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ABSTRACT

Kombucha contains a plethora of compounds that contribute to its health benefits apart from
its probiotic effects. This project was conducted to determine the total polyphenolic content
(TPC) and total antioxidant content (TAC) of kombucha prepared with black tea, oolong tea,
and green tea as a function of fermentation time (day 0 to day 18). Amongst all the kombucha
samples, green tea kombucha on day 9 (GTK 9) had the highest TPC (506.97 + 22.28 ug
GAE/mL) and TAC (440.93 + 1.46 pmoles TE/ mL) and it was chosen to evaluate its effect on
the transepithelial electrical resistance (TEER), antioxidative capacity (AOC), tissue
permeability and cell viability using a 3D model of the intestinal epithelial tissues. For these
analyses, two different concentrations of gallic acid (GA), 500 and 2000 pg/mL were also used
since GA, is a simple phenolic compound that is also one of the end-products of polyphenol
fermentation and digestion and has known benefits on the intestinal epithelial health. All the
results were compared to a negative control (NC), treated with PBS. GTK 9 had a similar effect
as 500 pg/ml GA for TEER, where their effect wasn’t significantly different than the NC, and
for AOC, where their effect significantly increased the AOC of the tissues. GTK 9 increased
the tissue permeability significantly more than the NC, but this increase was not above the
threshold level to be harmful to the tissues. All the treatments proved to increase cell viability,
making them cytoprotective. Overall, both the concentrations of GA and GTK 9 proved to be
beneficial for improving the health of the intestinal epithelial tissues.

Keywords — Kombucha, Total polyphenolic content, Total antioxidant capacity,
Intestinal epithelial tissue model, Gallic acid
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ABBREVIATION

500 GA - 500 ug/mL gallic acid

2000 GA - 2000 ug/mL gallic acid

AOC - Antioxidative capacity

BTK - Black tea kombucha

GA - Gallic acid

GTK - Green tea kombucha

GTK9 - Green tea kombucha on day 9

LY - Lucifer yellow

OTK - Oolong tea kombucha

PBS - Phosphate buffered saline

PBS (+ Mg, Ca) -  Phosphate buffered saline with magnesium and calcium ions
PBS (- Mg, Ca) - Phosphate buffered saline without magnesium and calcium ions PBS
PFA - Paraformaldehyde

RH - Relative humidity

RT - Room temperature

TAC - Total antioxidative capacity

TEER - Transepithelial electrical resistance

TPC - Total polyphenolic content

TSS - Total soluble solids



1. INTRODUCTION

1.1. Kombucha

Functional foods and beverages have gained a lot of popularity and consumer attention in the
past few years because of their additional health benefits on physical and mental health beyond
basic nutrition. One such functional beverage that has received a lot of focus worldwide is
kombucha (1).

Originally processed in China, kombucha is a famous fermented tea drink that is non-alcoholic
[<0.5% (v/v)] and has been widely consumed all over the world, especially in Japan, Russia,
and Eastern Europe since World War Il (1-3). Kombucha is a sweet-sour and carbonated
beverage that is prepared by fermenting tea and sugar mixture under aerobic conditions by a
symbiotic system of SCOBY (Symbiotic Colony of Bacteria and Yeast) (1,4,5). After the
fermentation, the sour liquid product is obtained containing a floating bio-cellulose pellicle (6).

The most common microorganisms found in kombucha include acetic acid bacteria like
Acetobacter, Gluconacetobacter, and Komagataibacter and some lactic acid bacteria like
Lactobacillus bulgaricus along with different yeast genera like Saccharomyces, Dekkera,
Zygosaccharomyces and Pichia (3,4). During the fermentation of kombucha, yeast initially
converts sugar into ethanol. Afterward, bacteria further converts ethanol into various organic
acids, including acetic acid, glucuronic acid, and gluconic acid. (3,4,7).

The functional characteristics of kombucha may vary depending on the type of tea used, which
contains a range of constituents such as phenolic compounds, caffeine, theaflavins, theanine,
organic acids, micronutrients, and cell metabolites produced during tea production (7). Thus,
the tea type used to prepare kombucha affects its chemical composition and bioactive
components.

Black tea, green tea, and oolong tea are all derived from the same plant species, Camellia
sinensis but they are produced by different processing methods leading to specific flavour and
aroma profiles. Black tea undergoes complete enzymatic oxidation or fermentation during
processing whereas green and oolong tea undergo minimal and partial enzymatic oxidation
respectively (8). The difference in enzymatic oxidation time leads to a difference in the
polyphenolic content of the tea, which is responsible for various health benefits in tea (7).

1.2. Polyphenols

Polyphenols are secondary metabolites known to improve human well-being (9). Polyphenolic
compounds are further divided into two groups- flavonoids and non-flavonoids, each group
containing various compounds like anthocyanins, phenolic acids, flavanols, kaempferol, etc



(10). The intake of phenolic substances can lower the risk or even postpone the onset of
illnesses such as cancer, metabolic syndrome, and neurological diseases by altering signalling
pathways including inflammation, oxidative damage, and apoptosis (10).

The antioxidant activity of polyphenols is one of their most important biological functions.
These compounds have a direct potential for scavenging reactive oxygen species due to the
presence of one or more hydroxyl functional groups (OH") attached to a carbon aromatic ring
in their chemical structure. Furthermore, they have the potential to indirectly enhance the
activity of antioxidant enzymes (10). The presence of various vitamins like vitamin C, vitamin
B2, or vitamin E is known to impart antioxidant effects in humans as well (9).

During fermentation, bacteria increase the properties of food by being anti-pathogenic and anti-
microbial. Furthermore, these bacteria have the ability to break down complex phenolic
compounds into simple phenolic acids, increasing their antioxidative capacity and making them
more accessible to human cells (11).

1.3. Effects of fermented polyphenols on human health

One of the most abundant phenolic compounds found in many medicinal plants and produced
by fermentation of complex polyphenols is gallic acid (12,13). Previous studies have shown
gallic acid to have several advantages in improving the functionality of intestinal epithelial
tissue permeability, strengthening its antioxidative capacity, and having cytoprotective
properties (13-15).

The presence of bioactive components in polyphenol-rich beverages such as kombucha imparts
various health benefits like antioxidant activities, oxidative stress-reducing capacity,
antimicrobial activities, and anti-cancerous properties (4).

The human intestinal tissues have antioxidative potential but in case of oxidative stress, where
the production of free radicals and reactive oxygen species is more than the cellular
antioxidants, the chances of tissue injuries and the onset of deteriorating diseases like cancer,
heart diseases, and inflammatory bowel disease increases (16). In this case, polyphenols and
their fermented derivatives can strengthen the antioxidative capacity of the intestinal tissues
7).

It's important to highlight that fermented polyphenols have been found to exert an influence on
the integrity of the intestinal epithelial barrier function (13, 18). This effect, in turn, contributes
to the enhancement of nutrient uptake, particularly by facilitating the absorption of essential
amino acids (13).



1.4. 3D human intestinal tissue model

The 3D human intestinal tissue model is a unique model of reconstructed intestinal tissue from
stem cells of healthy donors raised to an air-liquid interface to emulate the real-life scenario.
In this project, conducting in-vitro analysis on the integrity and permeability of intestinal cells
offers valuable insights into the direct impact of food compounds on a healthy intestine. This
analysis aids in enhancing our comprehension of tissue integrity regulation, a pivotal factor in
the onset of 'leaky’ gut syndrome. This syndrome involves the penetration of harmful
substances such as bacterial walls or bacteria themselves into the bloodstream, leading to
potential health complications (19).

Cell viability, defined as the percentage of live cells in the total cells is a crucial parameter to
quantify for evaluating the effect of a particular treatment on the cells (20). A cytotoxic
substance will decrease cell viability, killing the cells whereas a cytoprotective substance has
the opposite effect.

The above-mentioned parameters have been mainly evaluated for various substances via ex-
vitro models by conducting experiments on rodents because of the physiological similarities
and ease of accessing various regions inside the body. However, the data obtained by ex-vivo
methods cannot be fully used for human studies because of the differences in organ
morphology, gut microbiome, food intake, etc (21). A better solution to elucidate this problem
would be to use an in-vitro model that gives a clear picture of what would happen in the
gastrointestinal system, is easy to work with, gives rapid results, and is a more ethical practice.



2. AIM AND OBJECTIVES

2.1 AIM

The aim of this study was to determine the total polyphenolic content (TPC), and total
antioxidative capacity (TAC) of kombucha made with black tea, green tea, and oolong tea using
the company recipe of Roots of Malmdé. In addition, to evaluate the effect of gallic acid (GA),
a simple phenolic acid, and the kombucha itself to see its effect on intestinal permeability,
antioxidative capacity, and cell viability.

2.2 OBJECTIVES

1. To carry out fermentation of black tea kombucha (BTK), oolong tea kombucha (OTK),
and green tea kombucha (GTK) at Roots of Malma.

2. To monitor the pH and total soluble solids (TSS) as brix of all the kombucha from Day
0 to Day 18.

3. To determine the TPC of all the kombucha samples by the Folin-Ciocalteu method and
evaluate which samples are to be tested for further analysis at the PLE department,
LTH.

4. To evaluate the TAC of the selected kombucha samples by 2 methods, DPPH and
ABTS at the PLE department, LTH.

5. To expose the intestinal epithelial tissues using a 3D in-vitro model, SMI-100 to two
concentrations (500 ug/mL and 2000 ug/mL) of GA and the best kombucha sample and
to evaluate their transepithelial electrical resistance (TEER) and intestinal permeability,
antioxidative capacity (AOC) and cell viability at the PLE department, LTH.
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3. MATERIALS AND METHODS

3.1 Preparation of kombucha

Three different types of kombuchas were prepared using 3 different tea leaves, namely black
tea, oolong tea, and green tea. All the ingredients required to make kombucha (the tea leaves,
sucrose, and the starter culture) were obtained from the company, Roots of Malmd, Sweden
where the kombucha was prepared in sterile conditions and allowed to ferment.

Figure 1 consists of a flowchart, briefly explaining the steps undertaken to prepare kombucha
at Roots of Malma. The first step in kombucha preparation was to brew tea. Around 6.5L of
water was boiled in a 10 L pot. After boiling, 60 g of tea was added to it. This mixture was
allowed to simmer at a low temp for about 7 minutes after which 720 g of sucrose was added
to the pot and the tea was allowed to boil for another 3 minutes. At the end of the second boil,
the stove was turned off and the tea was allowed to steep for 5 minutes.

Then the tea was strained and cooled in a water bath until the temperature reached below 40
°C. It was transferred to a bucket (with measurement markings) and cold water was added to
make the volume 11.3L. 200 ml was taken for measurements and 900 mL of starter culture (old
kombucha broth that was continuously mixed to ensure a homogenous mixture) was added to
the bucket to make the total volume 12 L. 2.5 L of this prepared kombucha was then transferred
to 4 glass jars of 3L capacity to obtain 4 fermentation replicates for each tea type.

The same procedure was repeated for all the types of tea leaves. All the jars were then covered
with a cotton cloth, sealed with rubber bands, and kept at room temperature (RT) of 21 °C to
let them ferment for a maximum of 18 days.

. Add 720 g of it si
Boil 6.5 L. of Once boiled, add S'm“:':" ’:t low sucrose nn§ boil Letllt Sl::m‘ :r at
- ea . ow hea
the tea again
. * 60 g of Black tea * . * g *
leaves 7 minutes St 5 minutes
When the t t f Once the t ture i
Transfer 2.5 L of this e|-1 ¢ temperature o nee the temperatre s Strain the tea
Kombucha to 3 L iars tea is below 30 °C, add below 40 °C, add cold and cool in a
) ' 900 ml of thoroughly ' water to make the '
(n=4) i y , water bath
mixed starter culture volume 11.3 L and mix
Cover the jars with Repeat for Let it ferment at q
tton cloth and Oolong and * RT for a total of # Sampling on Day
aco ¢ 0,6,9,12and 18
rubber band Green tea leaves 18 days

Figure 1 — Flowchart describing the method to prepare kombucha.
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3.2 Sampling

Sampling was done on days 0, 6, 9, 12, and 18 by carefully taking the kombucha from the
middle of the jar (without disturbing the pellicle formed on the top) using a syringe and
transferring it to polypropylene (PPE) 50 ml tubes. All the samples were taken in 4 aliquots
and stored at -18 °C at Roots of Malmé until further analysis. At the end of the fermentation,
the pellicle formed on the top was weighed and stored in the freezer.

3.3 Measuring pH and total soluble solids (TSS) as °Brix

pH and TSS as °Brix were measured for the few samples at Roots of Malmé and for all the
samples at LTH. pH was measured using MeterLab PHM 210 instrument, calibrated using pH
4 and 7 provided by the company and °Brix of the samples was measured directly using a
refractometer (ABBE, Optic ivymenSystem) at the PLE department, LTH. All the
measurements were taken in duplicates and water was used as a blank for measuring TSS.

3.4 Determining the total polyphenolic content (TPC)

The TPC was determined by the Folin-Ciocalteu method described in the method published by
Sutthiphatkul et al. (2022) (4), with some modifications. Briefly, 20 pL of kombucha samples
were mixed with 100 puL of 10% (v/v) Folin-Ciocalteu reagent (Sigma-Aldrich). After 5
minutes, 80 pL of 7.5% (w/v) sodium carbonate (Sigma-Aldrich) was added and the mixture
was incubated in the dark for 30 minutes. The absorbance of all the samples was measured
using a SPECTROstar Nano Microplate reader by BMG Labtech at 765 nm by taking distilled
water (DW) as blank.

For the calibration curve, GA (Sigma-Aldrich) solutions were prepared with DW in the
concentration range of 100-500 pg/mL. The TPC content of the kombucha samples was
calculated using the following equation (y = 0.0083x + 0.1653) obtained from the GA
calibration curve and the results were expressed as pg GA equivalent per mL of kombucha
sample (ug GAE/mL).

3.5 Determining the total antioxidant Capacity (TAC)

The TAC was determined using two methods, ABTS and DPPH, as both the methods have
similar working principles but different affinities towards polar or non-polar groups, and are
suitable depending on the type of sample.
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3.5.1. DPPH assay

DPPH method was performed by first preparing 100 mL of 0.2 mM 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Sigma-Aldrich) solution in methanol (Sigma-Aldrich, purity >
99.6%). The assay was carried out by procedures published by Sutthiphatkul et al. (2022) (4)
with some modifications. In brief, 250 uL of kombucha samples were mixed with 750 pL of
0.2 mM DPPH solution and incubated for 30 min in the dark at RT. After the end of incubation
time, 150 pL of each sample mixture was pipetted into a 96-well plate and the absorbance of
the samples was measured at 517 nm using SPECTROstar Nano Microplate reader by BMG
Labtech by considering DW as the blank.

For the calibration curve, 6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox)
(Sigma-Aldrich) solutions were prepared with DW in the concentration range of 200-1000
umoles /mL. The TAC (DPPH) content of the kombucha samples was calculated using the
following equation (y = 0.0006x - 0.0045) obtained from the trolox calibration curve and the

results were expressed as p Moles trolox equivalent per mL of kombucha sample (umoles TE
/mL).

3.5.2. ABTS assay

The ABTS method was performed by first preparing the ABTS radical solution. For this, an
equal proportion of 7 mM 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
(Sigma-Aldrich) was mixed with 2.45 mM Potassium persulfate and incubated in dark at RT
for around 16 hours. In a nutshell, the ABTS assay was carried out by procedures published by
Sutthiphatkul et al. (2022) (4) with some modifications. 250 uL of kombucha samples were
mixed with 750 pL of ABTS radical solution and were incubated for 30 min in the dark at RT.
After the end of incubation time, 150 uL of each sample mixture was pipetted into a 96-well
plate and the absorbance of the samples was measured at 734 nm using SPECTROstar Nano
Microplate reader by BMG Labtech by considering DW as the blank.

For the calibration curve, trolox solutions were prepared with DW in the concentration range
of 200-1000 pumoles /mL. The TAC (ABTS) content of the kombucha samples was calculated
using the following equation (y = -0.0207x + 8.9759) obtained from the trolox calibration curve
and the results were expressed as umoles trolox equivalent per mL of kombucha sample
(umoles TE/mL).

3.6 Intestinal epithelial tissue model (SMI1-100)

Intestinal epithelial tissues (SMI-100), n=24 were received from MatTek In Vitro Life Science
Laboratories, Bratislava, Slovakia. The tissues were received on feeding media gel and were
pre-equilibrated overnight, before conducting experiments according to Kostiuchenko et al.
(2022) (22) and followed by protocol provided by MatTek Corporation, 2023 (23). For this,
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under sterile conditions, 5 mL of preheated SMI-100 MM medium (MatTek) was pipetted in
12 well-bottom plates (n=2). Next, the tissue inserts were gently removed from the gel and
transferred to the hanging top 12 plate which was then put on top of the bottom plate. 100 pL
of SMI-100-MM was pipette into the apical side of the tissue and the plates were then covered
with the lid. The entire assembled plate was incubated overnight at 37 °C, 5% CO3, and 95%
relative humidity (RH).

3.7 Tissue experimental design

After re-equilibration, the next morning the tissues were taken out of the incubator under sterile
conditions. The apical fluid was aspirated and expelled from the tissue inserts and the tissues
were exposed to 100 pL of different treatments as described in Figure 2. Sterilized Dulbecco's
phosphate buffered saline with magnesium and calcium ions [PBS (+ Mg, Ca)] (n=6) (Gibco,
Thermo Fischer Scientific), filter sterilized 500 pg/mL of GA (500 GA) prepared in PBS (+
Mg, Ca) (n=6), 2000 pug/mL of GA (2000 GA) prepared in PBS (+ Mg, Ca) (n=6) and sterilized
(at 121°C) green tea kombucha of day 9 (GTK 9) (n=6). The tissues were exposed to
corresponding treatments for 24 hours at +37 °C, 5% COg, and 95% RH.

As shown in Figure 2, for determining the antioxidative capacity, 8 tissue inserts were used, 2
from each treatment group with PBS (+Mg, Ca) being the negative control. To determine the
intestinal permeability by lucifer yellow (LY) passage, 8 tissue inserts, 2 of each group were
used. For the MTT assay, 10 tissue inserts were used, 2 of each group and the 2 tissues that
were used as a negative control for the permeability test (4 tissue inserts that were PBS (+Mg,
Ca) treated were used as controls for MTT assay).

Negative control (NC) using PBS, (n=6)
500 pg/mL GA (500 GA), (n=6)
2000 pg/mL GA (2000 GA), (n=6)
Green tea kombucha on day 9 (GTK 9), (n=6)

l

Treatment groups

Exposure 24 hours exposure to SMI-100
Transepithelial Antioxidative Intestinal Cell viability by
electrical resistance capacity (AOC) permeability MTT assay
(TEER)
Analyses
NC (n=2) NC (n=2) NC (n=2) NC (n=4)
500 GA (n=2) 500 GA (n=2) 500 GA (n=2) 500 GA (n=2)
2000 GA (n=2) 2000 GA (n=2) 2000 GA (n=2) 2000 GA (n=2)
GTK 9 (n=2) GTK 9 (n=2) GTK 9 (n=2) GTK 9 (n=2)

Fluoroscopy | Spectroscopy |

Figure 2 — Flowchart describing the experimental plan for SMI-100 model.
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3.8 Transepithelial electrical resistance (TEER) measurement

TEER was measured for the tissue inserts after 24 hrs of treatment exposure using EVOM2
Epithelial Voltohmmeter by World Precision Industries (WPI) to take the readings with
EndOhm tissue resistance measurements chamber. After the completion of treatment, the apical
fluid for all the inserts was expelled and they were taken out of the feeding media plate to be
washed in magnesium and calcium-free sterile PBS [PBS (-Mg, Ca)] (Gibco, Thermo Fischer
Scientific) for a least of 3 times.

After that, eight of the inserts (2 from each treatment) were washed in sterilized 100 mM
potassium chloride (KCI) (Sigma-Aldrich) and put in a 24-well plate with 500 uL of KCI as
the basal fluid and 400 uL as the apical fluid (23). The electrode chamber was filled with 2 mL
of KClI, and the resistance of tissues was measured by keeping each tissue insert in the chamber
and considering the empty insert (with the treated membrane, as provided with EVOM2 by
WPI) as a blank.

TEER was calculated using equations 1 and 2 (24),

R tissue = Rsample — Rblank Equation 1
TEER tissue = R tissue X Area tissue Equation 2
Where R stands for resistance () and the Area tissue is 0.6 cm? (23)

3.9 Antioxidative capacity (AOC)

To perform the AOC assay, eight tissue inserts, 2 from each treatment group were used. The
apical fluid was expelled from the tissue inserts and they were washed with sterilized PBS (-
Mg, Ca). 100 ul of 0.5 mM filter sterilized hydrogen peroxide (H202) was applied to the tissues
from the apical side to induce oxidative stress for 1 hour (16). After the completion of 1 hour,
the apical fluid was removed and 5 pL of a probe, CellROX Deep Red Reagent (Life
Technologies Corporation) was applied on the apical side of the tissue inserts for 30 minutes
at +37°C, 5% CO., and 95% RH. At the endpoint, the tissue inserts were put in tubes containing
4% paraformaldehyde (PFA) (Histolab) and stored overnight at +4°C for fixation.

The next day, the tissue inserts were removed from the 4% PFA tubes, transferred to tubes
containing 0.01 M PBS with 0.02% sodium azide (Sigma-Aldrich), and stored in the dark at
refrigerated conditions until microscopy. For analysis of the developed red fluorescence, the
tissue inserts were observed under a microscope Olympus connected to a DP74 camera, using
a corresponding fluorescent filter and 4x magnification objective. Images were taken at
different locations of the tissue insert with an exposure time of 1s by using Imaging Software
cellSens Entry (Olympus Life Science). Next, ImageJ2, a Java-based image processing
program, provided by the National Institutes of Health (NIH) was used to compare the mean
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intensity density of red colour seen in the different tissues and compared to the NC, whose
mean intensity density was considered to be 100%.

3.9 Permeability assay

Different buffers were used for permeability assay, and they were prepared by mixing 1 L of 1
x Hank’s Balanced Salt Solution (HBSS) (Gibco, Thermo Fischer Scientific) with 10 mL of 1
M  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Gibco, Thermo
Fischer Scientific) and adding 1.98 g of glucose (Gibco, Thermo Fischer Scientific). pH of this
solution was adjusted to 6.5 for the apical buffer to mimic the intestine’s lumen side and to 7.4
for the basolateral buffer to mimic the intestine’s blood side. pH adjustments were done using
sterilized 1 M hydrochloric acid (Sigma-Aldrich) and 1 M sodium hydroxide (Sigma-Aldrich).
Both the buffer solutions were sterilized using a 0.2 um filter. 100 uM of LY (Invitrogen,
Thermo Fisher Scientific) was prepared using the apical side HBSS and sterilized using a 0.2
pum filter while being protected from light.

Prior to the permeability test, eight tissue inserts (2 from each treatment) were washed with
sterile PBS (-Mg, Ca) and then transferred to a 24-well plate containing 500 pL of the
basolateral fluid (prepared HBSS, pH 7.4) and 100 uL of the apical fluid (prepared HBSS, pH
6.5) containing 100 uM LY was added from the apical side and the plate was kept in the CO>
incubator for 1 hr. Next, the basal fluids from all the tissue wells were collected and stored in
at -18 °C, protected from light until further analysis. For analysis, the concentration of LY in
the basolateral side of the tissues was determined by measuring the fluorescence using
Fluoroskan (Thermoscientific) using the filter set (Ex 485 nm, Em 538 nm) (22). The
calibration curve was obtained by preparing LY in the apical fluid from the concentration range
of 100 uM to 0.001 pM and the concentration of LY was calculated using the equation (y =
2.047x - 0.0611). The results were represented as % uptake of LY by the tissues which was
calculated using equations 3 and 4 (23).

% rejection =1 — (%) x 100 Equation 3
% uptake = 100 — % rejection Equation 4

Where, Cp refers to the concentration of LY in the basolateral side and C; refers to the
concentration of LY in the apical side.

3.10 MTT assay

For the MTT assay, 10 washed tissue inserts with sterile PBS (-Mg, Ca) were used, 2 from each
treatment group and two to be used as a positive control. As a positive control, tissue inserts
were exposed to 100 pL of 0.3% Triton X100 (MatTek) for an hour. Meanwhile, the MTT
solution was prepared by mixing the MTT concentrate (MatTek) and the MTT diluent
(MatTek) and centrifuging it (300g for 5 minutes, RT). 300 uL of MTT solution was pipetted
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on top of the tissues from the apical side in a 24-well plate and the plate was incubated for 3
hours in the CO. incubator. After 3 hours, the tissue inserts were thoroughly washed and
immersed in a 24-well plate containing 2 mL of the extractant solution for overnight extraction
at RT, protected from light. The next day, the extractant was collected from all the inserts’
basolateral sides and was analysed by pipetting 200 pL of the sample in triplicates into a 96-
well plate and reading the plate’s absorbance at 570 nm in a spectrometer using 200 uL of
extractant as blank. Cell viability in % was calculated using equation 5 (23),

%viability = 100 x [OD (sample)/ OD (negative control)] Equation 5

Where OD stands for the optical density obtained from the spectrometry.

3.11 Data analysis

The results obtained from all the analyses were expressed as mean + standard deviation.
Statistical analysis in the form of t-test, one-way ANOVA, and two-way ANOVA on different
parameters were performed on the obtained results in the GraphPad Prism 10 application.
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4. RESULTS AND DISCUSSIONS

4.1 Kombucha preparation and fermentation

Kombucha preparation and fermentation that took place at Roots of Malmo were successful
without any visible contamination in the kombucha samples. Figure 3A and 3B shows how the
kombuchas looked on day 0 and day 18 respectively.
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Figure 3 — Kombuchas prepared on (A) day 0 and (B) on day 18
From left to right — Black tea kombucha, oolong tea kombucha, and green tea kombucha.

4.2 pH and total soluble solids (TSS) as °Brix

Figure 4 summarizes the results obtained from pH and TSS analysis of the different kombucha
samples at LTH. In the case of all the kombucha samples (BTK, GTK, and OTK), the pH
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significantly decreased over the course of fermentation time compared to day 0 (p < 0.0001 for
BTK and OTK, p < 0.005 for GTK). A drop in pH is because of the live microorganisms
fermenting the tea solution to make acetic acid and other organic acids. Thus, making the
medium more favourable for the microorganisms to grow and proliferate (3,25). The first pH
drop from day 0 to day 6 was significantly higher than the consecutive days (p < 0.005) for all
the kombucha types. From day 6 onwards, GTK had a significantly higher pH than OTK and
BTK (p <0.05). However, there was no significant difference (p > 0.05) between the pH values
among the different kombucha types.
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Figure 4 — pH and TSS graph for (A) black tea kombucha, (B) oolong tea kombucha and (C) green tea
kombucha as a function of fermentation days.

The total soluble solids, TSS measured as °Brix decreased significantly (p < 0.05) in BTK till
day 12 of fermentation, till day 18 for OTK, and for all days except day 12 for GTK compared
to day 0. In the case of BTK, the TSS increased on day 12 compared to day 9 but then decreased
on day 18. The reason for this is still unclear and needs to be evaluated. For GTK, the TSS
dropped significantly (p < 0.05) on day 12 compared to day 9 with a larger standard deviation,
indicating something went wrong in one of the repetitions. Amongst the kombuchas, OTK had
a significantly higher (p <0.05) TSS on day 6 and day 9.

A general trend observed between pH and TSS is that with a decrease in pH, the TSS decreases
as well since the micro-organisms are feeding on the sugar to ferment and produce organic
acids. The pH of all samples is similar to the study conducted by Suna et al. (2019) (2), where
the pH value at the end of fermentation was around 3. The change in TSS quantities is less
compared to the research conducted by Wang et al. (2023) (26), where the TSS value after 14
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days of fermentation was around 3.25 °Brix. The reason for this could be the difference in the
sugar concentration (50 g/L), starter culture concentration (25 g/L), and fermentation
conditions (22 °C as the fermentation temperature).

4.3 Total polyphenolic content

During fermentation, complex polyphenols might get converted to simpler phenolic
compounds like GA, catechins, and epicatechins (5), and the total polyphenolic content is
expressed as GA equivalents. Tea is a rich source of complex polyphenols like caffeine,
catechins, tannins, etc which get fermented by the microorganisms thus making them more
available for human consumption. Black tea contains fewer polyphenols compared to green tea
and oolong tea because it is oxidized completely during processing (5).

The starter culture, black tea, oolong tea and green tea used to make kombucha had a TPC (ug
GAE/mL) of 341.09 + 30.51, 357.56 + 12.84, 316.59 + 18.42 and 429.34 + 11.51 respectively
(A2). Data obtained from TPC measurement is summarized in Figure 5 in the form of a bar
graph. It can be said that the TPC increased till day 12 for BTK and day 9 for OTK and GTK,
after which it either decreased or remained constant compared to that time point. This change
in TPC content for all the samples was not significantly different (p > 0.05) than day 0.

TPC Results (all days)
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Figure 5 — TPC of black tea kombucha, oolong tea kombucha and green tea kombucha samples as a function of
fermentation days (0 to 18) expressed as pg GAE /mL.
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GTK had a significantly higher (p < 0.05) TPC till day 9 and OTK had a significantly lower (p
< 0.05) TPC on all days than the others. Samples from day 18 had a lower TPC for all tea types
compared to day 9 and thus those samples were not considered for further analysis. Day 9 was
the most interesting as all 3 types of kombuchas had significantly different results from each
other, and had the least standard deviation and optimum sensory properties.

Fermentation produces many enzymes like cellulase, glucanase, and pectinase that might
convert the larger complex polyphenols to smaller phenolic compounds, thus increasing the
TPC content (5) but after a certain fermentation time, the TPC decreases or remains constant
because of the probability of polyphenol biodegradation (27). A similar trend was found by
Degirmencioglu et al. (2020) (7) where the TPC content of the extractable and hydrolysable
fraction of black, green, and oolong tea kombucha decreased after the 8" day of fermentation.

The TPC value obtained for GTK after day 9 of fermentation is very close to the TPC results
found in a study conducted by Ozyurt (2020) (3) where the value was 472.09 + 4.94 for GTK
at day 9 of fermentation. In the case of BTK, a similar % increase in TPC after day 12 of
fermentation was seen as compared to the study conducted by Sutthiphatkul et al. (2022) (4)
and Ozyurt (2020) (3) where the % increase was around 20-30%. TPC content obtained from
this study is specific to the fermentation conditions and composition of the starter culture used.

4.4 Total antioxidant capacity

The TAC of the kombucha samples was measured using 2 assays, DPPH and ABTS. Figure 6
contains the results obtained by the DPPH assay, where the values seem to increase for BTK
and OTK with the progress of fermentation, but they appear rather constant for GTK. Amongst
the types of kombuchas, GTK has a significantly higher (p < 0.005) TAC content than BTK
and OTK measured by DPPH. Over the course of fermentation, the TAC value did not change
significantly (p > 0.05) for all the samples except OTK, where the TAC increased significantly
(p <0.05) on day 12 compared to day 0. Day 9 was of interest because of the optimum sensory
characteristics of the kombucha samples and the high TAC for GTK.
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TAC (DPPH) all days
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Figure 6 — TAC results by DPPH assay for black tea kombucha, oolong tea kombucha, and green tea kombucha
as a function of fermentation days measured as pmoles TE / mL.

Figure 7 summarizes the results obtained by ABTS analysis, where the TAC values seem fairly
constant and not significantly different (p > 0.05) throughout the fermentation for all the tea
types with GTK having the highest TAC compared to others. This finding indicating that GTK
has the highest antioxidant capacity, especially with ABTS is similar to the study conducted
by Ozyurt (2020) (3) and X. Wang et al. (2022) (5), where the fermentation was carried out for
9 days and 15 days respectively. The reason GTK has the highest TAC among other tea types
could be because of the difference in processing the tea leaves. Black tea leaves are completely
oxidized, destroying the majority of polyphenols and antioxidants but on the other hand, green
tea is partially oxidized, and it retains the majority of its polyphenols and antioxidants (5).
Oolong tea on the other hand is 10-80% oxidized, thus depending on the processing conditions,
the TPC and TAC could be affected (28). Day 9 is of more interest here as well because of
sensory properties and the TAC content either decreasing or remaining constant after this time
point.
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Figure 7 — TAC results by ABTS assay for black tea kombucha, oolong tea kombucha, and green tea kombucha
as a function of fermentation days measured as pumoles TE / mL.

The difference in the TAC value obtained by these two methods for a particular type of
kombucha on a specific fermentation day is because they work with different affinities toward
hydrophilic groups. DPPH radical doesn’t contain that and only contains lipophilic ions. Thus, it
won’t react with polar molecules if they are present in the sample. ABTS contains both hydrophilic
and lipophilic ions and can react with both polar and non-polar molecules if present in the sample
(29).

A reason why the values obtained by ABTS for BTK and OTK are so higher than DPPH could
be because of the polyphenolic composition of black tea and oolong tea. Both Black tea and
oolong tea contain a higher content of theaflavins and caffeine than green tea (30). These
polyphenols are polar in nature and are thus not detected by DPPH ion but are detected by
ABTS ion (31). On the other hand, green tea contains more catechins that have both polar and
non-polar affinity and are thus detected by both DPPH and ABTS ions (30, 32).

By both methods, GTK had a significantly higher TAC value than BTK and OTK on day 9 (in
general higher) and thus GTK on day 9 (GTK 9) was chosen for performing studies on the
intestinal epithelial tissue model. Since polyphenols are one of the major antioxidants for
kombucha along with acetic acid or glucuronic acid, the TAC is directly related to the TPC.
This provides a good indication to find out which method works the best for which type of
kombucha. For BTK and OTK, ABTS results correlate with the TPC better than DPPH (R? =
0.7441 and 0.5783 respectively), but for GTK, both DPPH comparatively correlates the most
(R?2=0.1787)
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4.5 Intestinal epithelial tissue model (SM1-100)

The tissue re-equilibration and incubation were done successfully. While sterilizing the green
tea kombucha sample by autoclaving at 121°C, the lid of the test tube was deformed so to
ensure the sample was completely sterile, filter sterilization with a 0.2 um filter was done as
well. The treatment took place successfully as well. Figure 8 contains a schematic
representation of how the tissue insert and the tissue plate (22).

Test
compounds

i i

Apical side - ‘lumen’

Basolateral side - ‘blood’

Figure 8 — Schematic diagram of a tissue insert in the SMI1-100 model.
Source - (Kostiuchenko et al., 2022) (22)

4.6 Transepithelial electrical resistance (TEER)

Transepithelial electric resistance tells us about tissue integrity and permeability. In this case,
the aim was to measure the TEER of the tissue inserts after exposing them to 4 different
treatments and comparing the results with the negative control. The data obtained from the
TEER measurement is summarized in Figure 9.

TEER Measurement
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Figure 9 — TEER measurement for different tissue inserts with treatments of gallic acid (500 pg/mL), gallic acid
(2000 pg/mL), green tea kombucha sample at day 9, and negative control.

The same small letter near each treatment indicates no significant difference (p>0.05) for the samples
compared to the negative control.
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The TEER results for 500 GA, 2000 GA, and GTK 9 tissues were not significantly different
than the negative control, as seen in Figure 9 but it was noticed that the TEER value for the
later treatment is 3 times less than the study conducted by Kostiuchenko et al. (2022) (22). One
possible reason for this could be that the tissues were resting in the buffer for a longer time
than they should have been, and this could have affected the readings as the tissues are very
sensitive to external conditions (33).

4.7 Antioxidative capacity (AOC)

The data obtained by analysing the red colour intensity of the tissues by using a red colour
probe is summarized in Table 1. The mean red colour intensity gives an indication of the
reactive oxygen species (ROS) present in the tissue. The more the red colour intensity, the more
are ROS and the less effective is that particular treatment.

Table 1 — Mean red colour intensity of tissues exposed to different treatments of gallic acid (500 pg/mL), gallic
acid (2000 pg/mL), green tea kombucha sample at Day 9, and negative control during antioxidative capacity test.

Antioxidative capacity

Sample (Mean colour intensity)

500 GA  3434.14 + 308.4 ****
2000 GA 1370.79 £ 299.03 ****
GTK9  3341.09 £ 150.22 ****
NC 12512.21 + 125.65

**** _ Significant difference (p<0.0005) for the mean colour intensity measurement for different treatments
compared to the NC.

The negative control sample shows the highest mean colour intensity meaning the tissues were
more affected by the induced oxidative stress generating ROS which oxidized the probe giving
a bright red colour. Compared to the negative control, 500 GA, 2000 GA, and GTK 9 had
significantly less (p < 0.0005) mean colour intensity. This was the least in the case of 2000 GA,
indicating it is a good antioxidant for the tissues and the value was similar for 500 GA and
GTK 9 as the latter contains a polyphenolic content similar to the former. Figure 10 (A-D)
shows how the tissues looked under the microscope after different treatment exposures.
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Figure 10 — Tissues observed under a microscope using 4x magnification and 1s exposure time after antioxidant
assay on tissues exposed to (A) negative Control, (B) gallic acid (500 pg/mL), (C) gallic acid (2000 pg/mL) and
(D) green tea kombucha sample at day 9.

Considering the mean colour intensity for the negative control to be 100%, the percentage mean
colour intensity was calculated for 500 GA, 2000 GA, and GTK 9 and is depicted in Figure 11
in the form of a bar graph.
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Figure 11 — % mean colour intensity of gallic acid (500 pg/mL), gallic acid (2000 pg/mL, green tea kombucha
sample at day 9 compared to the negative control.

Different small letters show a significant difference (p < 0.005) compared to NC.
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4.8 Permeability assay

Results obtained from the permeability test are summarized in Figure 12. Compared to the
negative control, 2000 GA and GTK 9 had a higher % uptake of lucifer yellow passage from
the apical to basolateral side whereas the difference was not significant in the case of GA 500,
as depicted in Figure 12. This means that 500 GA did not change the tissue permeability
compared to the negative control, but it increased when the tissues were exposed to 2000 GA
and GTK 9. Nonetheless, this increase is within the acceptable range which is 1% for the SMI-
100 model below which the tissues are healthy, and its permeability and integrity are strong
enough.

Permeability Assay
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Figure 12 — Results obtained from the permeability assay of tissues exposed to gallic acid (500 pg/mL), gallic
acid (2000 pg/mL), green tea kombucha sample at day 9, and negative control expressed as % uptake of LY
from the apical side to the basolateral side.

Different small letters show a significant difference (p < 0.005) compared to NC.

LY molecule has a size of 452 Da (22), this molecule is very small compared to bacteria. The
passage of LY from the apical to the basolateral side indicates that the cellular integrity is
weakening, which means the tight junctions holding the cells together are developing some
gaps. If the concentration of LY in the basolateral side is high or if the % uptake is more than
1% then that means the tissue is becoming permeable and might indicate the onset of a leaky
gut or inflammatory bowel disease (16,19). On the other hand, some increase in permeability
is good as it might allow the absorption of certain molecules like essential amino acids and
improve their bioavailability for humans (13).
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4.9 MTT assay

The principle of this assay is that MTT salt, a yellow colour salt gets converted to formazan, a
violet colour dye in the presence of mitochondrial reductase. Mitochondrial reductase is
produced by living cells. So, if the cells are living meaning the % viability is more than 100%
then more violet colour compound will be produced during extraction indicating the treatment
IS not cytotoxic. On the contrary, if the cells are dying, meaning the % viability is less than
100% then a less violet colour compound will be produced during extraction indicating the
treatment is cytotoxic.

This trend is more clear from Figure 13 where the negative control has kept the % viability
above 100%. Compared to the negative control, 500 GA, 2000 GA, and GTK 9 do not vary
significantly and all had % viability more than 100% which tells us that these treatments
promote cell growth and are not cytotoxic. Triton X100, a known cytotoxic compound had
decreased the % cell viability to 12 %.

MTT assay
200-
500 GA
" a mm 2000 GA
1504 5
a mm GTK9
2 — = NC
= 1004
©
S
2
50
0_

Figure 13 — Results from MTT assay of tissues exposed to gallic acid (500 pg/mL), gallic acid (2000 pg/mL),
green tea kombucha sample at day 9, and the negative control expressed as % viability.

The same small letter near each treatment indicates no significant difference (p>0.05) for the samples
compared to the negative control.
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5. CHALLENGES AND FUTURE WORK

While this project provided some very interesting results, some of which were expected and
some were not, it is worth mentioning certain drawbacks faced. The pH and TSS measurements
showed large deviations after day 12 of fermentation for all types of kombucha. It could be
interesting in the future to start fermenting the replicates of a type of kombucha on different
days to get more reliable results and reduce the possibility of batch effect. The pellicle stored
from the kombucha jars prepared in this project could be evaluated to figure out if something
went wrong in a particular jar.

Folin- Ciocalteu assay is commonly used for TPC measurement, but it contains some
drawbacks like it is very sensitive to pH and reaction time. Overestimation of TPC is a critical
issue as well (34). This could have affected the results and its reproducibility. The TAC was
measured by two methods, ABTS and DPPH which gave significantly different results because
of different working principles. For further research, it would be drawing to use assays that
have the similar working principle and compare the results. Samples could be taken every day
after day 6 to create a better trend of change of TPC and TAC in the kombucha samples. It
could be worthwhile conducting polyphenol profiling by HPLC to see the different proportions
of polyphenols in the kombucha samples as a function of fermentation time.

The experiments conducted with the SMI-100 model were done under time constraints. Thus,
some tissue inserts were exposed to the treatment for more than 24 hours, and some were kept
in PBS (-Mg, Ca) for a longer time than they should have been. This could have created stress
on the tissues and thus the results could have been affected for some tissues. It would be
definitely interesting to have more replicates for a particular treatment, compare the kombucha
at the start of fermentation and at the end, and have a better timeline for experiments to get
better data for statistics and results.

Performing in-vitro digestion on the kombucha samples and then evaluating the effect of
digested kombucha on the intestinal epithelial tissues is a future scope too. Since kombucha is
a low pH food, checking the pH of all the standard solutions could be interesting to see if the
results obtained are pH dependent or not.
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6. CONCLUSION

3 types of kombucha made from black tea, oolong tea, and green tea in 4 repetitions each were
prepared and fermented at Roots of Malmd. The pH and TSS decreased over the fermentation
time from pH around 4.4 on day 0 to around 2.9 on day 18 and TSS around 5.7 on day 0 to 5
on day 18. The TPC measured by the Folin-Ciocalteu method did not decrease significantly (p
> 0.05) over the course of fermentation for all types of kombucha. Amongst the kombucha
samples, GTK had significantly higher (p > 0.05) TPC till day 9 and OTK had significantly
lower (p > 0.05) TPC till day 18. The highest TPC was found in GTK 9 which was 506.97 £
22.28 ug GAE/mL.

TAC by DPPH and ABTS was conducted on all samples till day 12. BTK and OTK had
significantly lower (p < 0.005) TAC values by DPPH compared to ABTS, whereas the values
for GTK were not significantly different (p > 0.05) by the two methods. The difference in
values obtained by these two methods is because of their different affinities. The TAC values
measured by DPPH did not increase significantly over the fermentation time period for BTK
and GTK but for OTK, the value increased significantly (p < 0.05) on day 18 compared to day
0. The increase was insignificant for TAC values measured by ABTS in all samples. Between
the types of kombuchas, GTK had a significantly higher TAC value by both DPPH and ABTS
methods, and a maximum on day 9 by DPPH (449.46 + 8.01 umoles TE/mL).

Because of high TPC and TAC, GTK 9 was selected for experiments on the intestinal epithelial
tissue model along with 500 pg/mL GA, 2000 pg/mL GA, and NC treated with PBS. TEER of
all the treatments was not significantly lower (p > 0.05) than the NC. The AOC of the tissues
treated with 2000 GA, 500 GA, and GTK 9 decreased significantly (p < 0.0005) compared to
NC. 2000 GA treated tissues had only 10% of oxidized tissues and 500 GA and GTK 9 had
around 26% compared to NC which had 100%. Tissue permeability was significantly increased
(p<0.05) by GTK followed by 2000 compared to NC but this increase was within the acceptable
range of 1% to be harmful for the tissues. None of the treatments proved to decrease % viability
and had cytoprotective effects for the intestinal epithelial tissues.

Kombucha, especially made with green tea and gallic acid, a simple phenolic compound both

proved to have improved the intestinal epithelial tissue health compared to the NC because of
high TPC and TAC content.
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APPENDIX

Al. pHand TSS values obtained for samples at Roots of Malmo

pH was measured using water analysis meter PCE-PH 22 (PCE instruments) and the TSS was
measured using Brix refractometer (PCE instruments).

Table A1 — pH and TSS values for starter culture, BTK, OTK and GTK at the start and end of fermentation

samples fﬁiﬁ; BTK OTK GTK

ey 0 pH 28 4.1 403 4.02
TSS (°Brix) 45 5.75 55 5.6

ey 16 pH ] 293 291 2.99
TSS (°Brix) i 4.9 4.8 48

AZ2. Pure teas and culture data

Table A2. pH, TSS, TPC and TAC (DPPH and ABTS) values for the starter culture, black tea, oolong tea and green tea

Samples Starter culture Black tea Oolong tea Green tea
pH 3.17 6.83+0.06 6.83+0.15 6.85+0.06
TSS (°Brix) 3.9 6+0.08 5.8+0.08 5.85+0.06
TPC
(g GAE/mL) 341.09 +30.51  357.56+12.84 316.59+18.42 429.34+11.51
TAC (DPPH)
(umoles TE/ 944.55+0 638.39£67.23  663.99+325.81 550.1+10.36
mL)
TAC (ABTS)
(umoles TE/ 118.76+0 363.1+9.63 399.97+6.11 438.69+0.64
mL)
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A3. Cellulose pellicles

Figure A3- Cellulose pellicles formed in the fermentation jars of
A — black tea kombucha, B — oolong tea kombucha and C- green tea kombucha at the end of day 18

A4. ABTS vs DPPH on day 9

Day 9 TAC comparison between ABTS and DPPH assays

% 5k k 3% 3k ok k

=

500
Bl Black Tea Kombucha

B Oolong Tea Kombucha
B Green Tea Kombucha

]

400+

300+

2004

trolox eq. u moles /ml

100

W

DPPH ABTS DPPHABTS DPPH ABTS

Figure A4. TAC comparison between the TAC values obtained by DPPH and ABTS assays for
BTK, OTK and GTK for day 9 samples expressed as pumoles TE/ mL.
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