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Abstract

This study investigated the viability and resilience of free and encap-
sulated probiotic bacteria (Lactobacillus plantarum and Lactobacil-
lus casei) in commercial apple and tomato juices during refrigerated
storage and simulated gastrointestinal digestion. Individual probiotic
species were encapsulated via freeze-drying and added to apple
and tomato juices at 1% concentration. Samples were then stored
refrigerated at 4°C for 28 days and analyzed for Lactic Acid Bacte-
ria (LAB) counts, physicochemical properties (colour, pH, titratable
acidity, total phenols) on days 1, 14, and 28, and in-vitro digestion
and colonic fermentation were performed on days 1 and 21. Re-
sults showed the potential of encapsulation to enhance probiotic vi-
ability during storage and digestion compared to free probiotics. L.
plantarum exhibited superior acid and bile tolerance than L. casei.
Prolonged storage in acidic conditions led to a gradual decrease in
LAB counts with noticeable variability in physicochemical properties.
Total phenols also fluctuated due to microbial utilization, enzymatic
degradation and pigment oxidation. Despite the consistently low pH,
apple and tomato juices enriched with encapsulated probiotics could
be applied effectively as a probiotic carrier matrix for up to 14 days of
refrigerated storage. Thus, offering an alternative to traditional dairy-
based carriers.
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Introduction

Etymologically, the word “Probiotic” is derived from the Latin
prepositions — “pro” and “biotic”, which means “for bios/life” [1]. It
refers to living microorganisms, primarily bacteria and yeasts, that
offer health benefits to the host when consumed in adequate amounts
[2]. According to recent estimates, the worldwide market for probiot-
ics was valued at USD 68.56 billion in 2022. It is projected to grow
ata Compound Annual Growth Rate (CAGR) of 8.7% during the fore-
cast period of 2021 to 2030 and is anticipated to reach approximately
USD 133.92 billion by the end of 2030 [3]. These figures underscore
the increasing importance of probiotics as a global market and the po-
tential for significant growth in the coming years.

The Food and Agriculture Organization of the United Nations
(FAO) and the World Health Organization (WHO) have emphasized
that effective health benefits of probiotics demand maintaining their
integrity in the digestive tract, regardless of the mode of delivery [2].
It has been reported that the survival rate of free probiotics during
digestion is highly compromised. Therefore, their encapsulation is
crucial to protect and improve their survival rate [4]. Various probi-
otic encapsulation techniques, including freeze-drying, spray-drying,
spray-chilling, extrusion, ionic gelation, emulsification, coacervation,
fluidized-bed coating, and co-encapsulation, have been researched for
decades. However, freeze-drying is usually the preferred method for
bacteria encapsulation due to the absence of heat treatment. [5]. ex-
plained that freeze-drying involves removing the water vapour from
a frozen sample through ice sublimation. It preserves thermosensitive
components, such as probiotics, and results in capsules of 1-1.5mm.
Additionally, freeze drying offers higher convenience, longer shelf-
life, better stability and protection against oxidation and degradation,
and improves solubility and retention of probiotics bioactivity [5-8].
However, the high cost, complex equipment, loss of probiotic cell
viability due to ice crystal formation during drying, fragility and sen-
sitivity to moisture count are certain drawbacks of freeze-drying pro-
biotics [9,10].

In terms of encapsulants, dairy food matrices have owned flagship
in being one of the best conventional carriers and delivery systems for
a vast range of probiotics [11]. This dominance can be attributed to
the richness of dairy products with proteins and lipids, which act as
protective shields for the probiotic species during extended periods of
refrigerated storage and the harsh gut environment during consump-
tion [12]. However, recent years have witnessed a gradual paradigm
shift from dairy-based carriers to non-dairy alternatives. These non-
dairy matrices include various options such as fruit and vegetable
juices, fermented beverages derived from rice and tea, baked goods,
cereals, sauces, and gums. The rationale for this transition stems
from the various shortcomings associated with dairy-based carriers.
These shortcomings include lactose intolerance, allergenic reactions
to dairy proteins, and concerns regarding high cholesterol levels [13-
18]. Additionally, it is noteworthy that the existing body of research
has predominantly focused on probiotic encapsulation in the form of
powders or capsules, while liquid solutions such as fruit juices remain
an underexplored frontier.
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The shift toward non-dairy probiotic carriers becomes increasing-
ly imperative to direct research efforts towards exploring innovative
techniques for preserving and delivering probiotics using non-dairy
matrices. Current literature demonstrates a conspicuous gap in our
understanding of the freeze-drying of probiotics, particularly strains
like L. plantarum and L. casei, when incorporated into fruit juices us-
ing encapsulants such as whey protein [19-22]. Thereby, this project
critically probes the stability and viability of encapsulated L. planta-
rum and L. casei using some fruit juices (apple and tomato) as carriers
during prolonged refrigerated storage. Furthermore, the study also in-
vestigated the bioaccessibility of such probiotics when the apple and
tomato fruit juices enriched with probiotics (probiotic fruit juice) were
subjected to in vitro digestion and fermentation. It aimed to interpret
the interplay between the encapsulated probiotics and the challenging
acidic environment typically associated with fruit juices. Shedding
light on the prospects of using fruit juices as probiotic carriers will es-
tablish innovative alternatives against their conventional dairy-based
counterparts. This investigation is poised to contribute significantly
to the knowledge of probiotics and their possible delivery using non-
dairy food carriers.

Materials and Methods

Materials

The cryobeads of probiotic bacteria, Lactobacillus plantarum and
Lactobacillus casei, were obtained from the stock cultures reserved
in the microbiology laboratory at the School of Agriculture, Food,
& Ecosystem Science, The University of Melbourne (Parkville, Mel-
bourne, VIC, Australia). The Whey Protein Concentrate (WPC) was
procured from Warrnambool Cheese and Butter Factory Company
Holdings Ltd, Southbank VIC, Australia. The Apple Juice (Golden
Circle a), Tomato Juice (Woolworths Home brand) and Pink Lady
apples were bought from Woolworths, a local supermarket in Mel-
bourne, VIC, Australia.

Media and chemicals including De Man—Rogosa—Sharpe, Vegi-
tone agar (MRS), MRS broth modified (Vegitone), plate count agar
(PCA), bacteriological peptone, phosphate buffer solution (powder
sachets), Folin-Ciocalteu Reagent (2N), gallic acid, pepsin (2500 U/
mg), L- Cysteine HCI, mucin, fresh bile, bile salts, were purchased
from Sigma-Aldrich Co., NSW, Australia. Peptone, tryptone, yeast
extract KCI, NaCl, pectin, casein, NaHCO3, MgS04.7H20, guar
gum, KH2PO4, CaCl2 and Tween 80 were purchased from the local
Bio21 store, Melbourne, Australia. Pancreatin from porcine (2U/mg)
was purchased from ChemSupply, Australia. KCL, KH2PO4, NaH-
CO3, NaCl, MgCI2(H20)6, (NH4)2CO3, 1M HCI, IM NaOH
were procured from the Chemical Store of Building 194, School of
Agriculture and Food, Faculty of Science, The University of Mel-
bourne. The fresh faecal sample was collected from a healthy adult
male donor without any history of antibiotics intake in the past six
months before collection.

Methods

Activation of Probiotics

The selected probiotics (L. plantarum and L. casei), on cryo-bead,
were activated by aseptically transferring 1 bead into 50 ml MRS
broth, followed by mixing and anaerobic incubation at 37°C for 48
hours. The final counts in the active cultures were between 10°-107
CFU/ml.
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Preparation of free and encapsulated probiotics

The free probiotic cultures were pelletized via centrifuging of 1ml
of each active culture at 8000 rpm for 2 minutes at 4°C using a bench-
top centrifuge (Eppendorf™ 5424R). The encapsulation of both pro-
biotic species was performed following the method of [23] with some
modifications. Each activated culture (10 ml) was individually mixed
with 200 ml of pasteurised whey protein solution (10% w/v) under
aseptic conditions and left for about 5 to 6 hours at room temperature
to allow the interaction between protein and probiotics. The active
culture in whey protein solution was distributed into 50 ml Falcon
tubes (35 ml each) and frozen at -20°C overnight before freeze-drying.
The frozen suspensions were freeze-dried at-50°C for 72 hours using a
benchtop freeze dryer (Dynavac FD3, United States) until the powders
were obtained. The freeze-dried encapsulated probiotic powders were
stored at -20°C until used. The actual probiotic counts in the active
cultures were assessed before and after freeze-drying using a spread
plate technique [24].

Enrichment of fruit juice with free and encapsulated probi-
otics

All selected commercial fruit juices (apple and tomato) were en-
riched with 1% of the prepared probiotic cultures (L. plantarum or
L. casei). The treatments included the enrichment of the fruit juices
(apple and tomato) with 1% or the selected probiotic as following: (1)
apple juice (Aj) enriched with free L. plantarum (AjFLp), (2) Aj with
encapsulated L. plantarum (AjELp), (3) Aj enriched with fee L. casei
(AjFLc), (4) Aj with encapsulated L. casei (AjELc), (5) Aj as a control
(no added probiotic). The same treatments were repeated with tomato
juice samples to generate (TjFLp, TjELp, TjFLc, TjELc, and Tj). All
treatments were prepared in duplicate and stored refrigerated (4°C)
for 4 weeks and analysed on days 1, 14, and 28. The In vitro tests were
done days 1 and 21.

Examination of physicochemical properties
1. Colour analysis

The L*, a* and b* values of all the samples were measured using
a Konica Minolta CR-400 Chromameter. All three colour parameters
were measured in triplicates for each sample.

2. pH analysis

The pH value of each sample was recorded in duplicates using a
digital pH meter re-calibrated with pH 4.0 and 7.0 buffers (HANNA
Instruments, Vinsokite, RI, USA).

3. Titratable acidity

The titratable acidity of apple and tomato juice samples was mea-
sured by titrating 10 ml of juice solution with 0.1N NaOH using phe-
nolphthalein indicator. The TA was further expressed as the percentage
(%) of respective acid, malic acid for apple juice and citric acid for
tomato juice [25].

The formula used for calculation was as follows

Fx V1l xM
V2

TA% =

where,

F=targeted acid correct factor {malic acid F= 6.7, citric acid F = 14.4}
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V1 = volume of 0.1N NaOH
M = 0.1IN of NaOH, V2 = sample volume
Total Phenolic Content

The total phenolic content (TPC) of all the samples were mea-
sured using the Folin-Ciocalteu Assay with some modifications [26].
Firstly, in a 10 ml falcon tube, 10 uL juice sample was mixed with 90
ul of methanol (Sigma Aldrich. St. Louis, Missouri, USA) to achieve
ten-fold diluted extract (1:10). Then 2.5 ml of 0.2 N FCR was added
to the diluted juice, mixed, and rested for 5 minutes at room tempera-
ture. Furthermore, 2 ml of 7.5% sodium carbonate concentrate was
added to the solution and vortexed for 10 seconds using vortex mixer
VX100 (Labnet International, Inc., Edison, NJ, USA). The tubes were
then wrapped and kept in the dark for 1 hour at room temperature.
Then three 200uL aliquots of each sample were transferred into a 96-
well microplate, and their absorbance was measured in triplicates at
765 nm using a microplate reader (Thermo Scientific Multiskan GO).
A standard curve was prepared following the same procedures and
using various concentrations of gallic acid as standards. The TPC of
each sample was expressed in ug/ml juice sample.

Assessment of microbiological counts

The lactic acid bacteria and total plate counts were analysed in du-
plicates using MRS agar. All samples were examined on days 1, 14
and 28 following the spread plate technique [24].

Performing in vitro gastrointestinal digestion of probiotic fruit
juices

The in-vitro gastrointestinal digestion and fermentation of probiotic
fruit juices were performed following the methods of Minekus [27].

Samples were subjected to gastrointestinal (enzymatic) digestion pri-
or to the in vitro fermentation.

Preparation of fluids
Simulated gastric fluid (SGF)

The SGF was prepared by mixing the stock solutions in the follow-
ing quantities — 6.9 ml KCL,0.9 ml KH2PO4, 12.5 ml NaHCO3, 11.8
ml NaCl, 0.4 ml MgCI2(H20)6, and 0.5 ml (NH4)2CO3.The pH was
adjusted to 3 using 1 M HCI solution. The volume was made up to
500 ml using Milli-Q water. A simulated gastric premix (50 ml) was
then prepared by mixing 45.5 ml SGF,0.08 g Pepsin (2500 U/mg), 25
uL CaCl2, 75 uL ml 1M HCL, and 4.4 ml Milli-Q water.

Simulated Intestinal Fluid (SIF)

A solution of SIF was prepared by mixing stock solutions in the
following quantities — 6.8 ml KCL, 0.8 ml KH2PO4, 42.5 ml NaH-
CO03, 9.6 ml NaCl, and 1.1 ml MgCI2(H20)6. The pH of the solution
was adjusted to 7 with 1 M NaOH and 1 M HCI. The volume was
made up to 500 ml using Milli-Q water. A simulated intestinal premix
was then prepared by mixing 46.25 ml SIF, 5 g pancreatin (2 U/ml),
0.408 g fresh bile, 225 uL 4M NaOH and 3.425 ml Milli-Q water.

Basal Medium

The basal medium used for fermentation was prepared by adding
2.5 g of peptone, 2.5 g of tryptone, 2.25 g of yeast extract, 2.25 g of
KCl, 4.5 g of NaCl, 2 g of mucin, 1 g of pectin, 1.5 g of casein, 0.75
g of NaHCO3, 0.4 g of L-Cysteine HCI, 0.62 g of MgS04.7H20, 0.5
g of guar gum, 0.25 g of KH2PO4, 0.2 g of bile salts, 0.55 g of CaCl2
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and 0.5 mL of Tween 80 in 500 mL of Milli- Q water and autoclaved
at 121°C for 1 hour, 15 psi (Systec DX200 Autoclave).

Faecal Slurry

The faecal samples were collected after obtaining ethical approv-
al (2023-26404-38860-4) from the human ethics team at the Univer-
sity of Melbourne. The fresh sample (20 g) was mixed with 100 ml
sterile 0.1% bactopeptone and placed inside sterile stomacher filter
bags. The faecal slurry was stomached for 2 min using a BagMix-
er (Interscience, France). The filter bags enabled the removal of any
suspended matter under aseptic conditions. The prepared slurry was
divided into subsamples (20 ml each) and frozen at -20°C until used.
The bacterial count in that stock faecal culture was conducted imme-
diately after preparation using a spread plate technique [23]. The lactic
acid bacteria and total aerobic and anaerobic counts were conducted in
duplicates using MRS and PCA agar plates, respectively.

Gastric Digestion

Each tested Probiotic Fruit Juice (PFJ) sample (2.5 ml) was in-
dividually transferred into a 15 mL polypropylene tube containing
2.5 mL of simulated gastric premix (pH 3) containing pepsin (2500
U/mg) and incubated for 2 h at 37°C in a shaking incubator (ZWYR-
240, Labwit Scientific, Australia) at 120 rpm. Digestion was stopped
by adjusting the sample pH to 6.8 with 1 M NaOH, where pepsin was
denatured.

Intestinal digestion

A specific volume (2.5 ml) of the gastric digested samples was
mixed with 2.5 ml of simulated intestinal pre-mixed fluid containing
pancreatin (2 U/ml) and bile in a 15 mL polypropylene tube. All sam-
ples were incubated for 2 hours at 37 °C and 120 rpm in a shaking
incubator (ZWYR-240, Labwit Scientific, Australia).

Colonic fermentation

Colonic fermentation was conducted by mixing 2.5 ml of gastro-
intestinal digested samples with 1 ml of previously prepared faecal
stock culture and 1.5 ml of basal medium. The tubes were flushed with
N2 gas (purity 4.0, Coregas, Thomastown, Australia) before replac-
ing the caps and incubating in anaerobic chambers (AnaeroGenTM,
ThermoFisher Scientific, Scoresby, Australia) containing an anaero-
bic indicator (BR0055B, ThermoFisher Scientific, Scoresby, Austra-
lia). The chambers were placed into a shaking incubator (ZWYR-240,
Labwit Scientific, Australia) at 37 °C and 100 rpm for 48 hours. LAB
counts and total aerobic and anaerobic counts were conducted after 48
hours of fermentation. The blank samples were prepared using faecal
slurry and basal medium only (no probiotic fruit juice).

Statistical Analysis

A one-way analysis of variance (ANOVA) was used to estimate
any disparities among all treatments. The Fisher’s Least Significant
Difference (LSD) test was subsequently implemented to establish the
means that differ significantly at a 95% confidence level (p < 0.05).
All statistical analyses were conducted using Minitab® 19 Statistical
Software for Mac (Minitab Inc., USA) and Microsoft Excel®.

Results

The physiochemical properties of probiotic fruit juices
during refrigerated storage

Changes in pH and titratable acidity
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Changes in the pH of commercial apple and tomato juices enriched
with free and encapsulated probiotics during refrigerated storage (4°C)
are depicted in Table 1. The recorded pH values in the control apple
and tomato juice samples (3.32+ 0.01 and 3.65+ 0.03, respectively)
were in agreement with those reported in the literature (3.32-3.8 in ap-
ple and 3.65-3.9 in tomato juice) [28]. The control apple and tomato
juice samples maintained a stable pH over the 28 days of storage, es-
sentially due to the lack of any probiotic enrichment and refrigeration
storage. The initial pH value in apple juice samples was 3.32+
0.01. It increased significantly to 3.8+0.01 and 3.6+0.0 on day 1 of
adding encapsulated L. plantarum and L. casei, respectively. A similar
trend was also detected in tomato juice samples, with a significant
increase in pH upon the enrichment with encapsulated probiotics.
However, the initial pH in tomato juice (3.65+0.03) was larger than
the initial pH in apple juice (3.3240.01). The same data also showed
that enriching apple and tomato juices with free probiotics caused in-
significant changes in pH values on day 1 of preparation (Table 1).

e

Samples Storage Time (Days)
Day 1 Day 14 Day 28
AjC 3.3240.01°% 3.38+0.01° 3.29+0.01%
AjJELp 3.8+0.1° 3.52+0.04% 3.57+0.01%
APPLE JUICE | AjELc 3.6+ 0° 3.4940.01¢ 3.53+0.01%
AjFLp | 337+0.01° 3.19+0.010 334 £0.01¢
AJFLc | 3.36+0.01¢ 3.23+0.010 3.3+001%
TjC 3.65+0.03 3.44+0.01 3.7+0.01¢
TjELp 3.9+0.01° 3.73+0.01° 3.95+0.01°
TOMATO JUICE | TjELc | 3.92%0.01° 3.7£0.01¢ 3.97+0.01°
TiFLp 3.76 + 0 3.52+0.01 3.76 £0.01¢
TjFLc 3.77+0.01¢ 3.51+0.010 3.82+0¢
Table 1: Changes in pH in commercial apple and tomato juices enriched
with free and encapsulated probiotics during refrigerated storage. Means
in columns and rows within each treatment (apple and tomato) followed
with different superscript letters were significantly different (P<0.05). Aj=
apple juice, C= control, E= encapsulated, F= free; Lp= L. plantarum; Lc=
L.caAsyou wish Senakasei; Tj= tomato juice

J

The pH values showed similar trends in all treatments, with some
decline in pH values after 14 and 28 days of refrigerated storage com-
pared to day 1 results. However, the pH values in both apple and to-
mato juice samples enriched with encapsulated probiotics retained
significantly (P<0.05) larger values than the control and the samples
enriched with free probiotics after 28 days of refrigerated storage.
The significant increment (P<0.05) in the pH observed in apple and
tomato juices enriched with encapsulated probiotics could be attribut-
ed to the buffering capacity of the whey protein coating the probiotics
[29-31]. This buffering capacity can counteract the acid-producing
effects of Lactobacillus fermentation and contribute to resistance in
pH changes [32]. Moreover, the increment in pH in samples enriched
with encapsulated probiotics could be attributed to the lysis of some
probiotic strains during prolonged storage (28 days) and the release of
their cell wall components.

Enriching fruit juices with free probiotics, with no whey protein
encapsulant, didn’t show significant (P>0.05) drops in pH in most
treatments during the 28 days of refrigerated storage and maintained
a pH value of close to that in the control samples (3.29 and 3.70
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in apple and tomato juices, respectively). Such results could be
attributed to the limited growth and fermentation by these added
free probiotics in these high acidity conditions. The titratable acidity
(TA) was expressed as % malic acid and % citric acid for apple and
tomato juice samples, respectively. As the relationship between pH and
TA is usually negative, it was expected to detect a larger %TA in con-
trol apple juice, which had a smaller pH (3.32) than tomato (3.65).
On the contrary, the TA (0.52%) in the control apple juice on day
1 was smaller than that in tomato juice (0.86%) (Table 2). Similar
patterns were also reported in all treatments after 14 and 28 days of
refrigerated storage with greater %TA in tomato juices than in apple.
Even though the pH values in tomato juices were greater than those
in apple juice (Table 1), the %TA values were also larger than those
in apple (Table 2). Such contradiction between the theoretical pH and
%TA inverse relationship and actual reported results, which revealed
a positive relation, could be attributed to the fact that % titratable
acidity measures the total hydrogen ion concentration (free and
bound), while pH measured free ions only. The reported greater % TA
in tomato juice samples could indicate the presence of larger amounts
of bound hydrogen ions in those samples compared to apple juice.

Samples Storage Time (Days)
Day 1 Day 14 Day 28

AjC 0.52 0.54" 0.55¢

AJELp 0.59¢ 0.59¢ 0.60¢

APPLE JUICE AjELc 0.59 0.62° 0.63*

AjFLp 0.55¢ 0.59¢ 0.61°

AjFLc 0.55¢ 0.58f 0.60°

TjC 0.86' 0.96° 0.96f

TJjELp 0.96' 0.96' 1.06°

TOMATO JUICE TJjELc 0.99¢ 1.02¢ 112

TjFLp 0.93" 0.99¢ 1.18°

TjFLc¢ 0.93" 0.99¢ 1.12°
Table 2: Changes in titratable acidity in apple and tomato juices enriched
with free and encapsulated probiotics during refrigerated storage. Means
in columns and rows within each treatment (apple and tomato) followed
with different superscript letters were significantly different (P<0.05). Aj=
apple juice, C= control, E= encapsulated, F= free; Lp= L. plantarum; Lc=

L.casei; Tj= tomato juice

Changes in Colour

The L*, a* & b* are the colour space values that denote the quan-
titative measure of a sample lightness/brightness, red-green, and yel-
low-blue component, respectively [33].

L* values

The L* value ranges from 0 (black) to 100 (white). Data in Table
3a represented the changes in the L* values of commercial apple and
tomato juices (controls and enriched with free and encapsulated pro-
biotics) during storage at 4°C for 28 days. As expected, the lighter
colour in the control apple juice showed significantly (P<0.05) larger
L* values (58.5 + 0.08) than that in tomato (39.19 + 0.03). The same
data revealed that enriching apple juice with encapsulated probiotics
decreased the L* value significantly on day 1. While, adding free
probiotics didn’t cause any significant (P>0.05) decline in L* (Table
3-a). The L* values in all treatments (apple and tomato juices) showed
a continuous decline on days 14 and 28 of refrigerated storage.
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The more significant decline in L* in the presence of encapsulated
probiotics in both apple and tomato juices could be attributed to the
increased turbidity caused by the whey protein encapsulant. Further-
more, the previously reported increment in %TA after days 14 and 28
(section 3.1.1), mainly in samples enriched with free probiotics (Table
2), could also contribute to the continuous decline in L* value during
refrigerated storage. Acidity could affect the release of some anthocy-
anin and carotenoids, and hence the declining in lightness [34].

e

Samples Storage Time (Days)
Day 1 Day 14 Day 28
AjC 58.5+0.08" | 5429+0.01° | 53.41+0.02
AjELp 52.99+0.330 | 39.65+0.03 | 41.97+0.02"
APPLE JUICE AjELc 53.83+£0.02¢ | 403+0.01 | 41.65+0.04
AjFLp 58.83£0.03" | 53.77+0.01° 52.44 + 0¢
AjFLc 58.64+0.05* | 53.03+0.01° 52.31 +0.02¢
TjC 39.19+0.03* | 30.81 +0.03! 30.79 £ 0.01)
TjELp 3854038 | 32.4+005 | 31.89%0.01¢
TOMATO JUICE | TIiELe | 38.492001° | 33.12£001° | 31.75+0.01¢
TjFLp 37.42+0.03¢ | 31.34+0.01" 31.06 =0
TjFLc 37.82+0.01¢ | 31.03=0" 30.73 £ 0.01
Table 3a: Changes in L* values in commercial apple and tomato juices
enriched with free and encapsulated probiotics during refrigerated stor-
age. Means in columns and rows within each treatment (apple and toma-
to) followed with different superscript letters were significantly different
(P<0.05). Aj= apple juice, C= control, E= encapsulated, F= free; Lp= L.
plantarum; Lc= L.casei; Tj= tomato juice.

a* values

The positive and negative a* values imply redness and greenness,
correspondingly [33]. As shown in Table 3b, the negative a* in the
control apple juice samples on day 1 (- 0.31 £ 0.03) depicted a green
colour component. The control tomato juice showed a positive initial
a* value (8.98+0.01), revealing a significantly (p <0.05) higher degree
of redness, which is the common colour in tomato. Furthermore, most
of the a* values in apple juice remained negative during storage and
reflected more dominant green colour during storage. The same re-
sults indicated that a* values fluctuated in the presence of encapsu-
lated or free probiotics in apple juice samples but didn’t change the
negative a* values (green) into positive (red). Changes in a* values
in tomato juice were more pronounced, with a significant (P<0.05)
decline on day 14. For example, a* in the control declined from 8.98
to 5.95 and remained stable until the end of the storage period. Simi-
lar patterns were observed in all other tomato juice treatments (Table
3b). These results showed that the intensity of red colour in tomato
juice significantly (p <0.05) declined in all treatments (control and en-
riched juice samples). Such decline in the degree of redness (a*) could
be attributed to the oxidations and degradation of lycopene, the main
colour ingredient in tomato.

b* values

The b* chromaticity coordinate measures the yellow-blue attribute
of'a colour sample. Positive values signify the presence of yellowness,
whereas negative values indicate the presence of blueness [35]. Data
in Table 3-c display the changes in b* values in apple and tomato
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Samples Storage Time (Days)
Day 1 Day 14 Day 28
AjC -0.31£0.03 | -0.84+0.01" | -0.64%0.03¢
AjJELp 0.04 +£0.01° 0.06 +0.01° -0.04 £ 0.01°
APPLE JUICE AjELc -0.01+0.01* | 0.01+0.01° | -0.09=0.02¢
AjFLp 0.25+0.01° | -0.8=0.01° 0.5 +0.01°
AjFLc¢ -0.32+0.01° 0.01 +£0.93" -0.51+0.03¢
TjC 8.98+£0.01¢ 5.95+0# 5.95+0.03¢
TjELp 9440 6.6+0.01¢ 6.41 + 0.02¢
TOMATO JUICE TjELc 9.33 +£0.02* 6.66 +0.01¢ 6.3 +0.04"
TjFLp 9+0.14¢ 6.03+0.06¢ 6.32+0.02¢f
TjFLe 3.77+0.01° | 593+001¢ | 596=0.04
Table 3b: Changes in a* values in commercial apple and tomato juices
enriched with free and encapsulated probiotics during refrigerated stor-
age. Means in columns and rows within each treatment (apple and toma-
to) followed with different superscript letters were significantly different
(P<0.05). Aj= apple juice, C= control, E= encapsulated, F= free; Lp= L.
plantarum; Lc= L.casei; Tj= tomato juice

juices enriched with free and encapsulated probiotics during refrig-
erated storage. The overall b* in all apple juice treatments on day 1
was significantly (P<0.05) smaller than those in tomato juices. For
example, the b* values in the controls of apple and tomato juices
were 1.23 +£0.06 and 8.07+0.08, respectively. Furthermore, apple juic-
es with encapsulated probiotics showed significantly larger b* values
than in the presence of free probiotics. Similar patterns were recorded
after days 14 and 28 of refrigerated storage. The larger b* values in
apple juices with encapsulated probiotics could be attributed to the
effect of whey protein encapsulant and the possible oxidation of poly-
phenols in apple juice. The significantly (P<0.05) greater b * values
in all tomato juice treatments than in apple juices on day 1 could be
related to the presence of lycopene in tomato juice. Furthermore, the
significant (P<0.05) decline in tomato juice b* on day 14 of refriger-
ated storage could be attributed to lycopene oxidation.

e

Samples Storage Time (Days)
Day 1 Day 14 Day 28
AjC 1.23+£0.06" | 2.58+0.01% 1.59 +0.01¢
AJELp 2.9+0.07* 3.02£0.01% | 3.06+0.01®
APPLE JUICE AJjELc | 2.74£0.01% 3.24£0.01° 322400
AjFLp 1.06 + 0 2.41+0° 1.21 £ 0v
AjFLc 1.36 +0.05¢ 1.94 +0° 1.55+0.51¢
TjC 8.07 = 0.08" 3.06 = 0.02' 3.02+0.01'
TJELp 6.63 +0.01° 3.94+0.01¢ 3.67+0.01
TOMATO JUICE | TjELc 5.89+0.01¢ 438+ 0.02f 3.58 £ 0
TjFLp 5.38+0.09° 3.39+0.010 3.46 £ 0.02i
TjFLc 6.08 + 0.04° 3.2+0.01% 3+0.01
Table 3c¢: Changes in b* values in commercial apple and tomato juices
enriched with free and encapsulated probiotics during refrigerated storage.
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Total Phenolic Content (TPC)

Changes in the total phenolic contents (TPC) in all treatments
during the refrigerated storage are presented in Table 4. These re-
sults showed that the initial TPC in the control apple juice (481.39
+ 10.6 ug/ml) was significantly larger than in the control tomato sam-
ple (165.6 + 35.4 ug/ml). The positive impact of added encapsulated
and free probiotics on releasing more phenolic compounds during
refrigerated storage in all juice treatments was very clear compared
to the control. The increases in TPC in both apple and tomato juic-
es were significant (P<0.05) and obvious on day 1 of storage. The
TPC increased in apple juice by 34.84% and 45.58% in the presence
of encapsulated and free L. plantarum, respectively. Similar results
were also reported using L. casei in apple juice. Data also showed a
significant (P<0.05) decline in the TPC in apple juices after 14 days
of refrigerated storage, followed by significant increases on day 28
(Table 4). Such significant reduction (p < 0.05) in TPC in apple juices
within 14 days in the presence of free and encapsulated probiotics can
be explained by possible oxidation and degradation of major pheno-
lic compounds. Previous studies by [36-38] mentioned that phenolic
compounds could be degraded by the microbial enzymes released
from the damaged or lysed bacteria over time. However, the increases
in TPC on day 28 of refrigerated storage might be caused by slow
fermentation under these conditions and an increase in TPC. A similar
conclusion was noted. [39]. Who reported that fermentation of cereals
by lactic acid bacteria increased the level of phenolic contents.

Sampl Storage Time (Days)
Day 1 Day 14 Day 28
AjC 481.39+10.6° | 239.16+7.5¢ | 754.44+2.4b
AJELp | 6492+412¢ | 296.11+5.5" 980 + 5.5¢
APPLE JUICE AjJELc 66334+32¢ | 258614045 | 966.67 = 12.6°
AjFLp 700.84+£83° | 25333+ 1.6t | 732.78+£0.8"
AjFLc 755.64+20.4% | 287.77+13.4% | 743.06 + 0.4°
TjC 165.6 354" | S521.11+7.18 | 933.62+ 11.4°
TJELp 437.5+59" | 1052.5+18.5 | 917.22+3.1°
TOMATO JUICE | TjELc | 555.56+7.1% | 723.6+18.5° | 8558+ 14.5¢
TjFLp 123.06+ 4.3 | 1064.7+£40.5" | 984.44 455"
TjFLc 169.72+12.21 | 587.5+9.8 | 951.4+ 153
Table 4: Changes in Total Phenolic Content (ug/ml juice) in apple and
tomato juices enriched with free and encapsulated probiotics during re-
frigerated storage.

The impacts of free and encapsulated probiotics on tomato juices
differed from those detected in apple juices. Results in Table 4 re-
vealed that both species of encapsulated probiotics (L. plantarum and
L. casei) increased the TPC on day 1 of storage by 165% and 235%,
respectively. However, adding free probiotics didn’t cause any signif-
icant changes (P>0.05) on day 1. The significant increment in TPC in
the presence of encapsulated probiotics could be related to their slow
fermentation, as explained before, with apple juice sample. However,
the lack of such effect on day 1 in the presence of the same species
of free probiotic might be due to the damage of free probiotics un-
der such acidic conditions (pH 3.76) in tomato juice. The same data
also showed that TPC in all tomato juice treatments, including the
control, increased significantly (P<0.05) on day 14 and continued
with that pattern toward the end of refrigerated storage. Such sudden
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significant increases starting day 14 could be attributed to the break-
down and oxidation of lycopene in tomato juice [40]. Lycopene is
a red carotenoid pigment found abundantly in tomatoes that gets de-
graded during processing and prolonged storage of both probiotics-en-
riched tomato juice and control samples [41]. The oxidative cleavage
of lycopene leads to the generation of various derivative compounds,
such as apo-lycopenals, apo-lycopenones, and epoxy-lycopenals [42].
Many of these lycopene oxidation products have phenolic groups in
their structures. Furthermore, adapting the free probiotic to that acid
environment in tomato juice by day 14 might have contributed to the
increment in TPC via fermentation. Fermentation can break down or
metabolize certain components in the tomato juice, potentially lead-
ing to the release of phenolic compounds that were previously bound
or inactivated. This can also be linked to the hydrolytic enzymes po-
tentially liberating phenolic compounds that were originally part of
larger molecules observed in the same timeline in the tomato juice
samples, which may have contributed to the increase in the estimated
total phenols [43].

Viability of free and encapsulated probiotics in apple
and tomato juices during refrigerated (4°C) storage

Assessment of the viable counts of activated probiotic species be-
fore they were added to fruit juices revealed counts of 9.24 log CFU/
ml and 9.74 log CFU/ml of L. plantarum and L. casei, respectively,
in free culture (before freeze drying). However, encapsulation using
freeze drying decreased these counts to 7.02 log CFU/ml (L. planta-
rum) and 6.9 log CFU/ml (L. Casei). As the fruit juices were enriched
with 1% of a designated culture, the initial count of each added en-
capsulated probiotic was the same (6.9-7.02 log CFU/ml) within each
added species in all juice samples. Likewise, the number of added free
probiotics species was also the same (9.24- 9.74 CFU/ml). Changes in
the probiotic counts (log CFU/ml) in all treatments during the refrig-
erated storage are presented in Table 5. As expected, both apple and
tomato controls (no added probiotics) showed <1 CFU/ml. The initial
viable counts of encapsulated L.plantarum and L. casei before adding
them to the fruit juices were 7.02 and 6.9 log CFU/ml, respectively.
Those counts decreased to 6.91+0.01 to 6.73+£0.1 CFU/ml on day 1
of storage in apple juice enriched with encapsulated probiotics, which
represented an insignificant decline by only 0.11 and 0.17 log CFU/
ml, respectively. However, those counts of encapsulated probiotics
in apple juices decreased further by >2 logs CFU/ml on day 14 of
storage. The remaining recorded counts on day 14 were 4.09+0.04
and 4.57+0.06 log CFU/ml in AJELp and AjELc, respectively. Those
counts continued to decrease further toward the end of the storage pe-
riod and showed a viability (<1 log CFU/ml) on day 28 of refrigerat-
ed storage. Data in Table 5 also showed that enriching apple juices
with free probiotics that had initial counts of 9.24- 9.74 log CFU/ml
was able to maintain viable counts of 5.96 and 5.95 log CFU/ ml in
AjFLp and AjFLc, respectively, after 14 days of refrigerated storage.
Although the viable counts of those free L. plantarum and L. casei
decreased by 3.28 and 3.89 logs by day 14 of storage, the remaining
counts in apple juices were very close to 6 logs. This could be attribut-
ed to the significantly larger counts in the initial free probiotics (>9
logs) as compared with the encapsulated (~ 7 logs). These findings
confirmed the positive relationship between initial counts and the fi-
nal viable counts after treatment and storage. In the case of tomato
juice samples, a similar trend was observed during refrigerated stor-
age with viable counts of <1 log CFU/ml on day 28 in all treatments
(Table 5). As in apple samples, the probiotic counts declined signifi-
cantly on day 1 and showed 5.84+0.11 and 5.82+ 0.06 CFU/ml in
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tomato juices enriched with encapsulated L. plantarum and L. casei,
respectively. However, enriching tomato juices with free probiotics de-
picted larger viable counts (7.17+0.05 and 6.89+ 0.12 log CFU/ml) on
day 1. Such results could be attributed to the significantly larger initial
counts (9.24 log CFU/ml and 9.74 log CFU/ml) of the free cultures
used in the enrichment. Changes in probiotic survival after 14 days of
refrigerated storage showed a further decline in the probiotic counts in
all treatments. However, like apple juices, tomato juices enriched with
free probiotics maintained significantly (P<0.05) larger viable counts
than in the sample fortified with encapsulated probiotics due to the
same reasons explained with apple juices. Consequently, it was con-
cluded that enriching fruit juice with encapsulated probiotics requires
increasing the initial encapsulated counts to >9 logs before adding
them to the fruit juice.

e

Samples Storage Time (Days)
Day 1 Day 14 Day 28

AjC <1t <1t <1f

AjJELp 6.91+0.01° 4.09 + 0.04¢ <If

APPLE JUICE AjELc 6.73 £0.17° 4.57 +0.06¢ <1f

AjFLp 6.98 +0.03* 5.96 + 0.04° <1f

AjFLc 6.96+0.03* | 5.95%0.06° <1

TjC <1n <1b <1b

TjELp 5.84+£0.11° | 4.97+0.04° <1v

TOMATO JUICE TJjELc 5.82+£0.06° | 3.95+0.01¢ <1

TjFLp 7.17+0.05 | 6.26+0.02¢ <1

TjFLc 6.89+0.12° | 6.39+0.02° <1k
Table 5: Changes in lactic acid bacteria count (log cfu/ml) in commercial
apple and tomato juices enriched with free and encapsulated probiotics

during refrigerated storage.

Viability of free and encapsulated probiotics in apple
and tomato juices stored refrigerated and subjected to
in-vitro gastrointestinal digestion after days 1 and 21

The gastric and intestinal digestion and colonic fermentation of
treated apple and tomato juices were conducted on days 1 and 21 of
refrigerated storage. Significant (P<0.05) reduction to <1 log CFU/
ml in the LAB counts (of both free and encapsulated) were observed
in most treatments after the in vitro gastric digestion (GD) of apple
and tomato juices (data not included in this manuscript). That signif-
icant decline in probiotic counts after GD could be attributed to the
stress caused by exposure to extremely low pH (2.8) in the simulated
gastric environment in addition to the pepsin activity in the gastric
fluid. Studies by [44,45] reported that pepsin damages the probiotic
cell wall and the peptide bonds between the amino acids of their cell
membrane, causing cell wall lysis and a significant reduction in their
viable counts under such conditions.

LAB counts in treated apple and tomato juices subjected to
in-vitro gastrointestinal digestion after 1 day of refrigerat-
ed storage

Following the sharp decline in LAB counts during the Gastric
Digestion (GD), significant (P<0.05) recoveries in the viable LAB
counts in juices enriched with encapsulated probiotics were detected
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after 2 h of Intestinal Digestion (ID) (Figures 1 A&B). It is anticipated
that favourable conditions during the ID, including neutral acidity (pH
7) and nutrient availability coupled with the shielding effect of whey
protein in the encapsulated probiotics, contributed to the significant
recovery of the encapsulated L. plantarum and L. casei in both apple
and tomato juices (Figures 1A&B). The recorded viable counts of L.
plantarum and L. casei after 2 h of ID reached 3.44+ 0.03 and 4.0+
0.04 in apple juice and 3.75+ 0.00 and 4.55+ 0.03 in tomato juice, re-
spectively. However, the viable LAB counts in the control treatments
and apple and tomato juices enriched with free probiotics continued
to show very low counts (<1 log CFU/ml). These data suggested that
damages to the free probiotics in fruit juices were more severe than
in the encapsulated probiotics. Consequently, the recovery of these
damaged bacteria, known as viable but not culturable (VBNC) was
very slow and failed to show significant increases in their number
after the 2 h of ID of samples refrigerated for 1 day. Unlike the results
reported after 2 h of ID, the viable LAB counts after 48 h of in vitro
Colonic Fermentation (CF) revealed excellent recovery with signif-
icant (P<0.05) increases in the LAB log CFU/ml in all treatments,
including the controls (Figures 1 A&B). The detected log CFU/ml
after 48 h of CF ranged from 4.45+0.02 (AjC) to 4.94+0.01 (TjFLc).
The LAB counts detected in the control samples might have been pro-
duced from the added faecal inoculum during the CF. The recovery
reported after 48 h of CF could be attributed to the better recovery of
both free and encapsulated probiotics during the CF and the availabil-
ity of polyphenols in apple and lycopene in tomato juices that were
utilized by L. plantarum and L. casei as prebiotics.

Figures 1A&1B: Changes in the LAB counts (log CFU/ml) during the in
vitro gastrointestinal digestion of apple (A) and tomato (B) juices enriched
with free and encapsulated probiotics and stored refrigerated for 1 day.
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LAB counts in treated apple and tomato juices subjected to
in-vitro gastrointestinal digestion after 21 days of refriger-
ated storage

The LAB viable counts in fruit juices stored for 21 days before the
in vitro gastrointestinal digestion were significantly (P<0.05) larger
than those detected in samples stored for 1 day only. The log CFU /
ml in all treatments, including the control, reached > 6 logs after 2 h
ID and > 7 logs after 48 h of CF (Figures 2A&B). The 48 h of in vitro
colonic fermentation of fruit juices already refrigerated for 21 days
led to a vigorous proliferation in the probiotic counts to exceed the
recommended therapeutic minimum of 10°-107 CFU/ml in all samples.
These results may suggest that storing fruit juices enriched with probi-
otics for 21 days will provide the LAB with the chance to fully adjust
to the high acidity in apple and tomato and become more readily avail-
able for the ID and CF. Furthermore, the optimal growth conditions
during CF (pH 7) and the availability of undigested carbohydrates and
dietary fibers served as sources of nutrients (prebiotics) for probiotic
bacteria. It should be mentioned that the reported large viable counts
(> 7 log CFU/ml) detected in the control samples (AjC and TjC) after
CF were unexpected. The possible source of such large viable counts
in the controls could be from the added faecal slurry before the start
of the CF.

Figures 2A&2B: Changes in the LAB counts (log CFU/ml) during the
in vitro gastrointestinal digestion of apple (A) and tomato (B) juices en-
riched with free and encapsulated probiotics and stored refrigerated for
21 days.
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Conclusion

This study offers valuable insight into the viability of free and en-
capsulated probiotics in acidic fruit juices with pH ranges from 3.32
(apple) to 3.65 (tomato). The encapsulation of Lactobacillus plan-
tarum and Lactobacillus casei via freeze-drying using whey protein
concentrate enabled the maintenance of adequate probiotic popula-
tions (~ 7 log CFU/ml) after drying. Furthermore, the encapsulated
probiotics demonstrated enhanced survival during prolonged refrig-
erated storage up to 28 days in commercial apple and tomato juices.
Notable differences were observed between the two probiotic species
regarding their acid and bile tolerance. L. plantarum exhibited greater
robustness and was better equipped to endure the harsh conditions
posed by the fruit juices. In contrast, L. casei experienced substan-
tial losses in viability during refrigerated storage. These outcomes
highlight the importance of selecting species intrinsically resilient
to acidic and bile exposures when developing fruit juice-based pro-
biotic carriers. The physicochemical properties (pH, titratable acidi-
ty, colour, and total phenols) of fruit juices enriched with probiotics
showed some changes but remained within acceptable conditions.
Results from the in-vitro gastrointestinal digestion revealed encap-
sulation using whey protein coating seemed to protect the probiotics
during gastric transit. However, further optimization is required to en-
sure stability and viability during the intestinal phase and subsequent
colonic fermentation. Overall, this research demonstrates the promis-
ing potential of using fruit juices as novel probiotic carriers, offering
a healthful, non-dairy alternative. However, the results showed that
the initial viable counts of encapsulated probiotics must be > 9 logs to
secure the recommended doses of 10°-107 CFU/ml after 14 days of
refrigerated storage. This can be achieved by increasing the inocu-
lum volume from 1% (used in this study) to 2%. Furthermore, results
revealed significant drops to <1 log CFU/m in the viable counts of
free and encapsulated probiotics in fruit juices after 28 days of refrig-
erated storage. Consequently, further investigation is recommended
to determine the maximum storage period of fruit juices enriched with
probiotics.
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