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Abstract

The present work was aimed to develop encapsulated wasabi flavor beads for resistance high
temperature condition. The beads prepared from waxy maize starches (HI-CAP 100), modified tapioca
starches (Flavotec), alginate and chitosan at various concentrations to determine their properties. The
beads size was found not significant differences in all treatments. Microcapsules of 10 % wasabi flavor
derived from the mixture of HI-CAP 100 and Flavotec at mass ratio of 1:0 (w/w) and alginate and
chitosan at mass ratio of 14:1 (w/w) exhibited excellent encapsulation efficiency (96.42 %) and this
formulation is also demonstrated the highest retention of AITC in wasabi flavor beads after thermal
process. Therefore, the encapsulated wasabi flavor has broad application prospects in food industry and
development value prospects.
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Introduction

The flavor of a dish determines the choice of spices used in cooking. Wasabi (Wasabia japonica
Matsum) is one of condiment whose increased consumption worldwide is attributable to their
characteristic flavor. It can be used to decorate foods because of its bright green color and also to flavor
traditional and modern foods e.g. raw fish, noodles, sushi, and mayonnaise [1]. More recently, wasabi has
found widespread appeal in western cuisine, as well as in Japanese cuisine, owing to its unique hot taste
and pungent smell. The main pungent component of wasabi is known to be isothiocyanate (ITC) and its
derivatives, volatile substances, and allyl isothiocyanate (AITC) account for more than half ITC
derivatives [2]. When the cells are disrupted during preparation, the glucosinolates reacts with the
membrane-associated myrosinases liberating isothiocyanates [3]. The highest tissue concentration of
AITC was found in the rhizomes, ranging from 1564 to 3366 mg/kg (fresh weight basis) [4]. However, it
has been shown that AITC is unstable and is gradually decomposed to other compounds having a garlic-
like odor in the presence of water at both room temperature (25 °C) and 37 °C [5]. AITC is also reported
to be sensitive by several hindrances, including instability at high temperature, poor solubility, and
susceptibility to degradation by food nucleophiles such as amino acids, amines, proteins, sulfites and
alcohols [6]. Encapsulation process which is an effective method to prevent the sensitive ingredients
within wall materials from adverse environment is therefore applied to tackle such problems.

The effective wall materials should be based on good emulsification, low viscosity at high
concentrations, good dissolution and network-forming characteristics as well as the ability to control the
flavor release profile in certain mediums [7]. Aside from the wall materials, the interactions between
flavor compounds and wall materials may also affect the flavor retention such as molecular association of
the flavor compounds with wall material through hydrogen bonding and development of insoluble
complexes [8]. Previous reports showed that low molecular weight aroma compounds (i.e. allyl
isothiocyanate) could be binding to native starch demonstrated good retention of flavor when compared to
pure aroma [9]. Several encapsulation methods for protection of AITC against degradation have been
mostly employed in powder forms. The AITC was entrapped by inclusion in a- and B-cyclodextrins
complexes and their interaction were investigated [10-13]. These studies reported that AITC less than
20% remained in 48 h. In another study, the encapsulated AITC prepared by spray drying after
emulsification using different mass ratios of gum arabic with Tween 20 or Span 80 was released
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approximately 20 % from the microcapsules during 15 days of storage at 25 °C and 50 % relative
humidity [14]. In the past few years, AITC encapsulation has been applied for use in the field of food
packaging due to antimicrobial properties against foodborne pathogens. The encapsulation of AITC (4 %)
using zein ultrafine fibers was efficient to maintain strawberry quality under refrigeration [15]. The LDPE
films containing encapsulated AITC in triacetyl-pB-cyclodextrin maintained consistent AITC release, this
evidence suggests that it can be applied as an effective antimicrobial packaging material for food and
nonfood applications [16]. In the group of biopolymers, waxy maize starches are one of the most
preferred wall materials due to their good emulsifying and film forming properties, low viscosities, high
oil loading capacities, oxygen barrier properties, low molecular weight and low in price [17].
Additionally, the unique advantages of waxy maize modified starches are that they work as stabilizers of
nanoemulsions and then serve as wall materials. The modified tapioca starch is widely used in the food
industry to contain and protect volatile compounds, acting as containment materials for encapsulating
aromas and stabilizing emulsions. Loksuwan [18] studied ability of modified tapioca starch to serve as
wall materials for encapsulating B-carotene. They reported that the total B-carotene was highest for
modified tapioca starch while it was lowest for maltodextrin. Results obtained suggest that the modified
tapioca starch can be considered as potential wall material for encapsulation of B-carotene. Nevertheless,
there are very few researches about the utilization modified starch for encapsulation of AITC and wasabi
flavor. A gel bead system based on natural polysaccharides consisted of alginate and chitosan has been
widely used for encapsulation different bioactive ingredients due to their simple use, low cost,
biocompatibility and biodegradability which could be employed as an effective matrix. The chitosan—
calcium alginate complex gel beads showed the highest bead stability and AITC retention under
simulated gastrointestinal pH conditions [19]. According to Pasparakis and Bouropoulos [20], coating of
the alginate beads with chitosan caused significant reduction of micro/macroscopic pores and cracks
observed on the surface and thus a decrease of its permeability. However, very few studies have been
reported on the AITC-entrapped polysaccharide gel bead system. Also, many food systems demand the
application of AITC under thermal processing, but little studies dealt with AITC stabilization as a
flavoring ingredient for thermal processed foods.

To the best of our knowledge, no study has been performed to encapsulate wasabi flavor and its
application under thermal process (microwave heating and autoclaving), therefore this study was designed
to develop encapsulated wasabi flavor with waxy maize starch (HI-CAP 100), modified tapioca starch
(Flavotec), alginate and chitosan at various concentrations for resistance in high temperature condition.

Materials and methods

Materials

Chemical: Wasabi flavor was obtained from V. Mane Fils (Bangkok, Thailand), octenyl
succinylated waxy maize starches (HI-CAP 100) from National Starch and Chemical (Bangkok,
Thailand), modified tapioca starches (Flavotec) from Siam Modified Starch (Bangkok, Thailand), alginate
from Union Chemical (Bangkok, Thailand), chitosan from Marine Bio Resources (Samutsakhon,
Thailand), allyl isothiocyanate (AITC) with 98 % GC purity from Fluka Chemical Company (Steinheim,
Germany). All other reagents used in this study were of analytical grade and commercially available.

Production of encapsulated wasabi flavor in beads

The wall material solution was prepared by dissolving powdered ingredients in distilled water. The
production of wasabi flavor beads was divided into 2 steps: 1) blending wasabi flavor (10 % of total
solids) with HI-CAP 100 and Flavotec solution at mass ratio of 0:1, 1:1 and 1:0 (w/w) under warm water
for 5 min, 2) adding of alginate (3 % w/w) and chitosan (2 % w/w) solution at mass ratio of 10:1, 12:1
and 14:1 (w/w) and mixed using homogenizer at a rotational speed of 6,700 rpm for 45 min. The mixture
was dispersed as droplets using a syringe into a beaker containing calcium chloride solution (2 % w/w)
and then stirred for 30 min that solidified the beads. There were 9 different formulations (D1, D2, D3, D4,
D5, D6, D7, D8, D9) used for encapsulation in Table 1. The beads were then collected by filtration and
subsequently washed with distilled water and kept in amber bottles and stored at 4 °C. The encapsulation
process was carried out in triplicate.
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Table 1 Wall materials composition for wasabi flavor encapsulation.

Mass ratio (w/w)

Treatments Step 1 Step 2
HI-CAP 100 (H) Flavotec (F) Alginate (A) Chitosan (C)
DI 0 1 10 1
D2 0 1 12 1
D3 0 1 14 1
D4 1 0 10 1
D5 1 0 12 1
D6 1 0 14 1
D7 1 1 10 1
D8 1 1 12 1
D9 1 1 14 1

Characterization of wasabi flavor beads

The characterization of the beads was investigated by determining properties consisted of diameter,
weight, beads yield percentage, total AITC in encapsulated wasabi flavor and encapsulation efficiency.
All the tests were performed in triplicate.

The size of beads
The size of beads was measured with calipers. A diameter of 50 beads was determined to calculate
the average diameter. The mean of diameter (D) was calculated using Eq. (1):

D=32 (1)

where d is the diameter of each beads, n is the total number of beads measured, and D is the mean
diameter.

The weight of beads
The weight of 50 beads was determined with 2-digit precision balance (Sartorius BSA2202S,
Germany) and express as the average weight.

Beads yield percentage
The beads yield percentage was determined according to the following Eq. (2) [21]:

Beads yield (%) = (A/A{)x100 2)
where A is amount of recovered beads, A; is amount of emulsion in initially used

Determination of total AITC in wasabi flavor

Total AITC in the encapsulated wasabi flavor was measured according to solid phase
microextraction (SPME) a modified method described by Tomsone et al. [22]. The 10 g of wasabi flavor-
loaded beads were placed in a 40-mL headspace glass vial and kept on the hot plate at 40 °C for 15 min to
equilibrate. The volatiles were extracted with the fibers (PDMS/DVB) (Supelco, Bellefonte, PA, USA) at
40 °C for 30 min. All volatile samples were analyzed by GC-7890A (Agilent, USA) which was equipped
with a DB-WAX capillary column (30 m % 0.25 mm i.d. x 0.25 pm film thickness) and flame ionization
detector. The injector and detector temperatures were set at 160 and 240 °C, respectively. Column
temperature started at 100 °C, held for 2 min, and then increased at 10 °C/min to 145 °C for 5 min,
followed by 10 °C/min to 230 °C for 5 min. Nitrogen was used as the carrier gas at a constant flow rate.
The peak areas of volatile compounds were obtained from the chromatograph software. Quantification of
allyl isothiocyanate was performed using methyl isothiocyanate as an internal standard.

Determination of encapsulation efficiency
The formula used for calculating encapsulation efficiency for AITC is given below in Eq. (3) [21]:

EE% = (C/C;)x100 3)
where C is concentration of AITC in encapsulation beads, C; is initial concentration of AITC in solution.
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Effect of thermal processing on encapsulated wasabi flavor

Microwave heating and autoclaving were the model system chosen for study the resistance high
temperature of encapsulated wasabi flavor. The 5 g of wasabi flavor-loaded beads and 50 mL of water
were heated in a microwave oven at power of 1,000 W for 28 s. For autoclaving, the encapsulated wasabi
flavor was mixed into the tuna spread (50 % mayonnaise, 25 % minced water chestnut, 20 % tuna and 5
% chopped onions). The 5 g of wasabi flavor-loaded beads and 85 g of tuna spread were weighted and
contained in enamel-coated cans (211x109). The cans were sealed and heated in a vertical autoclave at
121 °C for 30 min and then allowed to cool for 15 min. The retaining wasabi flavor (total AITC) and
encapsulation efficiency were determined and calculated as described in section 2.3.4 and 2.3.5,
respectively.

Statistical analysis

Data were analyzed using analysis of variance (ANOVA) to determine differences between samples
from 3 replicate experiments followed by Duncan’s multiple range test (p < 0.05) to identify significant
differences among treatments, using the statistical software SPSS (ver. 23, IBM, Armonk, NY, USA).

Results and discussion

Characterization of wasabi flavor beads

The physical properties of wasabi flavor beads made from different wall materials with various
concentrations are shown in Table 2. There was no significant difference (p > 0.05) in size of the beads
from all treatments which had an average size in the range of 3.16 + 0.02 to 3.70 £ 0.02 mm, resulted in
uniform beads, while that of weight were significantly different (p < 0.05). The average weight of beads
is in the range of 41.33 = 1.05 to 59.99 + 1.19 mg, it was found to increase with increase in concentration
as well as viscosity of alginate solution [23]. The present study results were consistent with the results of
Taksima et al. [24]. They had reported similar results for the diameter and weight of alginate-chitosan
coated beads using ultrasonic atomizer for astaxanthin. The mean diameter and weight of alginate-
chitosan beads were 4.23 mm and 55.47 mg, respectively.

With respect to the beads yield percentage, it was found to be in the range of 61.70 to 89.91 %. The
yield (%) of all 9 treatments showed that an increase in the concentration of the alginate increases the
practical yield percentage. This result is supported by Aldawsari et al. [25] who reported that the
enhanced ratio of alginate in the composition of the beads forms a more rigid and the bead yield became
higher when the alginate concentration was increased.

The encapsulation efficiency (EE) is important indicator to evaluate the success of encapsulation,
which is defined as the amount of active ingredients encapsulated inside the beads. In our study, EE
values of AITC in various concentrations of wall materials are shown in Figure 1. The initial EE was
determined after the encapsulation process (day 0) and expressed as the percentage of encapsulated AITC
relative to the total AITC used. The data indicated that all treatments differed significantly and ranged
from 63 to 96 %. D6 had maximum EE (96.42 %), wall material consisted of HI-CAP 100 and Flavotec at
mass ratio of 1:0 (w/w) and alginate and chitosan at mass ratio of 14:1 (w/w). The beads prepared with
HI-CAP 100 presented the best encapsulation efficiency values. This may be related to the effect of
emulsifying property of HI-CAP 100 that exhibits lipophilic groups on its structure which is capable of
adsorbing to an oil-water interface resulting in molecular association of the wall material with flavor
compounds through hydrogen bonding, may also affect the flavor retention [8]. The results were similar
to those of Carvalho et al. [26] who reported the EE of green coffee oil in modified starch HI-CAP 100
microparticles up to 97 %. Ratanasiriwat et al. [27] also reported microcapsules of 20 % wasabi flavor
derived from the mixture of HI-CAP 100 with maltodextrin and HI-CAP 100 with CAPSUL
demonstrated excellent properties of EE. Furthermore, this result demonstrated that the increase of
alginate concentration enhanced flavor loading efficiency could be due to more availability of the
calcium-binding sites in the anionic linear polysaccharide chain and, consequently, an additional degree
of crosslinking by increasing the sodium alginate fraction [28,29]. The enhancement of alginate
concentration resulted in increase of EE value was confirmed in the study of Lotfipour et al. [30] who
indicated that alginate concentration was the most affective factor on EE of propranolol and increase in
EE of Lactobacillus acidophilus incorporated into calcium alginate beads [31]. In addition, the
electrostatic interaction between chitosan and alginate might render the network structure of chitosan-
coated calcium alginate gel beads more entangled [20].
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Figure 1 Encapsulation efficiency of wasabi favor beads for different bead formulations D1 =
HOF1A10C1, D2 = HOF1A12Cl1, D3 = HOF1A14C1, D4 = HIF0A10C1, D5 = H1F0A12C1, D6 =
H1F0A14C1, D7 =HI1F1A10C1, D8 =HIF1A12C1, D9 = HIF1A14C1 (H, HI-CAP 100; F, Flavotec; A,
Alginate; C, Chitosan). Error bars indicate standard errors. Letters with different superscripts indicate
samples that are significantly (p < 0.05) from each other.

Effect of thermal processing on encapsulated wasabi flavor

To evaluate the effects of thermal processing on the model wasabi flavor beads stability, microwave
heating and autoclaving were chosen. The impact of thermal processing on AITC retention of the
encapsulated beads made from various concentrations of wall materials was expressed as EE values
(Table 3) and the example of GC chromatogram of AITC in encapsulated beads after thermal processing
are shown Figure 2. The results indicated that the type of thermal processing significantly influenced the
retention of flavor content of encapsulated beads (p < 0.05). Interestingly, it is clear that the EE value of
D6 formulation was highest (92.32 %) after the microwave heating for all treatments. The data is in
agreement with the initial EE determined after the encapsulation process in Figure 1. This confirmed that
wall material consisted of HI-CAP 100 and Flavotec at mass ratio of 1:0 (w/w) and alginate and chitosan
at mass ratio of 14:1 (w/w) have efficiency to prevent flavor loss during microwave heating. The result
was similar to the study of Najafi ef al. [32] who reported that the use of HI-CAP 100 exhibited superior
encapsulating properties and considerable barrier effect against diffusion and loss of core material under
extreme environmental condition such as spray drying. Also, the increase of alginate level resulted in the
entanglement of alginate and chitosan chains in the matrix of beads appears to be strong enough to protect
the bead degradation by heating [33]. For autoclaving, encapsulated beads for all treatments resulted in a
sharp decrease. The highest EE value was found in D6 treatment that exhibited 7.87 % retention. This
decrease may be correlated to the high temperature and pressure leads to the bead shrinkage, resulting in
the subsequent release of the flavor [34]. The data is in concordance with the report from Young et al.
[35], that sterilization condition had significant effect on the physicochemical stability for encapsulated
all-trans retinol and curcumin emulsions and had maximum effect on bioactive recovery. In spite of the
EE values is decrease after autoclave, the AITC had strong pungency for recognized detection due to its
low threshold. This result was supported by Eib et al. [36] who stated that AITC showed pungency
perception and low sensory detection thresholds in the water-based matrix in the pre-study and main, the
values were 0.135 and 0.121 mg/100 mL, and those in the oil-based matrix were 0.497 and
0.582 mg/100 mL, respectively. Thus, encapsulated wasabi flavor with HI-CAP 100 and Flavotec at mass
ratio of 1:0 (w/w) and alginate and chitosan at mass ratio of 14:1 (w/w) (D6) is recommendable for food
product under thermal processing.
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Figure 2 GC chromatograms of AITC in encapsulated beads before (A) and after thermal processing (B).

Table 2 Average diameter, weight and yield percentage of wasabi flavor beads made from wall materials

with various concentration.

Treatments Diameter (mm)™ Weight (mg) Yield (%)
D1 (HOF1A10C1) 3.32+0.02 43.83 +1.72¢ 63.88 + 1.344
D2 (HOF1A12C1) 3.70 £ 0.02 5277 +1.37° 76.60 = 1.96¢
D3 (HOF1A14C1) 3.43+0.02 58.69 + 1.48? 88.13 £0.492
D4 (H1FOA10C1) 3.16+£0.02 46.35+ 3.19°¢ 64.08 + 1.434
D5 (H1F0A12C1) 3.35+£0.03 51.48 £1.27° 74.94 + 1.59°
D6 (HIFOA14C1) 3.34+£0.03 57.29 +1.87* 84.35+1.04°
D7 (HIF1A10C1) 3.51+£0.02 41.33 £1.05¢ 61.70 £ 1.644
D8 (H1F1A12C1) 3.37+0.02 53.63 +£0.74° 7531 +£1.18°
D9 (H1F1A14C1) 3.43+0.02 59.99 £1.19* 89.91 £1.10*

Abbreviations; H, HI-CAP™ 100; F, Flavotec D30; A, Alginate; C, Chitosan

ns = not significant.

*d Mean values in the same column followed by the different letters are significantly different (p < 0.05).
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Table 3 Retention of AITC in encapsulated beads made from wall materials with various concentration

after thermal processing.

Encapsulation Efficiency (%)

Treatments
Microwave Heating Autoclave
D1 (HOF1A10C1) 3.09 +£0.22" 1.64 +0.04°
D2 (HOF1A12Cl1) 29.27+0.77¢ 4.03+0.174
D3 (HOF1A14C1) 33.36 £0.75° 7.09 +£1.532
D4 (HIFOA10C1) 22.81 £1.398 3.72 £ 0.59¢
D5 (HIF0A12C1) 61.45+£1.19° 5.87+0.36°
D6 (HIFOA14Cl) 92.32 +4.94* 7.87+0.192
D7 (HIF1A10C1) 25.17+2.67¢8 4.68 +0.57¢
D8 (HIF1A12Cl1) 42.93 £1.55¢ 4.66+0.41¢
D9 (HIF1A14C1) 48.09 £ 0.77¢ 5.66 +0.47%

Abbreviations; H, HI-CAP™ 100; F, Flavotec D30; A, Alginate; C, Chitosan
#h Mean values in the same column followed by the different letters are significantly different (p < 0.05).

Conclusions

This study was performed to investigate the resistance high temperature of encapsulated wasabi
flavor in order to extend stability of ingredient in food processing. The beads with 10% (w/w) wasabi
flavor in a blend of HI-CAP 100 and Flavotec at mass ratio of 1:0 (w/w) and alginate and chitosan at
mass ratio of 14:1 (w/w) used as wall materials provides sufficient protection and efficiency of AITC
under microwave heating and autoclaving. Our findings demonstrated that the encapsulated wasabi flavor
generated under the studied conditions had capability to protect degradation of AITC under the high
temperature condition. These results constitute a theoretical foundation for the application of encapsulated
wasabi flavor as additive in the food industry.

Acknowledgements

The authors express their gratitude to the Faculty of Fisheries, Kasetsart University, Thailand for
financial support and use of research facilities.

References

[1] L Subedi, R Venkatesan and SY Kim. Neuroprotective and Anti-Inflammatory Activities of Allyl
Isothiocyanate through Attenuation of JNK/NF-kB/TNF-a Signaling. /nt. J. Mol. Sci. 2017; 18,
1423.

[2] Y Iwasaki, M Tanabe, K Kobata and T Watanabe. TRPA1 agonists-allyl isothiocyanate and
cinnamaldehyde-induce adrenaline secretion. Biosci. Biotechnol. Biochem. 2008; 72, 2608-14.

[3] T Sultana and GP Savage. Wasabi-Japanese horseradish. Bangladesh J. Sci. Ind. Res. 2008; 43, 433-
48.

[4] T Sultana, GP Savage, DL McNeil, NG Porter, RJ Martin and B Deo. Effects of fertilisation on the
allyl isothiocyanate profile of above-ground tissues of New Zealand-grown wasabi. J. Sci. Food
Agr.2002; 82, 1477-82.

[5] CW Chen and CT Ho. Thermal degradation of allyl isothiocyanate in aqueous solution. J. Agr. Food
Chem. 1998; 46, 220-3.

[6] L Li, W Lee, WJ Lee, JH Auh, SS Kim and J Yoon. Extraction of allyl isothiocyanate from wasabi
(Wasabia japonica Matsum) using supercritical carbon dioxide. Food Sci. Biotechnol. 2010; 19,
405-10.

[71 AM Bakry, S Abbas, B Ali, H Majeed, MY Abouclwafa, A Mousa and L Liang.
Microencapsulation of oils: A comprehensive review of benefits, techniques, and applications.
Compr. Rev. Food Sci. Food Saf. 2016; 15, 143-82.



Trends Sci. 2023; 20(9): 6758 8 of 9

[14]

[15]

[16]

[17]
[18]

[19]

[20]

(21]

S Gupta, S Khan, M Muzafar, M Kushwaha, AK Yadav and AP Gupta. Encapsulation: Entrapping
essential oil/flavors/aromas in food. In: AM Grumezescu (Ed.). Encapsulations. Academic Press,
London, 2016, p. 229-68.

AD Jorgensen, SL Jensen, G Ziegler, A Pandeya, A Buléon, B Svensson and A Blennow. Structural
and physical effects of aroma compound binding to native starch granules. Starch 2012; 64, 461-9.
ZT Jiang, QF Zhang, HL Tian and R Li. Reaction of allyl isothiocyanate with B-cyclodextrin. Food
Tech. Biotechnol. 2006; 44, 423-7.

X Li, Z Jin and J Wang. Complexation of allyl isothiocyanate by a-and B-cyclodextrin and its
controlled release characteristics. Food Chem. 2007; 103, 461-6.

QF Zhang, ZT Jiang and R Li. Complexation of allyl isothiocyanate with B-cyclodextrin and its
derivatives and molecular microcapsule of allyl isothiocyanate in B-cyclodextrin. Eur. Food Res.
Tech. 2007; 225, 407-13.

TL Neoh, C Yamamoto, S lkefuji, T Furuta, H Yoshii. Heat stability of allyl isothiocyanate and
phenyl isothiocyanate complexed with randomly methylated B-cyclodextrin. Food Chem. 2012; 131,
1123-31.

JA Ko, JY Jeon and HJ Park. Preparation and characterization of allyl isothiocyanate microcapsules
by spray drying. J. Food Biochem. 2011, 36, 255-61.

R Colussi, WMFD Silva, B Biduski, SLME Halal, EDR Zavareze and ARG Dias. Postharvest
quality and antioxidant activity extension of strawberry fruit using allyl isothiocyanate encapsulated
by electrospun zein ultrafine fibers. LWT Food Sci. Tech. 2021; 143, 111087.

J Shin, A Kathuria and YS Lee. Effect of hydrophilic and hydrophobic cyclodextrins on the release
of encapsulated allyl isothiocyanate (AITC) and their potential application for plastic film extrusion.
J. Appl. Polym. Sci. 2019; 136, 48137.

A Yusoff and BS Murray. Modified starch granules as particle-stabilizers of oil-in-water emulsions.
Food Hydrocoll. 2011; 25, 42-55.

J Loksuwan. Characteristics of microencapsulated p-carotene formed by spray drying with modified
tapioca starch, native tapioca starch and maltodextrin. Food Hydrocoll. 2007; 21, 928-35.

WT Kim, H Chung, IS Shin, KL Yam and D Chung. Characterization of calcium alginate and
chitosan-treated calcium alginate gel beads entrapping allyl isothiocyanate. Carbohydr. Polym.
2008; 71, 566-73.

G Pasparakis and N Bouropoulos. Swelling studies and in vitro release of verapamil from calcium
alginate and calcium-chitosan beads. Int. J. Pharm. 2006; 323, 34-42.

AK Azad, SMA Al-Mahmood, B Chatterjee, WMAW Sulaiman, TM Elsayed and AA Doolaanea.
Encapsulation of black seed oil in alginate beads as a pH-sensitive carrier for intestine-targeted drug
delivery: In vitro, in vivo and ex vivo study. Pharmaceutics 2020; 12, 219.

L Tomsone, K Zanda, G Ruta and T Talou. Composition of volatile compounds of horseradish
roots. (Armoracia rusticana L.) depending on the genotype. Proc. Latv. Univ. Agr. 2013; 29, 1-10.
EF Chan. Preparation of Ca-alginate beads containing high oil content: Influence of process
variables on encapsulation efficiency and bead properties. Carbohydr. Polym. 2011; 84, 1267-75.

T Taksima, M Limpawattana and W Klaypradit. Astaxanthin encapsulated in beads using ultrasonic
atomizer and application in yogurt as evaluated by consumer sensory profile. LWT Food Sci. Tech.
2015; 62, 431-7.

MF Aldawsari, MM Ahmed, F Fatima, MDK Anwer, P Katakam and A Khan. Development and
characterization of calcium-alginate beads of apigenin: In vitro antitumor, antibacterial, and
antioxidant activities. Mar. Drugs 2021; 19, 467.

AGS Carvalho, VM Silva and MD Hubinger. Microencapsulation by spray drying of emulsified
green coffee oil with two-layered membranes. Int. Food Res. J. 2014; 61, 236-45.

P Ratanasiriwat, W Worawattanamateekul and W Klaypradit. Properties of encapsulated wasabi
flavour and its application in canned food. Int. J. Food Sci. Tech. 2013; 48, 749-57.

S Mandal, SS Kumar, B Krishnamoorthy and SK Basu. Development and evaluation of calcium
alginate beads prepared by sequential and simultaneous methods. Braz. J. Pharm. Sci. 2010; 46,
785-93.

KY Lee and DJ Mooney. Alginate: Properties and biomedical applications. Prog. Polymer Sci.
2012; 37, 106-26.

F Lotfipour, S Mirzaeei and M Maghsoodi. Evaluation of the effect of CaCl, and alginate
concentrations and hardening time on the characteristics of Lactobacillus acidophilus loaded
alginate beads using response surface analysis. Adv. Pharm. Bull. 2012; 2, 71-8.



Trends Sci. 2023; 20(9): 6758 90f9

[31]

[32]
[33]

[34]

[35]

[36]

A Halder, S Maiti and B Sa. Entrapment efficiency and release characteristics of polyethyleneimine-
treated or-untreated calcium alginate beads loaded with propranolol-resin complex. Int. J. Pharm.
2005; 302, 84-94.

MN Najafi, R Kadkhodaee and SA Mortazavi. Effect of drying process and wall material on the
properties of encapsulated cardamom oil. Food Biophys. 2011; 6, 68-76.

TW Wong, LW Chan, SB Kho and PWS Heng. Design of controlled-release solid dosage forms of
alginate and chitosan using microwave. J. Contr. Release. 2002; 84, 99-114.

HHM Fadel, SN Lofty, MS Asker, MG Mahmoud and SY Al-Okbi. Nutty-like flavor production by
Corynbacterium glutamicum 1220T from enzymatic soybean hydrolysate. Effect of encapsulation
and storage on the nutty flavoring quality. J. Adv. Res. 2018; 10, 31-8.

S Young, E Basiana and N Nitin. Effects of interfacial composition on the stability of emulsion and
encapsulated bioactives after thermal and high-pressure processing. J. Food Eng. 2018; 231, 22-9.

S Eib, SR Gajek, DJ Schneider, O Hensel and I Seuss-Baum. Determination of detection thresholds
of sinigrin in water-based matrix and allyl isothiocyanate in water- and oil-based matrices. J.
Sensory Stud. 2020; 35, e12571.



