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Abstract
The peanut worm (Siphonosoma australe), a marine organism endemic to 
the coastal waters of Sulawesi, Indonesia, is rich in glutamic acid, making 
it a promising natural source of umami flavor. This study aimed to develop 
and characterize spray-dried microcapsules of peanut worm extract 
(MPWE) using maltodextrin (MD) and gum arabic (GA) as encapsulating 
agents, individually and in combination, with β-cyclodextrin (βCD) added 
to improve encapsulation efficiency. The spray-drying process yielded 
53.26–70.98% of microcapsules retaining L-glutamic acid contents  
of 2594.33–3871.33 mg/100 g, with recovery rates of 31.26–61.81%. 
All formulations exhibited desirable physicochemical properties, 
including low moisture content (2.12–3.77%), water activity (0.31–0.35), 
hygroscopicity (8.27–11.20%), high solubility (88.78–98.84%), and 
good flowability. The microcapsules had particle sizes ranging from 
5.71 to 8.47 μm with heterogeneous, wrinkled surfaces characteristic 
of spray-dried powders. Incorporation of βCD significantly enhanced 
the physicochemical stability of MPWE, though a slight reduction in 
solubility was observed. Among all formulations, the MD–GA–βCD (MGβ) 
combination produced the most favorable characteristics, suggesting 
its potential as an optimal encapsulation system for producing stable, 
umami-rich microcapsules from marine-derived ingredients. This work 
introduces a novel marine-derived umami microcapsule with strong 
potential for application in functional and savory food industries.
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Introduction
The peanut worm (Siphonosoma australe), a marine 
invertebrate belonging to the phylum Sipuncula, 
is characterized by its peanut-like shape and is 
predominantly distributed along the southern coast 
of Sulawesi, Indonesia.1 nut worms as snacks and  
traditional medicine.2 To enhance their value as a  
fishery resource, it is essential to develop innovative 
processing strategies that transform this underutilized 
species into high-value and sustainable products.3-5

Recent studies have revealed that peanut worms are 
rich in protein, with glutamic acid as the dominant  
amino acid.6 Given that glutamic acid imparts the 
umami taste, peanut worms have strong potential as 
a natural umami flavor enhancer. Extraction typically 
releases free glutamic acid, the key contributor to 
umami flavor.7,8 Acid-assisted extraction has been  
shown to improve the yield, purity, and stability of 
protein-derived bioactive compounds,9 with citric acid 
proving particularly effective for producing peanut 
worm extracts with high glutamic acid content.6 

However, the extracted glutamic acid is unstable 
and prone to degradation during processing, limiting 
its practical application.10 This limitation can be 
effectively mitigated through microencapsulation 
technology.7,8

Microencapsulation enables controlled release and 
protection of active compounds, improving their 
stability and usability in food applications. Among 
various encapsulation techniques, spray drying 
is widely recognized for its efficiency, scalability, 
and cost-effectiveness in producing umami 
microcapsules.11 The selection of wall materials is 
a critical factor influencing encapsulation efficiency 
and stability.12 A combination of maltodextrin (MD) 
and gum arabic (GA) has been reported as an 
effective coating system for flavor compounds, 
offering good film-forming ability and emulsifying 
properties.13,14 However, MD–GA microcapsules 
often exhibit hygroscopicity and reduced shelf 
stability.8,15 Recent studies have demonstrated that  
incorporating β-cyclodextrin (βCD) into the 
encapsulation matrix can significantly enhance the 
retention of flavor and aroma compounds during 
processing and storage.16,17

βCD-based inclusion complexes have gained 
increasing attention for stabilizing and controlling 
the release of bioactive molecules.18 The unique 

structure of βCD, with a hydrophilic outer surface 
and a hydrophobic internal cavity,19,20 allows it 
to form stable complexes with various bioactive 
compounds.21,22 Despite its excellent thermal 
stability, βCD exhibits relatively low solubility in water, 
whereas MD and GA are more soluble but prone to 
moisture absorption. Therefore, combining MD 
and GA with βCD as composite wall materials may 
balance solubility, stability, and moisture resistance, 
thereby improving microcapsule performance.

To date, no study has reported the development of 
umami microcapsules from peanut worm extract 
using composite wall materials containing MD, GA, 
and βCD. Therefore, this study aims to prepare 
and characterize spray-dried peanut worm extract 
microcapsules using different combinations of these 
encapsulating agents. This research provides a 
novel approach to enhancing the functional and 
economic potential of Indonesian marine resources 
by producing stable, umami-rich microcapsules for 
use in the food industry.

Materials and Methods
Materials
This study sourced peanut worms as the primary 
raw material from fishermen at Toronipa Beach, 
Southeast Sulawesi. Extraction was performed using 
distilled water and commercial citric acid (Koepoe-
Koepoe, Indonesia). Microencapsulation was carried 
out using three wall materials—maltodextrin (MD) 
(Lihua Starch, China), gum Arabic (GA) (Ingredion,  
Thailand), and beta-cyclodextrin (βCD) (Landor 
Trading Company, Thailand). All analytical procedures  
employed reagents of pro-analytical grade, which 
were sourced from Sigma (Sigma-Aldrich, USA).

Preparation of the Microcapsules
The extraction process commenced with immersing 
100 g of cleaned and dried peanut worms in 500 mL 
of 3% citric acid at ambient temperature for 36 h. The 
mixture was then passed through a Whatman No. 
1 filter paper under vacuum. The filtrate obtained 
was adjusted to neutral pH using 1 N NaOH and 
subsequently concentrated by evaporation at 50 °C  
for 30 min. This extract served as the core material 
for spray-drying microencapsulation.4,5 For the 
preparation of each wall-material formulation 
(Table 1), 40 g of the designated coating agent was 
dissolved in distilled water (100 mL) and mixed using 
a homogenizer at 3000 rpm for 30 min. Afterward, 
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100 mL of the peanut worm extract was incorporated 
into the solution, yielding a feed mixture with 
approximately 45% total solids, and homogenization 
was continued for an additional 30 min at the same 
speed. The feed was spray-dried under operating 
conditions of 150 ± 1 °C inlet temperature, 80 ± 2 °C 
outlet temperature, a feed rate of 6.0 mL/min, and 
an atomization pressure of 5 bar. The microcapsule 
powders produced were immediately transferred 
into amber glass containers and stored at freezing 
temperatures until analysis. Formulations coated 
solely with MD served as control samples.

was incubated for approximately 8–10 minutes until 
completion, afterward the final absorbance (A2) was 
recorded. The absorbance change (ΔA L-glutamate) 
was obtained by subtracting A1 from A2. The recovery 
of glutamic acid from the microencapsulated peanut 
worm extracts produced with different wall materials 
was then computed using the respective formula.

Color Profile
Moisture content was quantified using a Shimadzu 
MOC63u moisture analyzer (Japan), while water 
activity was measured at 25 °C with a Rotronic 
Hygropalm-HP23 Aw-A instrument (Switzerland).

Hygroscopicity
The hygroscopic properties of the microcapsules 
were evaluated by placing 1 g of each sample 
in a sealed container equilibrated with saturated 
NaCl, which maintains approximately 75% relative 
humidity. The samples were stored at 25 °C for seven 
days. Hygroscopicity was expressed as the amount 
of water vapor absorbed per 100 g of dry sample.23

Solubility    
Solubility was determined by weighing 1 g of the 
microcapsule powder and dispersing it in 100 mL 
of distilled water with magnetic stirring (10 minutes). 
The mixture was subsequently passed through a 
filter, and the obtained filtrate was dried at 105 °C 
until a stable weight was achieved. The solubility 
value was reported as the fraction of the initial solids 
that entered the aqueous phase.23

Dissolution Time     
The dissolution time was evaluated based on 
an established method.23 In this test, 1 g of the 
microcapsule powder was introduced into 100 mL 
of distilled water contained in a 250 mL beaker at 
room temperature. The time taken for the particles 
to completely submerge and no longer remain visible 
on the surface was recorded as the dissolution time.

Dispersibility    
To assess dispersibility, 1 g of the microcapsule 
powder was combined with 10 mL of distilled water 
in a 50 mL beaker and stirred for 30 minutes to obtain 
a uniform dispersion free of sedimented clumps. The 
resulting mixture was filtered through a 200-mesh 
sieve, and the retained residue was subsequently 
dried to a constant mass.23

Table 1: Composition of coating materials

Code	 Coating Materials (%)

	 MD	 GA	 βCD

MD	 100	 0	 0
MDβ	 98	 0	 2
GA	 0	 100	 0
GAβ	 0	 98	 2
MG	 50	 50	 0
MGβ	 49	 49	 2

MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; 
GA: gum Arabic; GAβ: gum Arabic + β-cyclodextrin; 
MG: maltodextrin and gum Arabic; MGβ: maltodextrin 
and gum Arabic + β-cyclodextrin

Yield, Glutamic Acid Content and Glutamic Acid 
Recovery
The spray-drying yield was quantified by comparing 
the mass of the final powder with the total solids 
present in the initial raw material. The determination 
of glutamic acid concentration followed a previously 
described procedure.7 L-glutamate levels were 
assessed using an L-glutamic acid assay kit, in which 
the increase in absorbance at 492 nm was monitored 
using a UV–Vis spectrophotometer (Shimadzu UV-
Vis 1601, Japan). For the analysis, 0.1 mL of the 
diluted sample (mixed with 2 mL distilled water) 
was combined with 0.5 mL of solution 1 (35 mL 
pH 8.6 buffer containing 0.02% w/v sodium azide), 
0.2 mL of solution 2 (containing NAD+ and INT), 
and 0.05 mL of suspension 3 (diaforase). After a 
2-minute incubation period, the initial absorbance 
(A1) was measured at 492 nm. The reaction was 
then initiated by adding 0.05 mL of solution 4 
(glutamate dehydrogenase, GIDH), and the mixture 
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Within the formula, a refers to the sample mass 
applied in the analysis, b represents the powder’s 
moisture level, and TS corresponds to the quantified 
total solid fraction in the filtrate.
 
Flow Properties    
Bulk density (Bd) was measured by filling a 100 mL 
graduated cylinder with microcapsules up to the 25 
mL mark and weighing the sample. The weight and 
volume data were used to calculate Bd in units of 
g/cm³. Tapped density (Td) was determined using 
the same procedure, with the addition of mechanical 
tapping of the cylinder until the volume stabilized. Td 
was calculated using the same formula as Bd [7,8]. 
Flowability of the microcapsules was evaluated using 
the compressibility index (CI) and Hausner ratio 
(HR), both derived from Bd and Td values according 
to equations previously reported by Areekal et al.24

Particle Size Distribution and Morphology 
Structure    
Particle size analysis of the microcapsules was 
performed using a laser light–scattering technique 
with an LLPA-C10 particle size analyzer (Labron 
Equipment Ltd., UK). Surface morphology was 

observed using scanning electron microscopy 
(SEM) on a JSM-6510LA unit (Jeol Ltd., Japan). 
Before SEM observation, the samples were sputter-
coated with a thin layer of gold and examined at an 
accelerating voltage of 12 kV.

Statistical Analysis
All measurements were performed out in five 
independent replicates, and data are reported as 
the mean with the standard deviation. Statistical 
processing was conducted using SPSS version 20.0. A 
one-way ANOVA was employed to assess differences 
among treatments at a 95% confidence level,  
followed by Duncan’s Multiple Range Test (DMRT) for  
post-analysis comparisons when significant effects 
were detected (p < 0.05).

Results 
The results of this study are presented in Figures 
1A–1C, which illustrate the yield, glutamic acid 
content, and glutamic acid recovery; Figures 2A–2B, 
which show the dissolution time and permeability; 
Figure 3, depicting the particle size distribution; and 
Figure 4, demonstrating the structural morphology. 
In addition, Table 2 presents the color profile, Table 
3 summarizes the physical properties, and Table 4 
reports the flow properties.

Fig. 1: Yield (A), glutamic acid content (B), and glutamic acid recovery (C) of microcapsule form 
peanut worm extract. MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; GA: gum Arabic; 
GAβ: gum Arabic + β-cyclodextrin; MG: maltodextrin and gum Arabic; MGβ: maltodextrin and 

gum Arabic + β-cyclodextrin
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Table 2: Color profile of microcapsule form peanut worm extract

Coating materials	 L*	 a*	 b*	 WI

MD	 94.65  0.72d	 0.20  0.04a	 2.37  0.29a	 94.14  0.69d

MDβ	 95.05  0.87d	 0.17  0.07a	 2.16  0.22a	 94.59  0.81d

GA	 88.48  0.85a	 0.21  0.05a	 5.02  0.22c	 87.43  0.79a

GAβ	 90.88  0.47b	 0.15  0.06a	 2.82  0.22b	 90.45  0.44b

MG	 91.38  0.80bc	 0.17  0.09a	 2.89  0.20b	 90.90  0.71b

MGβ	 92.32  0.56c	 0.16  0.05a	 2.75  0.13b	 91.83  0.55c

Results are reported as the means ± standard deviations (n = 4).
Values within the same column sharing identical superscript letters do not differ significantly (p < 0.05). 
MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; GA: gum Arabic; GAβ: gum Arabic + β-cyclodextrin; 
MG: maltodextrin and gum Arabic; MGβ: maltodextrin and gum Arabic + β-cyclodextrin.

Table 3: Physical properties of microcapsule form peanut worm extract

Coating materials	 Moisture (%)	 aw	 Hygroscopicity (%)	Solubility (%)

MD	 2.12  0.09a	 0.31  0.02a	 11.29  0.30f	 98.84  0.43f

MDβ	 2.43  0.04b	 0.32  0.02a	 9.90  0.29e	 97.16  0.78e

GA	 3.45  0.06d	 0.35  0.03a	 8.62  0.30b	 90.57  0.68b

GAβ	 3.77  0.07e	 0.33  0.02a	 8.27  0.21a	 88.78  0.53a

MG	 2.38  0.08b	 0.34  0.02a	 9.50  0.11d	 94.96  0.54d

MGβ	 2.69  0.08c	 0.33  0.02a	 9.14  0.16c	 93.08  0.92c

Results are reported as the means ± standard deviations (n = 4).
Values within the same column sharing identical superscript letters do not differ significantly (p < 0.05). 
MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; GA: gum Arabic; GAβ: gum Arabic + β-cyclodextrin; 
MG: maltodextrin and gum Arabic; MGβ: maltodextrin and gum Arabic + β-cyclodextrin.

Fig. 2: Dissolution time (A), and dispersibility (B) of microcapsule form peanut worm extract. 
MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; GA: gum Arabic; GAβ: gum Arabic 
+ β-cyclodextrin; MG: maltodextrin and gum Arabic; MGβ: maltodextrin and gum Arabic + 

β-cyclodextrin
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Table 4: Flow properties of microcapsule form peanut worm extract

Coating materials	 Bd (g/cm3)	 Td (g/cm3)	 CI (%)	 HR	 Flowability

MD	 0.25  0.01a	 0.28  0.01a	 9.82  0.82a	 1.11  0.01a	 Excellent
MDβ	 0.30  0.01b	 0.35  0.01b	 14.58  0.54b	 1.17  0.01b	 Good
GA	 0.41  0.01e	 0.53  0.01e	 22.67  1.36d	 1.29  0.02d	 Passable
GAβ	 0.44  0.01f	 0.58  0.01f	 24.78  0.52e	 1.33  0.01e	 Passable
MG	 0.33  0.01c	 0.40  0.01c	 15.76  1.26b	 1.19  0.02b	 Fair
MGβ	 0.39  0.01d	 0.48  0.01d	 19.73  0.68c	 1.25  0.01c	 Fair 

Results are reported as the means ± standard deviations (n = 4).
Values within the same column sharing identical superscript letters do not differ significantly (p < 0.05). 
MD: maltodextrin; MDβ: maltodextrin + β-cyclodextrin; GA: gum Arabic; GAβ: gum Arabic + β-cyclodextrin; 
MG: maltodextrin and gum Arabic; MGβ: maltodextrin and gum Arabic + β-cyclodextrin.

Fig. 3: Particle size distribution of microcapsule form peanut worm extract. A: maltodextrin; B: 
maltodextrin + β-cyclodextrin; C: gum Arabic; D: gum Arabic + β-cyclodextrin; E: maltodextrin 

and gum Arabic; F: maltodextrin and gum Arabic + β-cyclodextrin
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Discussion
Yield, Glutamic Acid Content, and Glutamic Acid 
Recovery  
The product yield was determined by comparing 
the mass of the dried solids with the solid content 
present in the feed mixture. As illustrated in Figure 
1A, the yield values varied between 53.26% to 
70.98%. Overall, the MPWE samples produced 
using MD exhibited higher yields than those 
prepared with GA. The addition of βCD as part of the  
wall material markedly improved the yield, with the 
MGβ formulation achieving the highest recovery 
among all treatments. The lower yield observed for 
GA-based microcapsules is likely associated with 
the hydrophilic and branched molecular structure 
of GA, which can impede efficient atomization 
and increase wall deposition during spray drying, 
ultimately reducing product recovery.17 Incorporation 
of βCD into the encapsulating matrix enhanced the 
formation of molecular inclusion complexes during 
homogenization and elevated the glass transition 
temperature (Tg) of the resulting dried particles. 
When the Tg exceeds the drying temperature, 
undesirable physicochemical phenomena such as 
stickiness, caking, and thermal degradation are 
diminished, thereby improving coating performance 
and overall product yield.23,25 Collectively, these 

results demonstrate that βCD contributes to better 
stabilization of the microencapsulation system 
throughout the spray-drying process.

The L-glutamic acid levels in MPWE were found 
to range between 2584.33 and 3871.33 mg/100 g 
(Figure 1B), markedly exceeding those previously 
reported for umami microcapsules produced 
from seaweed extract (180–460 mg/100 g).7 The 
incorporation of MD as an encapsulating agent 
proved effective in safeguarding the umami 
constituents of PWE. This material exhibits high 
solubility and forms a porous matrix that can 
effectively entrap glutamic acid molecules.17 Notably, 
microcapsules formulated with GA exhibited even 
greater L-glutamic acid retention than those coated 
solely with MD, which may be attributed to GA’s 
enhanced film-forming properties that improve the 
preservation of core components.8 The addition of 
βCD to form composite wall systems (MDβ, GAβ, 
and MGβ) led to a further rise in L-glutamic acid 
content. This enhancement is likely associated with 
the ability of βCD to establish inclusion complexes 
within its hydrophobic cavity, supported by hydrogen 
bonding that facilitates the encapsulation of glutamic 
acid. The robust thermal stability of βCD also 
minimizes compound degradation during spray 

Fig. 4: Morphology structure of microcapsule form peanut worm extract. A: maltodextrin; B: 
maltodextrin + β-cyclodextrin; C: gum Arabic; D: gum Arabic + β-cyclodextrin; E: maltodextrin 

and gum Arabic; F: maltodextrin and gum Arabic + β-cyclodextrin
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drying.17,26 Glutamic acid recovery rates, which varied 
from 41.24% to 61.81% (Figure 1C), demonstrate 
the protective efficiency of the different coating 
matrices. These recovery values closely correspond 
to the measured L-glutamic acid concentrations, 
reinforcing the role of βCD in mitigating oxidative and 
thermal losses throughout processing. The superior 
recovery observed in βCD-enriched formulations is 
likely driven by the concurrent effects of inclusion 
complex formation and the elevated glass transition 
temperature, both of which contribute to improved 
stability during the drying process.

Color Profile
Color is one of the crucial attributes in food products, 
as consumers are highly attracted to products with 
visually appealing colors. Ideally, umami-enhancing 
ingredients should exhibit a high degree of brightness 
and remain visually neutral to avoid introducing 
color changes to the final product. According to 
Table 2, the microcapsules showed lightness (L*) 
values ranging from 88.58 to 95.05, indicating their 
relatively pale appearance. The luminance of the 
microcapsules was dictated mainly by the intrinsic 
color properties of the coating materials, which 
exerted a pronounced influence on the resulting L* 
values. Previous studies reported that the L* values 
of different coating materials varied considerably, 
with βCD exhibiting the highest L* value, followed 
by MD, while GA showed the lowest.17 No significant 
differences were observed in the a* values of 
the microcapsules (0.15–0.20), although a slight 
decreasing trend was noted with the presence of 
βCD. Meanwhile, higher b* values (2.16–5.02) were 
observed in microcapsules prepared with GA as 
the coating material, indicating a brighter yellowish 
hue characteristic of GA. This also contributed 
to the decrease in the whiteness index (WI) of 
the microcapsules prepared with GA. In general, 
MPWE exhibited a bright white color, superior to 
umami flavor enhancer microcapsules derived 
from seaweed extract and crab by-products.7,8 
Microcapsules with bright color characteristics have 
broad applications in the food industry.27  

Moisture Content and Water Activity (Aw)    
Moisture content plays an important role in 
determining product quality, particularly in relation to 
shelf life, hygroscopicity, and texture. The moisture 
content of the produced MPWE ranged from 2.12% 

to 3.77% (Table 3). All microcapsules formulated with 
composite wall materials containing βCD exhibited 
relatively higher moisture content. Similar findings 
were reported in microcapsules of grape extract,28 
seaweed extract,17 and turmeric extract.23 The 
hydrophobic cavity formed through the molecular 
inclusion of βCD allows more water to be trapped, 
most of which is difficult to evaporate during the 
drying of the feed solution.29 Microcapsules with 
moisture content below 5% are considered ideal 
and are known to have good long-term storage 
stability.30 Previous researchers suggested that the 
moisture content of spray-dried powders should 
be within the range of 4–5% to ensure storage 
stability.31 In contrast to the moisture content, the 
water activity (aw) of the microcapsules showed no 
statistically significant variation among formulations, 
with values ranging from 0.31 to 0.35. Despite 
the slight fluctuations, all treatments fell within 
the acceptable range for dry powdered products. 
Typically, aw in such products should remain below 
0.4, as higher levels may facilitate the growth of 
spoilage microorganisms and promote aggregation 
during storage.32 Some studies have proposed a 
more lenient upper limit of 0.6 for dry materials.33 
Nevertheless, maintaining aw below 0.4 is generally 
regarded as optimal to ensure long-term stability and 
minimize quality degradation.

Hygroscopicity and Solubility    
Hygroscopicity, a property associated with the 
uptake of moisture from the environment, directly 
impacts the stability, longevity, and flow performance 
of microcapsules. MPWE exhibited hygroscopicity 
levels ranging from 8.27% to 11.29%. MD-based  
microcapsules showed markedly higher hygros- 
copicity, whereas incorporating βCD into the coating 
composition significantly reduced this value (Table 3).  
GA has been reported to have a higher glass transition 
temperature compared to MD.34 The glass transition 
temperature of each coating material is a key factor 
determining the hygroscopicity of microcapsules. 
Furthermore, the decrease in hygroscopicity is also 
related to the limited presence of hydrogen and 
hydroxyl groups in the GA and βCD molecules.35 
High hygroscopicity can cause aggregation in 
spray-dried powders, thereby affecting the stability 
of the encapsulated bioactive components and the 
flowability of the resulting microcapsules.23 Solubility 
represents a key quality parameter for powdered 
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food products, indicating the extent to which the 
particles can completely dissolve during application.8 
The solubility of MPWE ranged from 88.78% to 
98.84% (Table 3), which is similar to that found in 
umami flavor enhancer microcapsules from seaweed 
extract, ranging from 93.18% to 94.49%.17 MD as a 
coating material exhibited better solubility compared 
to GA or βCD. This is related to the higher number 
of hydroxyl groups in MD molecules compared to 
GA and βCD,17,36 while βCD has a hydrophobic 
structure that leads to lower solubility, especially at 
room temperature.23 Previous studies have reported 
that spray-dried microcapsules prepared with βCD 
as the coating material showed solubility levels of 
no more than 60%.37  

Dissolution Time and Dispersibility    
The dissolution time of MPWE in this study ranged 
from 57.27 to 199.68 seconds (Figure 2A). An ideal 
flavor enhancer is expected to dissolve quickly, not 
float on the surface, and completely sink and dissolve 
in the solution. As shown in Figure 2A, the trend of 
MPWE dissolution time was similar to its solubility 
pattern (Table 3). Coating materials with abundant 
hydroxyl groups accelerated the dissolution time of 
the resulting microcapsules, whereas hydrophobic 
structures delayed the dissolution process.17 
Furthermore, microcapsules with faster dissolution 
times exhibited better dispersibility. As shown in 
Figure 2B, MPWE prepared with MD as the coating 
material had the highest dispersibility (90.06%), 
while that prepared with GAβ had the lowest 
(77.70%). Microcapsules with high dispersibility are 
highly desirable in the food industry.23    

Flow Properties    
The flowability characteristics of the powders 
were evaluated using bulk density (Bd), tapped 
density (Td), Carr index (CI), and Hausner ratio 
(HR), as summarized in Table 4. The GAβ-coated 
MPWE exhibited the highest Bd value (0.44 g/cm³), 
along with a correspondingly elevated Td value 
(0.58 g/cm³). These findings align with previous 
observations reported for umami microcapsules 
produced from seaweed extract.7 Powders with 
higher Bd and Td values generally contain less air, 
thereby reducing the likelihood of oxidation.38 The 
particle size distribution is a key factor influencing 
the Bd and Td values of microcapsules. Powders 
with smaller particle sizes generally exhibit higher 

Bd and Td values.8 Smaller particles tend to have 
fewer hollow structures and better cohesiveness. 
Good cohesiveness is indicated by low HR and CI 
values. In line with the Bd and Td results, MD-based 
MPWE showed the lowest CI (9.82–14.58%) and HR 
(1.11–1.17) values among all treatments, indicating 
the best flowability properties.17  

Particle Size Distribution    
Particle size distribution is a critical attribute of 
powdered products because it influences handling 
behavior during transportation and storage, as 
well as their physicochemical performance. The 
particle size profiles of MPWE are shown in Figures 
4A–4F, exhibiting a unimodal pattern with mean 
particle diameters ranging from 5.71 to 8.47 μm. 
The microcapsules produced in this study were 
noticeably smaller than previously reported umami 
microcapsules derived from crab by-products 
(20.75–25.32 μm)8 and seaweed extract (16.01–
34.10 μm).17 With respect to the wall materials, the 
MG formulation generated smaller particles than 
MD alone, whereas incorporating βCD as part of the 
composite coating resulted in larger microcapsules. 
This trend can be attributed to the higher viscosity 
of the feed mixture during atomization, as more 
viscous feeds typically form larger droplets, which 
in turn result in larger dried particles.35 MD contains 
more hydroxyl groups, which contribute to increased 
solution viscosity and may explain the observed 
differences. An enlargement in particle size with 
βCD incorporation has also been documented in 
the microencapsulation of curcumin.23 Although 
smaller microcapsules are often considered less 
favorable due to longer wetting times and reduced 
porosity, they are generally associated with improved 
technological and functional performance.7,39

Morphology Structure
The SEM micrograph illustrating the morphological 
features of MPWE is shown in Figure 5. Beyond the 
differences observed in particle size, microcapsules 
produced with different wall materials displayed 
markedly distinct surface characteristics. Overall, the 
peanut worm extract microcapsules exhibited a broad 
variety of shapes. Notably, incorporating βCD as a 
coating agent generated particles with more rigid and 
uniform surfaces, reducing the presence of dents 
and wrinkles typically formed during heat exposure. 
This behavior may be related to the elevation of the 
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particles’ glass transition temperature resulting from 
βCD addition.17 Flavor–βCD inclusion complexes are 
also known to form sizable aggregates in aqueous 
systems. These aggregates often possess regular 
geometric structures and are thought to contribute to 
improved thermal stability of the liquid phase during 
drying.8 Encapsulating agents are widely recognized 
as the main contributors to the morphological traits 
of microcapsules.40 The degree of smoothness or 
roughness of particle surfaces provides preliminary 
insight into the stability of the encapsulated 
products.18 Generally, smoother particles tend to 
exhibit lower interparticle interactions, which can 
be beneficial in specific applications. Conversely, 
previous studies have noted that microcapsules with 
rougher surfaces may demonstrate slower release 
behavior.23

Conclusion
Based on the analysis, each coating material 
significantly affected the yield, L-glutamic acid content,  
glutamic acid recovery, and the physicochemical 
properties of MPWE, except for the aw value. The 
combination of MGβ as the coating material produced 
MPWE with superior physicochemical characteristics 
compared to other coating materials. The yield 
of MPWE prepared with MGβ reached 70.98%, 
with a glutamic acid content of 3871.33 mg/100 
g and a glutamic acid recovery of approximately 
61.81%. Specifically, the presence of βCD in the 
coating formulation improved the color profile, 
hygroscopicity, flow properties, particle size, and 
morphological structure of MPWE compared to 
MD, GA, and MG. However, a decrease in quality 
was observed in the solubility and moisture content 
parameters of the resulting microcapsules. These 
findings provide valuable insights into the potential 
of PWE-based umami flavor enhancers in powder 
form, prepared by spray drying with MGβ as the 
coating material. The application of the resulting 
MPWE as a flavor enhancer or seasoning powder is 
a promising area for further exploration. Production 
on a small, medium, or large scale is quite promising 
for achieving high profit margins, given that peanut 
worms are available for free. However, additional 
research is needed to evaluate the product's sensory 
properties and stability during storage before it can 
be commercialized.
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