7% of natural 
coloring in the powder for colorless gelatin from microen-
capsulated jambolan extract resulted in intense coloring and 
concentration of anthocyanins.

Conclusions

Jambolan extract (Syzygium cumini (L.) Skeels) 
microencapsulated by spray drying is considered a 
sustainable source of natural antioxidants and phenolic 
compounds, in addition to being used to color gelatin powder 
as an alternative to synthetic dyes. At the end of 90 days of 
storage, the microencapsulated jambolan extract showed a 
decrease in phenolic compounds and anthocyanins, but still 
with significant amounts of these compounds, indicating its 
potential as a functional ingredient and natural pigment for 
the food industry. Gelatin powder formulations made with 
7% natural coloring, despite greater anthocyanin losses after 
30 days of storage, showed visible coloration.

The final decision on the best option to add to the food 
must be based on additional criteria, such as the type of food 
you want to dye and the final cost. Finally, there is a need for 
further studies on ways to optimize the microencapsulation 
process to reduce losses of anthocyanins, in addition to 
more research on the stability of the application of freeze-
dried jambolan fruit and microencapsulated jambolan 
extract in foods.
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Table 4  Color parameters of gelatin powder samples added with dye 
in microcapsules

*Means followed by the same lowercase letter in the columns do not 
differ significantly (p < 0.05), using the Tukey test

Sample L a* b*

Gelatin pow-
der + microcap-
sules (day 1)

70.75 ± 1.39a 20.42 ± 0.80a 5.04 ± 0.04a

Gelatin pow-
der + microcap-
sules (day 30)

49.28 ± 3.15b 12.26 ± 0.25b 7.24 ± 0.84a
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