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and bioactive characterization of
microencapsulated Phyllanthus emblica kombucha
powder through foam mat drying

Nur Haniza Ewandi Jong, ab Norhayati Muhammad, *a Norazlin Abdullah a

and Dayang Norulfairuz Abang Zaidel cd

Interest in botanical kombucha enriched with bioactive compounds has expanded, especially those that

integrate Phyllanthus emblica. However, its sour taste and astringency limit its acceptability. This study

aims to examine the physicochemical and bioactive properties of a microencapsulated foam mat-dried

kombucha powder developed from Phyllanthus emblica extract and nipa palm sugar. The liquid

kombucha was encapsulated through foam mat drying at 65 °C for 5 hours using orange, pomegranate

and P. emblica pomace powder, which were then tested for encapsulation efficiency. Characterization

of the quality attributes involved the total phenolic content, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical

scavenging activity, pH, moisture content, total soluble solid, ethanol content, powder properties,

proximate analysis and toxicity test. The powdered kombucha encapsulated with P. emblica pomace

powder demonstrated the highest encapsulation efficiency of 86.10% with a total phenolic content of

998 ± 35.41 mg GAE per g. It showed a DPPH radical scavenging activity value of 63.62% ± 0.78%, pH of

3.09 ± 0.04, moisture content of 1.67 ± 0.40, and a total soluble solid of 7.80 ± 0.30 (Brix°) and met the

halal regulatory limit with an ethanol content of 0.31% ± 0.02%. Proximate analysis revealed 391.10 ±

0.15 kcal/100 g, 96.60 ± 0.01 g carbohydrates, 0.87 ± 0.02 g protein, 0.63 ± 0.00 g fibre, and 0 g fat. A

toxicity evaluation using the brine shrimp lethality assay yielded an LC50 of 1043.87 mg mL−1, confirming

its nontoxicity. Overall, the foam mat-dried P. emblica kombucha powder demonstrated promising

physicochemical stability and bioactivity, underscoring its potential as a safe and value-added ingredient

in functional beverages.
Sustainability spotlight

This study advances sustainable food innovation by transforming underutilized tropical resources; Phyllanthus emblica and Nypa fruticans into a functional,
shelf-stable kombucha powder using energy-efficient foam mat drying. The integration of natural carrier materials from fruit pomace promotes waste valori-
zation and supports circular bioeconomy principles. By reducing product perishability and enhancing nutritional value, this research aligns with the UN
Sustainable Development Goals (SDGs), particularly SDG 2 (Zero Hunger), SDG 3 (Good Health and Well-Being), and SDG 12 (Responsible Consumption and
Production). The ndings contribute to sustainable nutraceutical development and local resource utilization, fostering healthier diets and reducing environ-
mental impact in functional beverage production.
1 Introduction

In recent years, demand for natural, nutrient-dense foods has
risen due to increasing emphasis on health and well-being.
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Among these, fruit-based beverages have gained popularity,
particularly those enhanced with functional ingredients that
promote health beyond basic nutrition.1 Thirst quenching is no
longer the sole focus of modern beverage development, as there
is also an emphasis on delivering physiological benets,
improving mental and physical health, and reducing the risk of
nutrition-related diseases.2 Within this context, by aligning with
the current economic and health trends, kombucha has
emerged as one of the most promising functional beverages.3

Traditionally, kombucha is produced using a symbiotic culture
of bacteria and yeast (SCOBY) through the fermentation of
sweetened black or green tea.4 The nutritional value, bioavail-
ability, sensory quality and shelf stability are enhanced by
Sustainable Food Technol.
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fermentation while preserving the thermolabile nutrients.5

Studies report that consumer interest in kombucha is mostly
driven by its purported health benets, including immuno-
modulatory, cardioprotective, anti-inammatory, anti-
microbial and anticancer properties.6 The physicochemical
composition, bioactivities, and sensory traits of kombucha are
largely inuenced by the type of substrate. Thus, incorporating
novel substrates oen enriches the product with additional
bioactive compounds such as phenolics.7

Fruits and botanicals have been recently explored in studies
as alternatives, although tea remains the conventional
substrate.8 Among these, Phyllanthus emblica is especially
noteworthy. P. emblica is valued for its exceptionally high
vitamin C content and strong antioxidant activity. This fruit has
diverse biofunctional properties and is therefore widely used in
food, cosmetics, and healthcare industries.9 Despite these
advantages, its astringent and sour taste limit its consumption
and reduce consumer acceptance.1 In Malaysia, the tree is
commonly cultivated as an ornamental plant, particularly in the
state of Melaka, where its historical signicance is linked to the
naming of the state. However, much of the fruit goes unused
and is wasted annually.10,11 This highlights a missed opportu-
nity for valorisation of P. emblica into functional food applica-
tions that could increase its dietary relevance.12

In order to improve palatability and consumer acceptance,
the use of natural sweeteners is essential. Nipa palm sugar has
emerged as a desirable alternative to rened sugar due to its
unique avour, nutritional value, and low glycaemic index.13

Unlike highly processed cane sugar, nipa palm sugar undergoes
minimal processing without chemical additives and is rich in
minerals and vitamins.14 Research indicates that the avour of
nipa palm sugar is inuenced by volatile compounds formed
during heat processing. It has a nutty, roasted avour due to the
high concentration of pyrazines, whilst a larger ratio of furan
derivatives results in a sweet, burnt, caramelized avour. The
phenolic compounds and brown pigments produced during the
Maillard reaction and caramelization are also the main sources
of antioxidants in nipa palm sugar.15 However, despite its
potential, nipa palm sugar remains a niche commodity and is
underutilised in food innovation. Younger generations are less
familiar with its distinct taste, contributing to a gradual decline
in its cultural appreciation.16 Incorporating nipa palm sugar
into kombucha not only provides a healthier sweetener alter-
native, but also supports the revival of traditional ingredients.

At the same time, functional foods and beverages are
increasingly being transformed into powdered forms to
enhance their stability, portability, and shelf life. In this
domain, foam mat drying (FMD) stands out as an efficient and
cost-effective drying method that is particularly suited for heat-
sensitive bioactive-rich liquids.17 Although FMD has been
studied with various fruit juices and vegetable matrices, its
application to kombucha powders (especially those based on
innovative substrates like P. emblica) remains unexplored. P.
emblica is a rich source of vitamin C and polyphenols, and
exhibits potent antioxidant activity, but its high astringency and
sensitivity to thermal degradation pose formulation chal-
lenges.9 For this reason, an effective encapsulation method is
Sustainable Food Technol.
essential for preserving its functional properties in powdered
form.

Hence, this study aims to apply FMD as an encapsulation
technique to produce a stable, bioactive-rich, and potentially
stable kombucha powder made from an alternative substrate of
P. emblica extract with the use of fruit pomace powder as an
encapsulating agent. The investigation focuses on how FMD
preserves the physicochemical properties, bioactivity of the
phenolic content and antioxidant activity, and the safety prole
of the nal powder, establishing it as a viable functional and
halal-compliant beverage ingredient.
2 Materials and methods
2.1 Chemicals and materials

P. emblica fruits were collected in Merlimau, Melaka, while nipa
palm sugar was procured from SPL Food Industries Sdn Bhd
(Sarawak) with halal certication. The kombucha starter culture
(SCOBY) was purchased from Spoon Health (M) Sdn Bhd
(Wondrous, Negeri Sembilan). Pomegranate and orange pomace
powders were purchased from Raison Ayurvedic. Maltodextrin
and egg albumin powder were purchased from BisChem Tech-
nology Sdn Bhd. Gallic acid, 2,2-diphenyl-1-picrylhydrazyl,
ascorbic acid and Folin–Ciocalteu's phenol reagent were
purchased from Sigma Aldrich, USA. Sodium carbonate, meth-
anol, and ethanol were purchased from Bendosen, Malaysia. All
utilized chemicals were of analytical grade and procured locally.
2.2 Formulation of the P. emblica kombucha powder

2.2.1 Extraction and preparation of the P. emblica juice
and fruit pomace powder. The fresh fruit of P. emblica was
cleaned and stored at 4 °C for further use. Juice was extracted
using a cold pressed method by slow juicer (REVO830, Kuvings,
Germany).18 The extracted ltered juice was further used for
starter culture inoculation. Meanwhile, the P. emblica pomace
underwent hot water washing at 90 °C for 20 minutes to elim-
inate impurities, inactivate contaminants, and enhance the
water retention.19 It was then dehydrated at 65 °C until a stable
weight was reached. The dehydrated material was blended into
a ne powder using a heavy-duty blender (TM767, Warriors,
Malaysia). Lastly, the powder was sieved through a 500 mmmesh
to achieve uniform particle sizes, serving as a natural carrier in
the encapsulation process.19

2.2.2 Production of the P. emblica kombucha liquid.
Referring to a method of kombucha production detailed by
Leonarski et al., P. emblica extract of 2% (v/v) was added to
freshly boiled water that had been sweetened with 13% (w/v)
nipa palm sugar for 15 minutes.20 Aer being well dissolved,
the liquid was allowed to cool to 25 °C before adding 100 mL
(10% v/v) of kombucha starter culture (SCOBY) to the sweetened
solution. Aer that, it was incubated for observation until day 7
at the controlled temperature of 25 °C, while being covered with
a clean cotton cloth. The fermented liquids underwent a 15-
minute centrifugation at 5000×g at 4 °C (5804 R, Eppendorf,
Germany) and the supernatant was ltered through a 0.45 mm
sterile syringe lter (Jet-Biol, Spain).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulation ratio for encapsulation of the Phyllanthus emblica kombucha powder

Ingredients

Ratio of formulation (per 500 mL) (%)

Sample PPP Sample OPP Sample EPP

Kombucha-like beverage liquid 26.37 26.37 26.37
Carrier agent 26.37 26.37 26.37
Maltodextrin 10 10 10
1% egg albumin 37.25 37.25 37.25
Total 100 100 100
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2.2.3 Encapsulation and the foam mat drying of P. emblica
kombucha. The encapsulation of the P. emblica kombucha
using fruit pomace powder involved adding the selected carrier
agent combination; maltodextrin with pomegranate pomace
powder (MD:PPP), or MD with orange pomace powder
(MD:OPP), or MD with P. emblica pomace powder (MD:EPP) to
the liquid kombucha sample at a ratio of 1 : 1 (w/w).19 Bioactive
compounds are mostly carried by maltodextrin (MD). Owing to
its exceptional functional properties, water solubility, high glass
transition temperature, and low cost, MD nds extensive
applications in food items.21 The homogenized kombucha-
carrier agent underwent encapsulation via foam mat drying,
utilizing egg albumin as the foaming agent according to Saen-
taweesuk.22 This involved a 37.25% egg albumin solution at
a 1% weight concentration. Egg albumin was dissolved in
ltered water to achieve the desired concentration.

The kombucha-encapsulation agent combination was then
gradually stirred with a speed of 1500 rpm using IKA RW20. The
mixing process continued for 5 minutes. This drying process
included spreading the homogenized mixture onto a foam mat
to create a uniform layer. It was then subjected to controlled
drying conditions at a temperature of around 65 °C for a dura-
tion of 5 hours using a food dehydrator (Excalibur, USA).22,23 The
drying temperature of 65 °C was selected based on a previous
foam-mat drying study, which reported that temperatures
between 60–70 °C effectively reduce moisture while minimizing
the degradation of heat-sensitive phenolics and ascorbic acid.22

In addition, foam-mat drying requires 4 to 6 hours for complete
moisture removal in fruit-based foams.23 The driedmaterial was
ground into a ne powder using a high-speed blender (Pana-
sonic MX-151SG). The encapsulated kombucha particles were
stored in PE bags at 4 °C until further analysis. Table 1 shows
the formulation ratio for the encapsulation and production of
the encapsulated kombucha powder using different carrier
materials.

Following encapsulation and foam mat drying, the resulting
powders were analysed for their total phenolic content to
determine the extent of bioactive retention post-processing.

2.3 Determination of the total phenolic content (TPC)

The total phenolic content (TPC) was determined using the
Folin–Ciocalteu colorimetric method.24 A diluted sample of 20
mL (using a dilution factor of 1 : 10) was mixed with 100 mL of
10% (v/v) Folin–Ciocalteu reagent in a 96-well plate and allowed
to rest in the dark at 25 °C for 8minutes. Then, 80 mL of 7.5% (w/
v) sodium carbonate was added to the mixture and allowed to
© 2026 The Author(s). Published by the Royal Society of Chemistry
rest in the dark at 24 °C for 30 minutes. The absorbance was
measured at 765 nm. Gallic acid was used as a standard. The
results were presented in milligrams of gallic acid equivalent
per millilitre (mg GAE per mL). The obtained TPC values were
used to further calculate the encapsulation efficiency, providing
insight into the effectiveness of the carrier materials.

2.4 Determination of the encapsulation efficiency

The Folin–Ciocalteu method was utilised to ascertain the
phenolic content (PC) of the encapsulated powder. A single
gram of the sample was mixed with 10 mL of distilled water,
shaken well, and then run through a 0.45 mm lter. Distilled
water (10 mL volume) was used to wash 1 g of powder onto lter
paper to measure the surface phenolic content (SPC). The
weight of the encapsulated solid mass was divided by the entire
amount of solid mass that needed to be dried and the encap-
sulation yield was computed.19 The encapsulation efficiency (%
EE) was calculated as follows (eqn (1)):

%EE = ((TPC − SPC))/TPC × 100 (1)

where EE is the encapsulation efficiency, TPC is the total
phenolic content and SPC is the surface phenolic content.

The obtained EE values provided insights into the effective-
ness of the carrier material and were thus used to determine the
nal encapsulating agent for the kombucha powder.

2.5 Determination of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging activity

The DPPH assay was conducted based on the procedure written
by Gao et al.25 Briey, 1.5 mL of each sample and 3 mL of DPPH
solution (200 mM) were mixed. Aer incubation for 30 min
under dark conditions at 25 °C, the decrease in absorbance at
515 nm was measured, and the free-radical scavenging activity
was calculated as follows (eqn (2)):

Scavenging activity (%) = ((Absorbance of control − Absorbance

of sample)/(Absorbance of control))

× 100 (2)

2.6 Determination of the physicochemical properties

2.6.1 pH value, moisture content, total soluble solid (TSS)
and ethanol content. The pH value of the sample was deter-
mined using an electronic pH meter (EUTECH Instrumentals,
Sustainable Food Technol.
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Singapore) based on AOAC modication methods by Barbosa
et al.26 An infraredmoisture analyser (A & DWeighing, Malaysia)
was used to determine the sample's moisture content.26 A
refractometer was used to analyse the total soluble solid (TSS)
(ATAGO, USA).27 The ethanol content was determined according
to an ethyl alcohol reading using a digital refractometer
(ATAGO, USA).29 In accordance with the AOAC International
rules, each determination was made in triplicate.28

2.6.2 Powder properties. Product properties are usually
represented by the foam density, bulk density, tap density and
ow properties. Following a method by M. Saifullah et al., the
bulk density of the encapsulated kombucha powder was deter-
mined by transferring 5 g of the sample into a 10 mLmeasuring
cylinder.19 The cylinder was lightly tapped 2–3 times to level the
surface, and the occupied volume was recorded. Bulk density
was calculated as the mass of the sample divided by its volume
and expressed in g cm−3. As for the tapped density, 5 g of the
powder was placed into a 10 mL measuring cylinder and
dropped onto a rubber mat from a height of 15 cm. This process
was repeated 100 times to allow the powder to settle completely.
The tapped density was then calculated by dividing the sample
mass by the nal tapped volume (g cm−3).

2.6.3 Field emission scanning electron microscopy
(FESEM). The morphology and particle size distribution of the
encapsulated sample were examined using FESEM under
magnications of 500× and 1000× (Zeiss VP, SIGMA).19 Double-
sided sticky tape was used to attach a small amount of sample to
the sample holder. Before the extracts were placed in the eld
emission scanning electron microscope (vacuum 10−5 Pa, 5 kV),
they were covered in a gold coating (5 nm). The images di-
splayed on the monitor were used to examine the sample
morphology of the kombucha powder.

2.7 Proximate analysis

Adapting a method described by Masitlha et al., the powdered
sample moisture and ash contents were ascertained using
AOAC (1996) procedures 930.15 and 942.05, respectively.29 The
micro-Kjeldahl method, as detailed in AOAC (1996) (method
960.5), was used to calculate the crude protein (CP) content in
percentage. The Soxhlet method (method 920.39C), as pub-
lished by AOAC (1996), was used to determine the natural fat
content. The amount of crude bre was measured using the
non-enzymatic gravimetric method, and the difference was then
used to estimate the total amount of carbohydrates, as per
AOAC (1996).

2.8 Toxicity test using the brine shrimp lethality assay
(BSLA)

As described by Asaduzzaman et al., the brine shrimp lethality
assay (BSLA) was used for toxicity testing with minor modi-
cations and applied to the kombucha powder sample.30 Arti-
cial seawater was created by dissolving 19 grams of sea salt in
500 mL of distilled water, serving as a medium for hatching
brine shrimp. The shrimp eggs were placed in a partitioned
container with dark and light areas for hatching. The eggs were
transferred to the dark side for oxygen during hatching, with
Sustainable Food Technol.
a lamp on the light side attracting the hatched shrimp. Aer two
days, the nauplii were transferred to fresh, clear articial
seawater for visibility. Ten nauplii were carefully placed in test
tubes using a micropipette. A stock solution was prepared by
dissolving 10 g of the implant sample in 100 mL of distilled
water. Serial dilutions with concentrations of 1000, 500, 250,
100, and 10 ppm were prepared from the stock solution. Each
concentration was transferred into labelled test tubes contain-
ing ten nauplii and 1 mL of seawater. Aer 24 hours, the
number of dead nauplii was counted against a black back-
ground using a magnifying glass, and the death percentage was
calculated as in (eqn(3)).

Death (%) = (Number of dead nauplii)/(Number of dead nauplii

+ Number of live nauplii) × 100 (3)
2.9 Analysis of data

The data underwent analysis utilizing IBM SPSS Statistics
(Version 27.0, Chicago). The ndings were displayed as the
mean plus or minus the standard deviation (SD), and analysed
statistically by analysis of variance (ANOVA). A P value <0.05 was
used to determine the statistical signicance. The data were
obtained in triplicate.

3 Results and discussion
3.1 Total phenolic content (TPC), surface phenolic content
(SPC), encapsulation efficiency (EE) and DPPH radical
scavenging activity

In this study, the P. emblica kombucha-like beverage was
successfully encapsulated using a combination of maltodextrin
(MD) and fruit pomace powders (namely, pomegranate pomace
powder (PPP), orange pomace powder (OPP) and P. emblica
pomace powder (EPP)) through the foam mat drying technique.

Among the encapsulated powders, the EPP formulation
exhibited the highest encapsulation efficiency (86.15% ±

0.10%), signicantly different from both PPP and OPP samples
(p < 0.05). This was attributed to EPP's smaller SPC value (227.96
± 0.97 mg GAE per g), suggesting less phenolic loss on the
surface and better retention within the matrix. Lower SPC
values are desirable because they indicate that bioactive
compounds are better protected from oxidation, light, and heat
exposure.19While all three powders showed a signicant drop in
TPC compared to the original liquid kombucha-like sample
(1633.2 ± 85.31 mg GAE per g), this decrease is expected due to
heat exposure during the drying and partial degradation of
phenolics.31 The highest retained TPC among the powders was
found in EPP encapsulated powder (998.0 ± 35.40 mg GAE per
g), followed closely by OPP and PPP. These values reect the
effectiveness of the EPP matrix in preserving the antioxidant
compounds of kombucha through foam mat drying.

The variation in SPC values also reects the quality of
encapsulation. EPP showed the lowest SPC, indicating that
more polyphenols were successfully embedded within the
matrix rather than loosely adhered on the surface.32 Further-
more, the differences in EE values among the carrier agents may
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The total phenolic content (TPC), surface phenolic content (SPC), and encapsulation efficiency (EE) of all encapsulated kombucha
powder samplesa

Analysis P. emblica liquid kombucha PPP encapsulated OPP encapsulated EPP encapsulated
Positive control
(ascorbic acid standard)

TPC (mg GAE per g) 1633.20 � 85.31a 773.90 � 42.52b 951.06 � 23.21b 998.00 � 35.40b

SPC (mg GAE per g) NA 260.17 � 0.81b 291.15 � 1.99c 227.96 � 0.97a

EE (%) NA 84.02 � 0.01b 82.04 � 0.10c 86.15 � 0.10a

DPPH radical
scavenging activity

89.68 � 0.75b NA NA 63.62 � 0.78c 95.05 � 0.30a

a Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate signicant differences (p-
value < 0.05).
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be attributed to the physicochemical characteristics of the wall
materials used. For example, maltodextrin, used in all formu-
lations at 10% in combination with the respective pomace
powders, is widely reported to enhance the encapsulation of
polyphenols due to its low viscosity, good solubility, and high
glass transition temperature.22 Meanwhile, the unique brous
composition and polyphenol content of P. emblica pomace may
have synergistically improved the matrix's barrier properties,
enhancing entrapment and reducing the oxidation of pheno-
lics.22 These ndings are supported by M. Saifullah et al., who
reported similar trends where maltodextrin-based wall systems
in combination with citrus and plant-based pomaces improved
both polyphenol retention and ow properties.19 The total
phenolic content (TPC), surface phenolic content (SPC),
encapsulation efficiency (EE) of all the encapsulated kombucha
powder samples were evaluated and are presented in Table 2.

In their study, when used with maltodextrin, lemon pomace
powder (LPP) showed not only high EE but also enhanced
powder handling and bioactive release in simulated gastroin-
testinal conditions.

In this study, P. emblica pomace powder was successfully
applied as a carrier material for the foam mat drying of the P.
emblica kombucha liquid. The pomace powder aids in mini-
mizing surface phenolic loss, and retained a high total phenolic
content. These ndings align with the known antioxidant
capacity of P. emblica derived matrices and their potential for
protecting sensitive compounds during thermal processing.32

Following the TPC, SPC and EE value, the kombucha powder
encapsulated with EPP was selected for detailed physicochem-
ical analysis and proceeded as the nal formulation for the
kombucha-like beverage powder. The DPPH radical scavenging
activity of encapsulated powder kombucha was recorded at
63.62%± 0.78%. This value still reects a moderate antioxidant
capacity.33 The relatively lower scavenging rate in the powdered
kombucha can be attributed to the dilution of active
compounds due to the addition of carrier agents and possible
degradation of some polyphenolic compounds during the foam
mat drying process.34

A study by Antolak et al. discovered that liquid kombucha
typically maintains a higher concentration of active compounds
due to the fermentation process, which is less effective in
powdered forms.4 Similar observations have been reported by
Jayabalan et al., who noted that the antioxidant activity in
© 2026 The Author(s). Published by the Royal Society of Chemistry
kombucha tends to slightly decrease when subjected to heat or
prolonged drying, even though some polyphenols remain
bioavailable.34 Furthermore, since the main ingredient was P.
emblica extract which is known for its potent hydrophilic anti-
oxidant compounds, these compounds may perform more
effectively in aqueous radical environments.18 This result is also
in line with a study by Saifullah et al., where the choice of
encapsulation carrier and drying method can inuence not just
the total phenolic content, but also the chemical form and
solubility of antioxidants, thereby affecting their scavenging
behavior differently across assays.19

These ndings also underscore the fact that although the
encapsulated kombucha powder may have slightly lower radical
scavenging performance than the liquid kombucha, it still
retains signicant antioxidant functionality. This behaviour is
consistent with ndings in other natural antioxidant systems,
where processing leads to partial degradation or dilution of
active constituents.35 When compared conceptually with high-
performance antioxidant systems such as metal–organic
complexes containing copper, gold, or silver, the activity of
natural P. emblica kombucha is expectedly milder but exhibits
superior biocompatibility and safety.9,36 These metal-containing
complexes oen demonstrate stronger DPPH inhibition but
may also show reduced chemical purity and potential cytotoxic
effects, as reported in recent studies.36 Therefore, while the
antioxidant strength of P. emblica kombucha powder does not
match that of metal-enhanced hybrid materials, its natural
origin, safety, and functional food compatibility position it as
a valuable nutraceutical ingredient.

The differentiation between fermented and unfermented
extracts of P. emblica is pivotal in ascertaining their functional
and antimicrobial characteristics. The fermentation of kom-
bucha, facilitated by the symbiotic culture of bacteria and yeast
(SCOBY), results in an elevation of organic acid levels (including
acetic, gluconic, and lactic acids), bioavailable polyphenols, and
ascorbic acid, all of which collectively enhance the antimicro-
bial efficacy in comparison to the unfermented extract.9 Jaya-
balan et al. and Villarreal-Soto et al. have documented that the
fermentation process modies intrinsic phenolic compounds
into smaller, more bioactive metabolites that exhibit height-
ened antibacterial activity, while concurrently enhancing the
antioxidant capacity.34,35
Sustainable Food Technol.
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Notably, kombucha displays a selective antimicrobial effect.
The organic acids and polyphenols preferentially inhibit path-
ogenic and opportunistic bacteria, such as Escherichia coli,
Staphylococcus aureus, and Salmonella spp., whilst the benecial
gut microbiota (including species of Lactobacillus and Bi-
dobacterium) demonstrate enhanced tolerance to these
compounds due to their acid-resistant physiological adapta-
tions and their ability to metabolize specic phenolics.8,37 This
selective inhibition indicates that P. emblica kombucha may
serve as a microbiome-supportive beverage, exerting antibacte-
rial effects in vitro while preserving compatibility with probiotic
microorganisms in vivo. Given that fermentation markedly
enhances the release and transformation of bioactive
compounds, it is anticipated that fermented P. emblica kom-
bucha will exhibit superior functional properties compared to
its unfermented variant, thus reinforcing its prospective appli-
cations within nutraceutical frameworks.8

Moreover, given its organic ingredients, halal compliance,
and botanical origin, this kombucha powder remains a prom-
ising candidate for functional beverage powders targeting
health-conscious markets and convenience.
3.2 Physicochemical analysis of the encapsulated kombucha
powder

Evaluating physicochemical properties is crucial for deter-
mining the commercial potential of the encapsulated P. emblica
kombucha powder (EKP) as a functional beverage.7 For
comparative purposes, a commercial black tea kombucha
powder (CBTK) was also included in the analysis, serving as
a benchmark for standard quality attributes. The pH value of
the reconstituted EKP was slightly lower (3.09 ± 0.04) compared
to CBTK (3.21 ± 0.02), indicating a higher acidity which may
contribute to improved microbial safety and shelf stability.35

Both values fall within the acceptable range for kombucha
beverages, as reported by Villarreal-Soto et al., where typical
kombucha pH values range from 2.5 to 3.5.35

It is also important to acknowledge that the CBTK product
included for comparison is not foam-mat dried. Foam-mat
drying is an emerging technology for kombucha processing
and has been predominantly documented in experimental
studies, with no known large-scale commercial applications to
date. As a result, the physicochemical variations identied
between EKP and CBTKmay, in part, be indicative of disparities
in the processing methodologies, rather than solely reecting
the inherent quality of the products themselves. Nevertheless,
the utilization of CBTK serves as a signicant benchmark for
comprehending the extent to which EKP aligns with or diverges
from prevailing market standards.

The moisture content in EKP was signicantly lower (1.67%
± 0.4%) than that in CBTK (3.95% ± 0.5%), suggesting
enhanced shelf stability and reduced susceptibility to microbial
spoilage.17 The lowmoisture content of both samples, especially
the EKP, contributes to the low bulk density of the sample.33

EKP showed a higher total soluble solid (7.8 ± 0.3 °Brix)
compared to the commercial sample (6.5 ± 0.4 °Brix), likely due
to residual sugars from the nipa palm sugar or incomplete sugar
Sustainable Food Technol.
utilization during a shorter fermentation period. The use of
maltodextrin in the formulation may also contribute to this
value. Table 3 represents a summary of results obtained for both
the encapsulated kombucha powder (EKP) and commercial
black tea kombucha (CBTK).

On the other hand, the ethanol content in EKP was 0.31% ±

0.02% v/v, well below the 1% ABV threshold for halal compli-
ance as stipulated by JAKIM (Food Act 1983), making it suitable
for Muslim consumers.38 In contrast, the commercial powder
CBTK had a higher ethanol content of 0.41% ± 0.03% v/v.
Moreover, the use of foam mat drying and careful tempera-
ture control during the drying process (65 °C for 5 hours) of EKP
likely contributed to the further reduction of residual ethanol,
as ethanol is volatile and can partially evaporate during
drying.39

This additional step helped enhance the product's halal
suitability, while preserving its functional properties. For
functional food products intended for commercialization in
Malaysia and other Muslim-majority countries, the halal status
is a critical factor inuencing consumer acceptance.40 Halal
certication ensures that the product complies with Islamic
dietary laws, which strictly prohibit the consumption of alcohol.
According to the Special Muzakarah of the Fatwa Committee of
the National Council for Malaysian Islamic Religious Affairs
(JAKIM, 2011), beverages are considered halal if they are not
intentionally fermented to produce alcohol and the alcohol
content remains below 1% v/v, if for the purpose of commer-
cialization.37 Any product exceeding this threshold may be
deemed questionable or non-compliant, potentially excluding
a large segment of health-conscious Muslim consumers.

The ability of a powder to ow smoothly plays an important
role in how easily it can be processed, packaged, and handled,
both in production and by consumers. In this study, two key
ow-related characteristics (which are bulk density and tap
density) were assessed to better understand how the properties
of the encapsulated kombucha powder compare to those of
a commercial black tea kombucha. The results showed that
both bulk and tap densities were signicantly lower in EKP (p-
value = 0.004 and 0.003, respectively). This suggests that EKP
has a lighter, more aerated structure, which is likely due to the
foam mat drying technique used and the presence of botanical
ber from the carrier material.19,41 These lower density values
are benecial, especially for instant beverage powders, as they
tend to dissolve and disperse more readily when reconstituted.

Overall, the physicochemical prole of the encapsulated
kombucha powder demonstrated promising stability, accept-
able ow properties, and halal-compliant ethanol levels, sup-
porting its potential for market readiness as a functional
botanical kombucha powder.
3.3 Field emission scanning electron microscopy (FESEM)

Field emission scanning electron microscopy (FESEM) was used
to visualize the surface morphology of the encapsulated kom-
bucha powder at 500× and 1000× magnication. The micro-
graphs in Fig. 1 reveal that the powder sample had an irregular
particle shape and microstructure, indicating a broad size
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Summary of the physicochemical properties of encapsulated kombucha powder and commercial black tea kombucha powdera

Parameter
Encapsulated kombucha
powder (EKP)

Commercial black tea
kombucha powder (CBTK)

pH value 3.09 � 0.04a 3.21 � 0.02b

Total soluble solids (°Brix) 7.80 � 0.30a 6.50 � 0.40b

Moisture content (%) 1.67 � 0.40a 3.95 � 0.50b

Ethanol content (% v/v) 0.31 � 0.02a 0.41 � 0.03b

Bulk density (g mL−1) 0.37 � 0.05a 0.43 � 0.01b

Tap density (g mL−1) 0.47 � 0.01a 0.55 � 0.02b

a Different superscripts (a, b) indicate signicant differences among samples (p-value < 0.05) according to the post hoc test.
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distribution with an average particle size of between 12.9–54.31
mm. The particles in the samples were unstructured, and lacked
a dened cellular structure and internal porosity. This is likely
contributed by the brous structure of the P. emblica pomace
powder that was used to encapsulate the kombucha.32 More-
over, aer the drying procedure of the foam mat, the resultant
powder particles were acquired through the mechanical
grinding of the desiccated kombucha.40 The mechanical disin-
tegration associated with the drying and grinding procedures
resulted in challenges of accurately identifying the cellular
characteristics within the powder.19

Even though the powdered kombucha does not demonstrate
uniform encapsulation, the particle dimensions achieved are
adequate for powder formulations that necessitate optimal di-
spersibility and solubility, while concurrently minimizing the
generation of dust.42 This is supported by a previous study by
Shekunov et al., where they discovered that smaller particles
(such as those in the 50–60 mm range) manage to disperse more
uniformly in a medium, enhancing the solubility and ensuring
consistent performance in formulations.42

Furthermore, M. Saifullah et al. and K. Muzaffar et al. re-
ported analogous ndings in their investigations concerning
lemon-scented pomace and amla pomace powder.19,32 The
identied porous architecture is benecial for facilitating rapid
rehydration and efficient dissolution, characteristics that
augment the applicability of the powder as an instant functional
beverage.43

In addition, sustaining particle dimensions above the
conventional 50 mm threshold mitigates dustiness and
Fig. 1 Surface morphology and particle distribution at (a) 500× magnifi

© 2026 The Author(s). Published by the Royal Society of Chemistry
enhances bulk management, given that larger particles are less
susceptible to the formation of powder dust. In a separate
investigation, Kaderides and Goula discovered that poly-
phenolic extracts encapsulated within orange pomace dietary
bre exhibited an irregular morphology and were amorphous in
nature.44 The encapsulation of the powder was accomplished
through a spray drying technique. When it comes to food items
like kombucha powder, the particle sizes greatly affect the
uniformity and dissolvability of the product. A size range of 50–
60 mm is ideal for ensuring a smooth texture and quick disso-
lution in beverages.19,42,43
3.4 Proximate analysis for nutrition composition

The proximate compositions of the kombucha-like powder
encapsulated with PPP were evaluated to understand its basic
nutritional prole. The powder displayed a substantial carbo-
hydrate concentration of 96.60 ± 0.02 g/100 g, a minimal
protein content (0.87 ± 0.03 g/100 g), and no detectable fat,
culminating in a total caloric value of 391.10 ± 0.15 kcal/100 g.
These results are in alignment with prior investigations con-
cerning powdered kombucha products derived from fruit-based
substrates, which characteristically exhibit elevated carbohy-
drate density attributable to residual sugars and poly-
saccharides originating from both the fermentation medium
and fruit matrix.8

Notably, the product included 0.63 ± 0.01 g/100 g of dietary
ber, mainly derived from the P. emblica pomace used as
a carrier material. Although the dietary bre content is minimal
cation and (b) 1000× magnification.
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Table 4 Proximate analysis of the encapsulated kombucha powder

Nutrient Per 100 g Per serving (15 g)

Energy 391.10 � 0.15 kcal 58.67 � 0.15 kcal
Carbohydrate 96.60 � 0.02 g 14.50 � 0.02 g
Protein 0.87 � 0.03 g 0.13 � 0.03 g
Fat 0 g 0 g
Dietary bre 0.63 � 0.01 g 0.09 � 0.01 g

Fig. 2 Graph of the log10 concentration against the probit of mortality
for a kombucha-like powder.
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on a per 100 g basis, its incorporation elevates the nutritional
prole of the beverage powder, particularly when compared to
traditional kombucha powders that generally lack bre due to
ltration methods employed prior to drying.33 Dietary bre,
particularly from fruit pomace sources, has been extensively
documented to support gastrointestinal health, promote feel-
ings of fullness, and assist in the regulation of blood glucose
levels.34 Table 4 summarizes the nutritional composition of the
botanical kombucha-like powder.
3.5 Toxicity test using the brine shrimp lethality assay
(BSLA)

The brine shrimp lethality assay (BSLA) was employed to assess
the preliminary toxicity of the kombucha powder encapsulated
Table 5 Summary of the probit of mortality and log10 concentration

Sample
Concentration
(mg mL−1)

Log10
concentration

Mor
(%)

Encapsulated kombucha
powder (EKP)

1 0.00 0
10 1.00 0

100 2.00 6.67
250 2.40 13.3
500 2.70 33.3

1000 3.00 46.6

Sustainable Food Technol.
with P. emblica pomace. This assay is recognized for its
simplicity, cost-effectiveness, and reliability in evaluating the
bioactivity of natural products, including plant extracts and
fermented beverages.45

The BSLA assay utility in kombucha research is supported by
prior ndings indicating that toxicity levels may uctuate
depending on fermentation duration, substrate composition,
and the concentration of bioactive compounds.34,35 While
kombucha is classically regarded as safe, the accumulation of
organic acids, ethanol, microbial metabolites or concentrated
phenolics aer the drying process could potentially modify its
toxicity, thereby necessitating safety verication for powdered
formulations.

A study by Murphy et al. highlighted the importance of safety
verication for kombucha, particularly in powdered formula-
tions, due to the potential toxicity from accumulated organic
acids, ethanol, microbial metabolites, or concentrated pheno-
lics, which may arise during the drying process.46

In this study, varying concentrations of the encapsulated
kombucha powder were tested against Artemia salina nauplii.
Mortality rates were recorded aer 24 hours of exposure. The
data were analysed using probit analysis. The probit of mortality
for the encapsulated kombucha powder is presented in Fig. 2.

This approach involves plotting the logarithm of extract
concentrations against the probit-transformed percentage
mortality using the Finney table of probit mortality.47 The
regression model is represented by y as the probit of mortality
and x as the log10 of concentration (mg mL−1). The high R2 value
(0.9148) indicates a strong linear relationship between the
concentration and mortality, conrming the validity of the test.
Using this model, the median lethal concentration (LC50) was
calculated to be 1043.87 mg mL−1.

According to the toxicity classication by Meyer et al.,
substances with LC50 values greater than 1000 mg mL−1 are
considered to be nontoxic.45,47 In one study, P. emblica fruit
extract showed no acute or chronic toxicity in rats administered
with up to 5000 mg kg−1.48 These ndings support that as
antioxidants are abundantly present in P. emblica and kombu-
cha, even chronic administration did not result in any toxico-
logical changes, thus validating the high safety margin of the
kombucha-like beverage powder. Moreover, P. emblica has
been approved for its anti-cytotoxic, antioxidant, antimicrobial,
anti-inammatory and chemoprotective properties.9,32 The ob-
tained regression equation is presented below in Table 5.
tality Probit of
mortality

LC50

(mg mL−1) Regression

0 1043.87 y = 1.87× − 0.65, R2 = 0.9148
0
3.52

3 3.87
3 4.56
7 4.92

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although antibacterial assays were not included in the
present study, it is well established that kombucha possesses
selective antimicrobial properties, wherein organic acids and
phenolics inhibit pathogenic bacteria such as E. coli, S. aureus,
and Salmonella, while benecial gut microorganisms typically
exhibit resilience to acidic and polyphenolic conditions.9,37

These compounds inhibit pathogenic bacteria more strongly
than benecial gut ora, supporting kombucha's classication
as both antimicrobial and microbiome-supportive.

Recent scholarly investigations have also underscored the
signicance of dormant, metabolically inactive persister cell
subpopulations that endure environmental stressors, including
acidic pH, oxidative stress, nutrient scarcity, and even bacteri-
cidal antibiotics.37 Given that kombucha inherently contains
organic acids and stress-inducing phenolics, elucidating the
interactions between unfermented and fermented P. emblica
kombucha and both active pathogens and persister cell
subpopulations represents an emerging area of research
inquiry.9 Future studies will therefore focus on evaluating its
selective antimicrobial potential and exploring its application
as a functional carrier in nutraceutical systems.

In summary, the P. emblica kombucha powder exhibited an
LC50 value indicative of its nontoxicity, suggesting its safety for
potential nutraceutical applications. However, it is recom-
mended that further in vitro and in vivo studies be conducted to
comprehensively evaluate its safety prole.

4 Conclusions

In conclusion, the foammat drying process effectively produced
P. emblica kombucha powder with a high phenolic content of
998 ± 35.41 mg GAE per g, encapsulation efficiency of 86.10%
and DPPH radical scavenging activity of 63.62% ± 0.78%. The
powder showed stable physicochemical properties, complied
with halal ethanol limits, and was conrmed to be nontoxic.
These results highlight its potential as a safe and value-added
ingredient for functional beverages. Its low ethanol level of
0.31% ± 0.02% complied with halal regulatory limits, while its
nutritional composition, favourable pH, soluble solids, and
bulk properties conrmed its stability and suitability for storage
and product formulation. Moreover, the brine shrimp lethality
assay conrmed its nontoxic nature, further supporting its
safety for functional applications.

Collectively, these ndings underscore the potential of foam
mat-dried P. emblica kombucha powder as a safe, stable, and
value-added ingredient for functional beverages and nutra-
ceutical development. Future studies should focus on its
storage stability, sensory acceptance, and the bioavailability of
phenolic compounds, and an anti-microbial study to
strengthen its commercial prospects.
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