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ery of encapsulated probiotics and
their survival in fruit-based beverages and under
simulated gastrointestinal conditions

Zahida Naseem,*a Sajad Mohd Wani, *a Sajad Ahmad Mirb and Naseh Nisara

Fruit and vegetable-based beverages are excellent non-dairy carriers for probiotics. However, maintaining

probiotic viability in beverages while preserving product quality remains a significant challenge. The present

research addressed this gap by evaluating the impact of encapsulation using gum arabic, soy protein, and

their combination as wall materials for enhancing probiotic stability in apple and apple-carrot blend

beverages. The effect of encapsulated probiotics on the physicochemical and sensory attributes of

beverages was investigated. Furthermore, the viability of probiotics in the beverages and under simulated

gastrointestinal tract conditions was evaluated. The results revealed that viability of encapsulated

probiotics was retained at a level of 8.38 to 9.52 log CFU mL−1 in the beverages and 7.33 to 8.51 log CFU

mL−1 in the simulated GIT. Also, the incorporation of encapsulated probiotics did not significantly affect

the physicochemical and sensory attributes of the beverages except for colour. The microencapsulated

probiotics containing a mixture of gum arabic and soy protein as the wall material provided better

protection against low pH environments to probiotics in apple and apple-carrot blend beverages

compared to those containing gum arabic and soy protein alone. This study demonstrates that

encapsulation using gum arabic and soy protein as wall materials is an effective strategy for improving

probiotic viability in fruit and vegetable-based beverages without compromising product quality.
Sustainability spotlight

This study supports sustainability by developing fruit and vegetable-based functional beverages that contain encapsulated probiotics. It promotes minimal
processing and adds value to seasonal fruits by developing fruit-based beverages, which are frequently made from locally accessible agricultural commodities. In
line with recent efforts to valorise plant matrices as sustainable substrates and carriers for probiotics, this study employs apple and carrot beverages as plant-
based vehicles for encapsulated Lactobacillus strains. The encapsulating materials are food-grade, biodegradable, and eco-friendly, and there is less need for
articial stabilizers and preservatives. Furthermore, increasing probiotic survivability supports the global trend toward clean-label functional foods and
improves nutritional and health advantages. This study demonstrates how scientic improvements to basic fruit drinks can promote environmental sustain-
ability and consumer health, fostering a more conscientious and forward-thinking food system.
1. Introduction

Probiotics are benecial microbes that have therapeutic effects
on the organisms ingesting them.1 Probiotics help prevent
diarrhea, reduce stomach discomfort, reduce inammation,
improve lactose utilization, lower blood ammonia levels,
control intestinal infections and boost immunity.2 To experi-
ence the health benets of probiotics, a daily intake of at least
106–107 CFU mL−1 is advised. The probiotication of beverages
can boost their market value due to the presence of benecial
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bacteria. The market for plant-based products has been
expanding more quickly in recent years, and there is a growing
need for probiotics to be added to fruit and vegetable juices.
Recent studies have also highlighted the use of fruit-derived by-
products and plant matrices as functional substrates and
carriers for probiotics, demonstrating both good viability and
added nutritional or prebiotic value.3 Consumer preferences
have shied toward healthier options as a result of growing
understanding of the allergenicity and high amounts of lipids
and cholesterol in milk.4 Additionally, companies have
expanded into dairy-free and vegan-based drinks due to vege-
tarian, animal, and environmental advocacy and lactose sensi-
tivity. Therefore, it is necessary to use fruits and vegetables in
probiotic drinks in order to satisfy the demand for vegan and
dairy-free beverages. Fruit and vegetable-based drinks are also
well-liked by people of all ages.5 They can provide favourable
© 2026 The Author(s). Published by the Royal Society of Chemistry
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conditions for the growth and survival of probiotic microbes
due to their high nutritional value. Hence, non-dairy probiotic
products would be an alternative way to benet from the func-
tional effects of probiotic strains.6 However, it is challenging to
maintain viability of probiotics in fruit and vegetable juices due
to the adverse effects of the low pH environment (<pH 4.0).7

Most probiotic microorganisms rapidly lose their viability in the
absence of protection. The loss of probiotic viability impairs the
functionality because a sufficient number of viable bacteria (>7
log CFU g−1 of product) is essential to provide health benets
when the probiotic product is consumed.8 The viability of pro-
biotics in fruit-based juice is affected by storage temperature,
oxygen saturation and bre content. Numerous strategies have
been used to improve the ability of probiotics to survive in low
pH environments and microencapsulation can be used as
a potential method to ensure such a high concentration.9

Encapsulation reduces cell death and damage by keeping the
cells inside a membrane.10 Microencapsulation has gained a lot
of interest as a method to protect probiotic cells in food and
against storage conditions. It is needed to enhance the viability
of probiotic cells in intestinal juice and during food processing
so that the probiotics reach the intestinal content in appro-
priate quantities (107 CFU mL−1)11 and exert a favourable effect
on the host.12 Encapsulating materials such as proteins or
polysaccharides shields the probiotics from environmental
stresses including moisture, gas exchange, solute migration, UV
radiation, heat, etc. For successful probiotic microencapsula-
tion, the compatibility of each element such as the type of
microbe, the method of microencapsulation, and the coating
material is crucial.13

Apple juice is known as a functional food due to its health
promoting properties in addition to its nutritional value. It
contains a number of nutrients and minerals, including boron,
which may help maintain strong bones. Apple juice consump-
tion increases the acetylcholine levels in the brain, which may
improve memory. It is known to provide many health benets
and regular consumption of apple juice is linked to a lower risk
of diabetes, asthma, cardiovascular related diseases, and cancer
as well.14 Also, carrot juice is a rich source of beta-carotene,
vitamin A, and minerals such as calcium and potassium. It is
easier to digest than raw or cooked carrots. Moreover, carrot
juice is well-known for its therapeutic benets because it works
effectively to treat urogenital disorders.15

Beverages prepared from apple and carrot will be incredibly
nutritious, pleasant, and refreshing and also provide vitamins,
minerals, antioxidants, and vital avonoids. Juice blending is
one of the best methods to improve aroma, taste and the
nutritional quality of the juice. It can improve the vitamin and
mineral content depending on the kind and quality of fruits and
vegetables used.
% Acidity ¼ titre value� normality of NaOH

weight of sample�

© 2026 The Author(s). Published by the Royal Society of Chemistry
In line with recent efforts to valorise plant matrices as
sustainable substrates and carriers for probiotics,16 this study
employs apple and carrot as plant-based vehicles to produce
a functional beverage incorporated with microencapsulated
probiotics to investigate the viability of probiotics in functional
beverages and under simulated gastrointestinal conditions.
2. Materials and methods
2.1. Chemicals and reagents

Analytical grade chemicals and reagents were used in the
research. Hexane, acetone, ethanol, methanol, toluene, petro-
leum ether, gallic acid, HCl, sodium thiosulfate, Folin–Cio-
calteu (FC) reagent, potassium oxalate, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), lead acetate, sodium chloride, sodium
carbonate and lysozyme were procured fromHiMedia (Mumbai,
India).
2.2. Procurement of raw materials

Fresh and mature apples and carrots were purchased from
a local market in Shalimar, Srinagar, India. The obtained apples
and carrots were thoroughly cleaned and washed.
2.3. Preparation of probiotic fruit and vegetable-based
beverages

Preparation of beverages from apple (100%) and apple (50%)
blended with carrot (50%) as per FSSAI specications was
carried out at the Food Processing Training Centre, Division of
Food Science & Technology, SKUAST-K, Shalimar, Srinagar,
India. The previously prepared encapsulated probiotic powder
in which ve probiotic strains of Lactobacills spp. viz L. acid-
ophillus, L. bulgaricus, L. casei, L. plantarum and L. rhamnosus
were encapsulated in gum arabic, soy protein isolate, and
a combination of the two using the freeze drying technique
(Naseem et al., 2025,17) was added to each beverage. 15 treat-
ment combinations such as T1, T2, T3, T4, T5, T6, T7, T8, T9,
T10, T11, T12, T13, T14 and T15 were formed (Table 1).
2.4. Physiochemical properties

2.4.1. Total soluble solids, titratable acidity and pH. Total
soluble solid content of the sample was determined at 20 °C
using a hand-held refractometer (Atago, PAL 1). The results were
expressed as degree Brix (°B).

The titratable acidity (as percent malic acid) was determined
by titrating the sample (10 mL) with 0.1 N NaOH using
phenolphthalein as an indicator. The results were calculated
using the following equation:
� equivalent weight� volume made

volume of aliquot� 1000
� 100 (1)
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Table 1 Formulations of apple and apple-carrot blend beverages incorporated with encapsulated probiotics

Treatments Apple/apple-carrot blend beverage Wall material

T0 Beverages without probiotics Probiotic strains encapsulated in gum arabic (G)
T1 Beverages containing GLa
T2 Beverages containing GLb
T3 Beverages containing GLc
T4 Beverages containing GLp
T5 Beverages containing GLr
T6 Beverages containing SLa Probiotic strains encapsulated in soy protein isolate (S)
T7 Beverages containing SLb
T8 Beverages containing SLc
T9 Beverages containing SLp
T10 Beverages containing SLr
T11 Beverages containing SGLa Probiotic strains encapsulated in a combination of

gum arabic and soy protein isolate (SG)T12 Beverages containing SGLb
T13 Beverages containing SGLc
T14 Beverages containing SGLp
T15 Beverages containing SGLr
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The pH value was determined using a pH meter (Thermo
Scientic Orion Star A111, USA) at 25 °C.

2.4.2. Total sugar content and reducing sugars. Total sugar
was estimated by the Lane & Eynon method described by Ran-
gana.18 Briey, 20 mL of 50% HCl was added to a 100 mL lead-
free aliquot, which was then stored for 24 hours at room
temperature. Subsequently, NaOH (0.1 N) was used for
neutralization. The volume was raised to 250 mL using distilled
water and titrated against 5 mL of standard Fehling solutions A
and B. The solution was titrated until it turned brick red, and
methylene blue was used as an indicator. The total sugars were
calculated as per the following equation:

Total sugar ð%Þ ¼ factor� dilution

aliquot used ðmLÞ � sample weight ðgÞ
� 100

(2)

Reducing sugar was estimated by the Lane and Eynon
method described by Rangana.18

2.4.3. Total phenolic content and antioxidant activity. The
total phenolic content was evaluated by following the modied
method of Bhat et al.19 5mL of sample was mixed with 12.5mL of
methanol. Then, 18.5 mL of H2O, 2.5 mL of FC reagent, and 2mL
of Na2CO3 (7.5%) were combined with 250 mL of the sample
(methanolic extract) and kept in the dark for 10 minutes. At
750 nm, optical density was measured using a spectrophotom-
eter. The result was calculated as gallic acid equivalents (mg GAE
per 100 mL). Blank samples were prepared following the same
procedure, replacing the sample with the extraction solvent.

As per Brand-Williams et al.,20 the antioxidant activity in
terms of DPPH radical scavenging activity of the sample was
assessed with a minor modication. About 3.9 mL of DPPH
solution (6 × 10−5 mol L−1) and 0.1 mL of sample were mixed.
The resulting mixture was le undisturbed in the dark for half
an hour and optical density was recorded at 517 nm using
a spectrophotometer. The values were expressed as% inhibition
using the following formula:
2148 | Sustainable Food Technol., 2026, 4, 2146–2158
% Inhibition ¼ Abs of control�Abs of sample

Abs of control
� 100 (3)

2.4.4. Total carotenoid content and total anthocyanin
content. Total carotenoid content was assessed by the meth-
odology of Assad et al.21 with minor adjustments. 5 mL of
beverage was mixed with acetone, shaken and le for 2 h until
the mixture became colourless. Then acetone extract (25 mL)
and petroleum ether (20 mL) were mixed and transferred to
a separating funnel. The mixture was le undisturbed for 15
minutes before adding 100 mL of 5% NaCl solution. The
solution was thoroughly combined and le to separate into
two phases, aer which the organic phase was collected. To
remove residual acetone, the organic phase was washed
multiple times with distilled water. Before being collected in
a volumetric ask, the petroleum ether phase was rst run
through a funnel lled with anhydrous sodium sulphate to
eliminate any traces of water. Petroleum ether was used to
bring the nal volume to 100 mL, and absorbance at 450 nm
was measured. The result was measured as mg b-carotene
equivalents per 100 g using the formula given below:

Total carotenoid (mg per 100 mL) = (DA/VL) × MW × D

× (V/G) (4)

where DA is absorbance, V is the molar extinction coefficient
of b-carotene (2590), L is the length of the cell path (1 cm), MW

is the molecular weight of b-carotene (536.8), D is a dilution
factor, V is the nal volume (mL) and G is the weight of the
sample (g).

Total anthocyanin content was estimated according to the
modied method of Naseem et al.22 About 50 mL of ethanolic
HCl (85 : 15) was added to 10 mL. The mixture was transferred
to a volumetric ask and brought to a nal volume of 250 mL
and refrigerated overnight at 4 °C. The spectrophotometer was
used to check the absorbance of the aliquot at 535 nm aer
2 mL of it was once again diluted to 100 mL with ethanolic
HCl.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Total anthocyanin ðmg per 100 gÞ

¼ absorbance ð535Þ � vol: of extract� total volume

mL of extract used� wt: of sample
� 100

(5)

2.4.5. Color values (L*, a*, and b*). Colour in terms of L*,
a* and b* values was determined using a Hunter Lab colorim-
eter (Model CM-508d Minolta Co, Japan). About 25 mL of the
sample was placed in a glass Petri dish, covered with a protec-
tive cap, and the colour measurements were conducted.

2.4.6. Browning index and turbidity. The browning index
(BI) was calculated by mixing an equal volume of the sample
with 95% ethanol. The solution was then ltered using a 0.45
mm lter. The BI was calculated at 420 nm using a UV-Vis
spectrophotometer at room temperature.

Turbidity was determined nephelometrically using
a turbidity meter (Aquasol AP-TB-01). The results were
expressed as nephelometric turbidity units (NTUs).

2.4.7. Viability of encapsulated probiotics. The viability of
encapsulated probiotics in beverages was measured by
following the methodology of Bonaccorso et al.23 Phosphate
buffer solution (9 mL) was added to 1 mL of sample and mixed
by gently shaking it for 10 min, to break down the wall material
and release the microorganisms. The free viable probiotic cells
were then calculated by the spread plating method in MRS agar
incubated for 48 h at 37 °C and calculated as log CFU mL−1.

The survival of encapsulated probiotics in gastrointestinal
simulation was assessed as described previously by Krasaekoopt
& Watcharapoka,24 with minor alterations. The simulated
gastric solution (0.08 M HCl with 0.2% NaCl and 0.3% pepsin,
pH 1.55) was combined with 10 mL of beverage and incubated
for one hour. The intestinal solution (0.05 M KH2PO4 with 0.6%
bile salts and 0.1% pancreatin, pH 7.4) was then added and
incubated for 2 hours. Following incubation, 1 mL of the
solution combination was combined with PBS, serially diluted,
and plated onto MRS agar in order to determine the log CFU
mL−1 and ascertain the number of live bacteria.

2.4.8. Sensory evaluation. Sensory evaluation of the probiotic
beverage was conducted at the Division of Food Science and
Technology, SKUAST-K, by 25 semi-trained panellists consisting of
students and staff. The acceptability of the probiotic beverage was
assessed using a 9-point hedonic scale anchored by: 1 = ‘Dislike
extremely’; 2 = ‘Dislike very much’; 3 = ‘Dislike moderately’; 4 =

‘Dislike slightly’; 5= ‘Neither like nor dislike’; 6= ‘Like slightly’; 7
= ‘Like moderately’; 8 = ‘Like very much’; 9 = ‘Like extremely’.

2.4.9. Statistical analysis. All the parameters were analyzed
thrice and the mean along with standard deviation was calcu-
lated. Statistical analysis was carried out by using SPSS Statistics
(v. 250 16, Inc., Chicago, USA) through ANOVA followed by
Duncan's multiple range test (p # 0.05).

3. Results and discussion
3.1. TSS, titratable acidity and pH

Total soluble solids (TSS) and titratable acidity were maintained
at 15 °B and 0.30% respectively as per FSSAI specications. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
total soluble solid refers to the total amount of solids dissolved
in a solution, mostly sugars such as sucrose, fructose and
glucose, and fruit acids. The TSS of control and probiotic
fortied apple beverages and apple-carrot blend beverages was
15 °B. The addition of probiotics encapsulated in different wall
materials, viz gum arabic, soy protein and the combination of
the two, did not affect the TSS of the apple and apple-carrot
blend beverages (Table 2). This is because the encapsulation
matrix isolates the probiotics from the juice, preventing
immediate interaction between the probiotics and the juice's
sugars or other soluble solids.25 Ding & Shah26 also showed
similar results for TSS while analysing orange and apple juices
with free and microencapsulated probiotic bacteria.

Titratable acidity quanties the total acid concentration in
a sample and is usually expressed as a percentage of the
dominant organic acid.27 In this study, it was measured as
a percentage of malic acid, as apples and carrots28 contain
a high proportion of malic acid. The titratable acidity of apple
beverages and apple-carrot blend beverages with and without
addition of encapsulated probiotic powder was 0.30% (Table 2).
A non-signicant (p # 0.05) difference was found among all the
treatments of the two beverages. The probiotics encapsulated in
different wall materials viz gum arabic, soy protein and the
combination of the two, did not have a signicant effect on the
titratable acidity of the apple beverages and apple-carrot blend
beverages. This indicates that wall materials used for encap-
sulation of probiotics do not contribute to the overall acidity of
the beverage. Similar results were observed by Nwaokoro &
Akanbi.29 They found that adding hydrocolloids such as xan-
than gum and carboxymethyl cellulose had no effect on the
titratable acidity value of tomato and carrot juice.

pH refers to the negative logarithm of the dissolved
hydrogen ion (H+) concentration and measures the acidity or
basicity of a solution. The pH of the control apple beverage and
control apple-carrot blend beverage was 3.27 and 3.21 respec-
tively (Table 2). The pH varied signicantly (p $ 0.05) between
the two beverages while a non-signicant (p # 0.05) difference
in pH was observed in different treatments of the two beverages.
The different acid content and the diluting impact of mixing the
more acidic apple juice with the less acidic carrot juice could be
the cause of the pH variation between the two beverages. The
addition of encapsulated probiotic powder did not affect the pH
of the beverages, as microencapsulation involves embedding
probiotics in a protective coating. This barrier typically delays
direct interaction between the probiotics and the beverages,
resulting in a minimal immediate impact on pH upon addition.
Youse et al.30 also reported no change in pH on day 0 of apple
juice containing encapsulated probiotics. The ndings were
consistent with those of Bonaccorso et al.23 who found that the
pH of orange juice containing both free and encapsulated L.
rhamnosus GG remained stable during storage.
3.2. Total sugars and reducing sugars

Total sugars include reducing sugars and non-reducing sugars.
It encompasses both naturally occurring sugars, like fructose
and glucose, and any added sugars. In fruits and vegetables,
Sustainable Food Technol., 2026, 4, 2146–2158 | 2149
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sugars contribute to their avor, making them palatable and
desirable for consumption. The main sugars present in apples
and carrots are sucrose, fructose, and glucose.31,32 The values of
total sugar content are depicted in Table 2. The total sugar
content of apple and apple-carrot blend beverages with encap-
sulated probiotics was 13.79% and 13.31% respectively. The
total sugar content of apple beverages was signicantly (p #

0.05) higher than that of the carrot blend beverages. This might
be ascribed to the higher concentrations of simple sugars like
sucrose, fructose, and glucose in apples. These sugars are the
primary contributors to the total sugar content in apple-based
beverages. The addition of encapsulated probiotics did not
alter the total sugar content of the two beverages. The outcomes
of the present study are in line with those by Mostafa et al.33 in
their study of production of a novel probiotic date juice with
anti-proliferative activity against Hep-2 cancer cells.

The reducing sugar content of apple and apple-carrot blend
beverages with encapsulated probiotic powder varied signi-
cantly (p # 0.05) and was 6.15% and 5.81% respectively (Table
2). The encapsulating material did not contribute to the
reducing sugar content of the beverages. Higher reducing sugar
was found in apple beverages and lower reducing sugar was
found in the apple-carrot blend beverages. The ndings are in
line with the results of ref. 33.
3.3. Total phenolic content and antioxidant activity

Fruits and vegetables contain a mixture of phenols which
contribute to their astringency, bitterness, odor, color, avor,
and oxidative stability. Phenolic compounds are a diverse group
of compounds with varying stability. These compounds have
distinct structures and are directly impacted by temperature,
light, oxygen, and pH.34 The total phenolic content (TPC) is
a critical measure of the antioxidant capacity of fruit and
vegetable beverages. In this study, the TPC of apple and apple-
carrot blend beverages was analysed and the results are depic-
ted in Table 3. The TPC of the control apple beverage was 351.50
mgGAE/100 mL which is signicantly (p # 0.05) different from
that of the control apple-carrot blend beverage (272.71 mgGAE/
100 mL). The TPC of different apple beverages with encapsu-
lated probiotic powder varied non-signicantly (p $ 0.05)
between 351.50 and 351.54 mgGAE/100 mL. Also, a non-
signicant (p $ 0.05) trend in TPC was noted in different
treatments of apple-carrot blend beverages with added pro-
biotic powder (272.70 to 272.73 mgGAE/100 mL). The higher
total phenolic content observed in apple beverages compared to
apple-carrot blend beverages could be attributed to the inherent
differences in phenolic compound concentrations between
apples and carrots. The same was found by Grubǐsić et al.35

while analysing the impact of wheatgrass juice on the nutri-
tional value of orange, lemon, carrot, beet, and apple juice.
However, the consistency between treatments showed that TPC
was not changed by the addition of encapsulated probiotic
powder.

Plant polyphenols are among the most potent antioxidants
because of their capacity to scavenge free radicals and deacti-
vate other pro-oxidants. The primary components responsible
2152 | Sustainable Food Technol., 2026, 4, 2146–2158
for the antioxidant action of fruit juices are phenolic chem-
icals.36 The antioxidant activity of control beverages, apple
beverages and apple-carrot blend beverages incorporated with
probiotics is shown in Table 3. The signicantly (p # 0.05)
highest antioxidant activity was observed in the apple beverage
(64.76%) and the lowest was in the apple-carrot blend beverage
(54.15%). The antioxidant activity of apple beverages with
encapsulated probiotics was 64.76% across all treatments while
it varied non-signicantly (p$ 0.05) from 54.13 to 54.15% in all
the treatments of apple-carrot blend beverages with added
probiotic powder. The difference in antioxidant activity between
the apple beverage and apple-carrot blend beverage can be
attributed to the higher phenolic content and ascorbic acid in
apples as compared to the carotenoid-dominated antioxidant
prole of carrots.37 Since total phenol and avonoid contents
are linked to antioxidant activity that scavenges radicals, juices
with higher levels of these compounds demonstrated higher
antioxidant activity. Also, the wall material used for the encap-
sulation of probiotics did not affect the antioxidant activity of
the two beverages. The outcomes are in agreement with the
results of Gao & Rupasinghe,38 who revealed that the blend with
the maximum apple-to-carrot ratio (90 : 10) exhibited the
maximum antioxidant activity, while the blend with the lowest
apple-to-carrot ratio (60 : 40) demonstrated the minimum anti-
oxidant activity. Similarly, Suzuki et al.3 observed that probiotics
in red pitaya pulp preserved key bioactive compounds (beta-
cyanins) and resulted in acceptable sensory proles.
3.4. Total carotenoids and anthocyanins

Carotenoids are isoprenoid pigments synthesized by plants,
contributing to the colour and nutritional value of fruits and
vegetables. Several carotenoids such as lutein, b-carotene,
zeaxanthin, violaxanthin, b-cryptoxanthin, and neoxanthin are
present in apples39 and carrots are rich in b-carotene and a-
carotene. Carotenoids are associated with improved immuno-
logical function and a lower risk of deteriorating diseases such
as cancer, heart disease, age-related muscular disintegration,
and cataract development. The data on total carotenoids are
presented in Table 3. The carotenoid content of the control
apple beverage was recorded at 3.33 mg/100 mL, signicantly (p
# 0.05) lower than that of the control apple-carrot blend
beverage (28.88 mg/100 mL). The carotenoid content of
different apple beverages with added probiotic powder varied
non-signicantly (p $ 0.05) between 3.33 and 3.39 mg/100 mL.
Also, a non-signicant (p $ 0.05) difference from 28.87 to 28.89
mg/100 mL was observed in the apple-carrot blend beverages
with encapsulated probiotics. The higher carotenoid concen-
tration of the apple-carrot blend beverage could be attributed to
the higher carotenoid levels naturally found in carrots
compared to apples. An analogous trend was also observed by
Bunea et al.40 while analysing anthocyanins, carotenoids and
antioxidant activity of coloured commercially available juices.
The addition of encapsulated probiotic powder did not have any
signicant effect on the carotenoid concentration of the two
beverages.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Anthocyanins are antioxidants with analgesic, neuro-
protective and anti-inammatory properties. Their stability and
color are signicantly inuenced by oxygen, pH, temperature,
light and interactions with other chemicals including metal
ions.41 The anthocyanin content between the two beverages
varied signicantly (p # 0.05) and is shown in Table 3. The
highest anthocyanin content (23.01 mg/100 mL) was found in
the apple beverage and the lowest was found in the apple-carrot
blend beverage (10.70 mg/100 mL). However, no signicant (p$
0.05) difference was found in different treatments of apple
beverage (23.01 mg/100 mL) and apple-carrot blend beverage
(10.70 to 10.72 mg/100 mL) containing encapsulated probiotics.
The observed difference in anthocyanin content between apple
and apple-carrot blend beverages might be attributed to the
inherent anthocyanin concentration in the respective raw
materials. Apples contain a higher concentration of anthocya-
nins, whereas orange-colored carrots are naturally low in
anthocyanins, as their pigmentation is mainly due to caroten-
oids rather than anthocyanins. The results are consistent with
those by Yoo et al.42 who reported that orange coloured carrots
have low anthocyanin content. Furthermore, the incorporation
of encapsulated probiotic powder did not signicantly alter the
anthocyanin concentration of the two beverages. Similar results
were reported by Dobson et al.43 who observed no change in the
initial anthocyanin content of fruit-based beverages.
3.5. Color (L* a* b*)

Color is one of the vital quality parameters of fruits and vege-
tables and is a critical factor affecting consumer acceptance of
the product. The L* value ranges from 0 (black) to 100 (white),
the positive and negative a* value implies redness and green-
ness and the b* value measures blueness to yellowness of the
sample. Data in Table 4 represent the L* a* b* values of apple
and apple-carrot blend beverages (controls and enriched with
encapsulated probiotics). The L* value of the control apple
beverage was 63.84 and the L* value of the control apple-carrot
blend beverage was 56.12. The signicantly (p# 0.05) higher L*
value of the apple beverage could be attributed to its lighter
colour. The L* value of the apple beverage with encapsulated
probiotics decreased signicantly (p # 0.05) between 63.31 and
61.13. Also, the L* value of the apple-carrot blend beverage with
encapsulated probiotics decreased signicantly (p # 0.05)
between 56.12 and 53.96. The decrease in the L* value by the
addition of encapsulated probiotics in apple and apple-carrot
blend beverages might be ascribed to the improved turbidity
caused by the wall materials viz gum arabic, soy protein and the
blend of the two, used for the encapsulation of probiotics. The
ndings of the present study are in direct agreement with the
results of Aghajanzadeh et al.44 who reported a decrease in the
L* value of watermelon juice by the addition of xanthan gum.

The a* value of the control apple beverage and control apple-
carrot blend beverage was 7.71 and 16.76 respectively (Table 4).
A higher a* value was found in apple-carrot blend beverages and
a lower a* value was in apple beverages. The higher a* value of
the apple-carrot blend beverage revealed a signicantly (p #

0.05) higher redness in carrot. The a* value of different apple
2154 | Sustainable Food Technol., 2026, 4, 2146–2158
beverages with encapsulated probiotics ranged between 7.17
and 7.81. The a* value of different apple-carrot blend beverages
with encapsulated probiotics ranged between 16.81 and 18.19.
The apple-carrot blend beverages have a higher a* value as
compared to apple beverages, which might be due to the high
carotenoid concentration in carrots. The increase in the
a* value in apple and apple-carrot blend beverages with pro-
biotics might be attributed to the wall material that decreases
the lightness of the two beverages.

The b* chromaticity coordinate represents the yellow-blue
attribute of the two beverages, with positive values indicating
yellowness and negative values signifying blueness. A signi-
cant (p # 0.05) difference in the b* value was seen between the
two beverages (Table 4). The b* value of the control apple
beverage was 19.01 and that of the control apple-carrot blend
beverage was 35.52. The b* value of apple beverages with
encapsulated probiotics increased and was between 18.19 and
20.32. Also, the b* value of apple-carrot blend beverages con-
taining encapsulated probiotics ranged between 35.67 and
37.59. The higher b* value was found in the beverages that
contain probiotics encapsulated in soy protein isolate as
compared to the beverages containing probiotics encapsulated
in gum arabic and the combination of the two wall materials.
This could be due to the dark colour of soy protein. Similar
results for a* and b* values were also reported by Ajlouni &
Bhoi,45 while examining the survivability of both free and
encapsulated probiotics in fruit juices throughout refrigeration
and in vitro gastrointestinal digestion.
3.6. Browning index and turbidity

The browning index (BI) is a measure of enzymatic browning
brought about by the interaction of phenolic compounds with
enzymes that produce brown color and is quantied through
absorbance and reects intensity of the pigment. This index is
essential for assessing quality, shelf life, and consumer prefer-
ence of food products. The browning index of control apple and
control apple-carrot blend beverages varies signicantly (p #

0.05) and was 0.014 and 0.027 respectively (Table 4). The BI of
different apple beverages with encapsulated probiotics was in
the range of 0.017 to 0.059 and the BI of apple-carrot blend
beverages with encapsulated probiotics ranged between 0.032
and 0.109. The higher browning index was found in beverages
with probiotics entrapped in the soy protein isolate followed by
beverages that contain probiotics encapsulated in the mixture
of gum arabic and soy protein. The lowest BI was found in the
beverages that contain probiotics encapsulated in the gum
arabic. The higher BI of the beverages might be attributed to the
effect of wall materials on the beverage. The addition of
encapsulated probiotic powder decreases the lightness of
beverages and therefore increases the darkness of the bever-
ages. The outcomes of the present study are consistent with
those reported by Youse et al.,46 who investigated how carrier
type and spray drying affected the physicochemical character-
istics of powdered and reconstituted pomegranate juice (Punica
granatum L.).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Turbidity is used to assess the degree of light dispersed by
colloidal and suspended polysaccharides like starch, pectin and
hemicellulose components. It can show the extent of browning
under certain conditions. The turbidity of the control apple
beverage and control apple-carrot blend beverage varies signif-
icantly (p # 0.05) and was found to be 150 and 228 respectively
(Table 4). The highest turbidity was found in the control apple-
carrot beverage and lowest was in the control apple beverage.
The initial turbidity might be due to the colloidal particles like
pectin and partially dissolved insoluble substances suspended
in the beverages.42 The turbidity of different apple beverages
containing encapsulated probiotics displayed a signicant (p #

0.05) difference and ranged between 151 and 279. Also, the
turbidity of different apple-carrot beverages with encapsulated
probiotics varies signicantly (p # 0.05) between 231 and 439.
The addition of probiotics encapsulated in different wall
materials showed a signicant effect on turbidity of both the
beverages. The increase in turbidity with the addition of pro-
biotic powder could be due to the electrostatic force between the
cloud particles suspended in the beverage and molecules of the
wall materials. Consequently, electrostatic repulsion among the
negatively charged particles and wall material molecules may
result from the addition of encapsulated probiotic powder to
the beverage. As a result, it is possible to prevent the molecules
in the beverage from aggregating, maintaining the particle
suspension and increasing turbidity and cloud stability. The
same results were found by Tuan Azlan et al.,47 while analysing
the impact of adding gum arabic to roselle juice on physico-
chemical and organoleptic properties.

3.7. Viability of encapsulated probiotics

Viability is a key factor in dening the efficacy and quality of
functional products, especially those containing probiotics. It is
imperative to conrm a high probiotic survival rate throughout
Fig. 1 Viability of probiotics in apple and apple-carrot blend beverages

© 2026 The Author(s). Published by the Royal Society of Chemistry
production and storage of the product, in order to maintain
consumer condence in the probiotic product.48 The viability of
microencapsulated probiotics in the apple beverages and apple-
carrot blend beverages is shown in Fig. 1. The initial viable
count of the ve probiotic strains encapsulated in the three
different wall materials ranged between 8.38 and 9.52 log CFU
mL−1. However, these viable counts showed no signicant (p $

0.05) decline (<1 log CFU mL−1) in both the apple beverage and
apple-carrot blend beverages. The encapsulated probiotics did
not lose their viability in the beverages. This is likely due to the
protective effect of encapsulation, which creates a favourable
atmosphere for the sensitive probiotic bacteria and acts as
a physical barrier against acidic conditions of the beverage.
Similar results were observed by Ding & Shah,26 while analysing
existence of free and encapsulated probiotic bacteria in orange
and apple juices. Ajlouni & Bhoi45 also reported <1 log CFU
mL−1 reduction in viable counts on day 1 of storage in apple
juice and tomato juice supplemented with encapsulated
probiotics.

These ndings are consistent with other studies using plant-
based systems as probiotic carriers, where high survival rates
have been reported during storage and simulated digestion,
including cashew by-products in fermented milk and fruit
matrices49 and red pitaya pulp.3

Viability study of probiotics under simulated gastrointestinal
conditions is a key component to determine the capability of
probiotic strains to survive and colonize in the human digestive
system. The gastric and intestinal digestion of apple beverages
and apple-carrot blend beverages was conducted and the results
are shown in Fig. 1. From the gure, a signicant (p # 0.05)
decrease in the probiotic count from 7.33 to 8.49 and from 7.35
to 8.51 log CFU mL−1 was observed in most treatments aer the
in vitro digestion of apple beverages and apple-carrot blend
beverages containing encapsulated probiotics. The highest
and under simulated gastrointestinal conditions.
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reading for simulated gastric conditions (7.96 to 8.51) was
observed in treatments T1, T5, T11, T13 and T15. Themaximum
probiotic survival rate during exposure to gastrointestinal
conditions might be attributed to the acid resistance of pro-
biotic strains and type and concentrations of encapsulating
materials in the matrix. The results highlight how gum arabic
and soy protein work together to enhance probiotic effective-
ness in low-acid environments, acting as efficient carriers for
the passage of live probiotic cells from the stomach into the
lower intestines. The same was found by Nazir et al.,50 while
examining the behaviour and survival of probiotic bacteria in
a non-dairy matrix and under in vitro GIT conditions that are
enclosed by internal gelation.
3.8. Sensory evaluation

The sensory properties of apple beverages and carrot blend
beverages with and without encapsulated probiotics are illus-
trated in Fig. 2. The acceptability of the beverages was evaluated
based on their appearance, colour, taste, mouthfeel and overall
acceptability characteristics on a 9-point hedonic scale. The
ndings demonstrated that all samples had mean hedonic
ratings of above 7.20 for every attribute, falling within the
acceptable range.

The score for appearance of the control apple and control
apple-carrot blend beverage presented a signicant (p # 0.05)
difference. The appearance of different apple beverages and
apple-carrot blend beverages containing probiotics encapsu-
lated in gum arabic, soy protein and their combination ranged
between 7.80 and 8.36 and 7.84 and 8.38 respectively. The
highest score of appearance (8.24 to 8.35) was observed in the
beverages containing probiotics encapsulated in the combina-
tion of gum arabic and soy protein followed by beverages con-
taining probiotics encapsulated in gum arabic. The appearance
score was the least (7.80 to 8.14) for beverages containing pro-
biotics encapsulated in soy protein.

For the colour attribute, the apple beverages and apple-
carrot blend beverages with or without encapsulated
Fig. 2 Sensory evaluation of apple and apple-carrot blend beverages.
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probiotics attained a non-signicant (p $ 0.05) acceptability
score. The different apple-carrot blend beverages showed the
highest score (8.00 to 8.35) for colour as compared to apple
beverages (8.10 to 8.37). The highest score for colour may be
attributed to the carrot percent in the blend beverage that led to
improved color. Moselhy et al.51 also reported a higher score for
colour in juices containing aloe vera gel and probiotics.
However, the wall material did not have much effect on the
colour of beverages.

For the taste attribute, all the beverages (apple and apple-
carrot blend) with and without encapsulated probiotics
acquired a similar score. This could be attributed to the taste of
fruit used for the preparation of the beverage. The encapsulated
probiotics did not have an effect on the taste of beverages. The
lack of a noticeable taste change in beverages containing
encapsulated probiotics is likely due to the inherently tasteless
nature of encapsulation materials like gum arabic and soy
protein.52 Similar results were found by Tuan Azlan et al.47 They
claimed that during the sensory assessment, the taste was not
considerably changed by the addition of gum arabic (Acacia s-
enegal) to roselle juice.

Mouthfeel is an essential sensory characteristic. The data of
mouthfeel indicated that all the apple and apple-carrot blend
beverages have acceptable scores between 7.20 and 8.24.
However, the highest score (8.12 to 8.24) was for the beverage
fortied with probiotics encapsulated in the combination of soy
protein and gum arabic followed by the beverages fortied with
the probiotics encapsulated in gum arabic. The use of gum
arabic alone and the combination of gum arabic and soy protein
as wall materials contributed to a smooth and uniform
mouthfeel of the beverage, thus preventing phase separation or
sedimentation. The lowest score (7.20 to 7.80) for mouthfeel
was observed in the beverages with probiotics encapsulated in
soy protein.

The overall acceptability (OA) attribute of all the beverages
(apple and apple-carrot blend beverages) with or without
encapsulated probiotics ranged between 7.84 and 8.36. The
higher OA score (8.22 to 8.36) was observed for the apple-carrot
blend beverages with probiotics encapsulated in the mixture of
gum arabic and soy protein isolate. Therefore, the ndings
showed that addition of encapsulated probiotics has the least
impact on the organoleptic properties of the beverage, thus
supporting the feasibility of plant-based matrices as carriers for
probiotics without compromising nutritional or sensory quality.

4. Conclusion

Fruit and vegetable-based beverages are recognized as a suitable
carrier for probiotics due to their nutritional value and
consumer acceptability. Beverages fortied with encapsulated
probiotics have gained attention due to their potential health
benets. This study investigates the effect of encapsulated
probiotics on the physicochemical and sensory attributes of
apple and apple-carrot blend beverages. Also, the viability of
probiotics was assessed in both beverage matrices and under
simulated gastrointestinal conditions. The ndings showed
that encapsulation greatly increased probiotic viability while
© 2026 The Author(s). Published by the Royal Society of Chemistry
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maintaining the sensory appeal of beverages. Physicochemical
measures such as total soluble solids, pH, titratable acidity,
total sugars, antioxidant activity, and total phenolic content
showed slight changes. Overall, the results demonstrate the
efficacy of encapsulation as a viable method for safeguarding
probiotics and improving their stability in beverages prepared
from fruits and vegetables.
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Zaid and H. S. T. Shalaby, Properties of aloe vera probiotic
juices and antidiabetic effects, Front. Nutr., 2024, 11,
1328548.

52 A. Cittadini, P. E. S. Munekata, M. Pateiro, M. V. Sarriés and
R. Domı́nguez, Encapsulation techniques to increase lipid
stability, Food Lipids, 2022, 413–459.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00864f

	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions

	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions

	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions
	Sustainable delivery of encapsulated probiotics and their survival in fruit-based beverages and under simulated gastrointestinal conditions


