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Abstract Kefiran is a water soluble polysaccharide produced by Lactobacillus kefiranofaciens

ATCC 43761. It has wide potential applications in food, pharmaceutical and nutraceutical indus-

tries. To the best of our knowledge, there have been no previous reports on the effect of osmotic

stress and ionic surfactants on kefiran production by L. kefiranofaciens ATCC 43761. Accordingly,

the current work aimed at optimizing kefiran production as affected by osmotic stress and nonionic

surfactants in submerged cultivation system. Afterwards, the work was extended to investigate cyto-

toxic as well as antioxidant potentials of kefiran. Firstly, different osmolarities, different ionic sur-

factants (Triton X-100, Tween 20, Tween 80) as well as their concentrations and addition time were

evaluated. The kinetics of cell growth and kefiran production were evaluated before and after the

addition of surfactants. Results clearly demonstrated that osmotic stress and surfactant addition

had a stimulatory effect on kefiran production. Using the optimal medium osmolality, 550 mOs-
alaysia.
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mol.kg�1, kefiran production was enhanced from 1.29 to about 1.38 g.L�1. Furthermore, Triton X-

100 was found to be the best surfactant stimulating kefiran production when added at a concentra-

tion of 1.0 g.L�1 at the onset of cultivation process (0 h). This increased kefiran production from

1.38 g.L�1 to 1.62 g.L�1. To summarize, the maximal kefiran production can be enhanced using

550 mOsmol.kg�1 and by adding 1.0 g.L�1 of Triton X-100 at 0 h. The new optimized medium

showed an increase of about 25.6% in kefiran production (1.29 up to 1.62 g.L�1). After this step,

the process was further optimized in 16-L stirred tank bioreactor. Maximal kefiran production

reached 2.32 g.L�1 and 1.87 g.L�1 in bioreactor under control and un-controlled pH conditions,

respectively, corresponding to 72.9 and 45.0% increase from the initial production titer, respec-

tively. The produced kefiran exhibited promising anticancer activity against breast cancer (MCF-

7) cells, with an IC50 value of 193.89 lg.mL�1. Also, kefiran showed 96.58% radical scavenging

activity at 100 lg/mL, with an ED50 recorded of 12.29 ± 0.98 lg.mL�1.

� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Kefiran, exopolysaccharides (EPS) present in the kefir grains,

was first discovered in 1967 (Dailin et al., 2015, 2016). Certain
lactic acid bacteria colonizing the kefir grains produce kefiran
as a water soluble polysaccharide (Kandler and Kunath, 1983).
Kefiran is a polymer with repeating unit of approximately

equal amounts of D-glucose and D-galactose residues
(Kooiman, 1968; Micheli et al., 1999). Recently, kefiran gained
increased interest in food industries due to its potential in pro-

viding required rheological properties for the dairy products
(Vuyst et al., 2001). When added to food products, polysaccha-
rides such as kefiran could function as thickeners (Rimada and

Abraham, 2006), gelling agents, (Zavala et al., 2015) and water
binding agents (Piermaria et al., 2011). It was also reported to
have anti-cancer (Elsayed et al., 2017; Sharifi et al., 2017), anti-

oxidant (Chen et al., 2015), anti-bacterial (Blandón et al.,
2016), anti-fungal (Cevikbas et al., 1994), anti-inflammatory
(Furuno and Nakanishi, 2012) and cicatrizing agents
(Rodrigues et al., 2005), and have been used to treat a variety

of infections (Dailin et al., 2016). Recent studies show that
kefiran has a potential application in nanotechnology fields
(Esnaashari et al., 2014).

During their growth, bacterial cells are subjected to differ-
ent types of stress, i.e. physical, chemical or biological (Le
Marrec, 2011). Therefore, for their survival, cells must develop

a certain response towards different stresses such as osmotic,
pressure, pH, temperature and nutrient limitation
(Santivarangkna et al., 2008). The literature contains scarce

information about the effect of osmotic stress on microbial cell
growth and polysaccharide production. In one study, it was
reported that osmotic stress is an important factor for cell
growth and EPS production by Bacillus agaradhaerens C9

(Liu et al., 2015). They concluded that cell resistance can be
enhanced using NaCl as Na+/H+ antiporter. Furthermore,
the water activity of lactic acid bacteria decreased by the addi-

tion of salts, which consequently affects cellular growth
((Robert et al., 2000). Surfactants have wide applications in
biotechnological processes (Sheng et al., 2013). They have been

applied in the fermentative production processes of various
biomolecules such as Tween-40 for welan production (Xu
et al., 2012), ween 80, Tween 40 and Triton X-100 for gellan
production (Arockiasamy and Banik, 2008), sodium dedecyl

sulfate, cetyltrimethyl ammonium bromide, polyoxyethylene
lauryl ether, and Tween80 for glutathione production (Wei
et al., 2003), Tween 20, Tween 40, Tween 80 and Triton X-
100 for xanthan production (Janas et al., 2003), Tween 80,

Tween 40 and Triton X-100 for levan production (Devi and
Alamu, 2013) and Triton X-100, CHAPS, Tween-80 and
sodium taurocholate for pullulanase and b-amylase produc-

tion (Seenayya et al., 1999). Surfactants can be classified
according to their properties, i.e. chemical structure, charge,
hydrophilic-lipophilic balance (HLB), critical micelle concen-

tration (CMC) and source (Ward et al., 2006). Generally, dif-
ferent microbial strains respond differently towards the same
surfactants (Koch et al., 2007). Accordingly, it is worthwhile
to determine the most suitable surfactant affecting the produc-

tion bioprocess of interest. Surfactants play a great role in
increasing the microbial production of polysaccharides (Liu
and Wu, 2012). They function by increasing cell membrane

permeability, which works as a natural barrier for extracellular
substrate transport and product secretion (Wu et al., 2008).
Authors reported that increased membrane permeability

enhances membrane fluidity and thus allowing more uptake
of extracellular substrates and increased secretion of intracellu-
lar products, i.e. their produced PGA.

Therefore, the objective of the current study was to investi-
gate the effect of different osmotic stress values on kefiran pro-
duction. Additionally, three nonionic surfactants, i.e; Triton
X-100 (nonaethylene glycol octylphenol ether), Tween 20

(polyoxyethylene sorbitan monolaurate) and Tween 80 (poly-
oxyethylene sorbitan monooleate) were tested for their influ-
ence kefiran production in submerged cultivation. Moreover,

work was extended to evaluate the production process in
stirred-tank bioreactor under controlled and uncontrolled
pH conditions. Finally, the anticancer and antioxidant activi-

ties of the produced kefiran were examined.

2. Materials and methods

2.1. Microorganism

The strain used throughout this study is Lactobacillus kefira-
nofaciens ATCC 43761 obtained in lyophilized form from
American Type Culture Collection (ATCC, University Boule-
vard, Manassas, VA 20110 USA). The lyophilized cells were

first activated in Man-Ragosa-Sharpe (MRS) broth medium
consisting of (g.L�1): peptone casein, 30; meat extract, 10;

http://creativecommons.org/licenses/by-nc-nd/4.0/
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yeast extract, 6.0; glucose, 2.0; triammonium citrate, 2.0; CH3-
COONa, 5.0; MgSO4�7H2O, 0.2; MnSO4�5H2O, 0.05;
K2HPO4, 2.0. The pH was adjusted to 5.5 before sterilization.

The working microbial cell bank was prepared by inoculating
MRS broth medium with cells grown on MRS agar medium
and incubating cells for 24 h at 30 �C and 200 rpm in a rotary

shaker (Innova 4080, New Brunswick Scientific, NJ, USA).
Grown cells were harvested, washed with saline buffer, cen-
trifuged (Eppendorf, NJ, USA) and then frozen in 2 mL cry-

ovials using 50% glycerol solution, and stored at �78 �C.

2.2. Inoculum preparation and kefiran production medium

Inoculum was prepared by inoculating 250 mL Erlenmeyer
flasks containing 50 mL of MRS liquid medium with 0.5 mL
of the frozen working cell bank cultures. The inoculated flasks
were incubated at 200 rpm and 30 �C for 24 h. At a concentra-

tion of 5% (v/v), grown cells were used to inoculate the kefiran
production medium, which composed of (g.L�1): Lactose,
50.0; yeast extract, 12.0; K2HPO4, 0.25; CH3COONa, 5.0; tri-

ammonium citrate, 2.0; MgSO4�7H2O, 0.2; MnSO4�5H2O,
0.05. Lactose was sterilized separately at 110 �C for 20 min
and added to the medium before inoculation. Inoculated flasks

were incubated at 200 rpm and 30 �C on rotary shaker (Innova
4080, New Brunswick, NJ, USA).

2.3. Effect of surfactants

Different surfactants of high reagent grade including Tween 20
(polyoxyethylene sorbitan monopalmitate), Tween 80 (poly-
oxyethylene sorbitan monooleate) and Triton X-100 (non-

aethylene glycol octylphenol ether), were screened for their
possible effect on cell growth and kefiran production through-
out this part of the work. Each surfactant was added to the

cultivation medium at the beginning of the cultivation time
at a concentration of 1.0 g.L�1. Subsequently, different con-
centrations (0.0–2.0 g.L�1) of the most suitable surfactant were

tested. Finally, the effect of different addition times (0.0–
48.0 h) of the most promising concentration to the production
medium was evaluated. The inoculated flasks were incubated
on a rotary shaker (Innova 4080, New Brunswick, NJ, USA)

at 200 rpm and 30 �C for 72 h.

2.4. Bioreactor cultivation

Bioreactor cultivations were conducted using semi-industrial
scale-16-L stirred tank bioreactor (BioEngineering, Wald,
Switzerland) having a working volume of 8 L. Sterilization

was performed in situ at 121 �C for 20 min. After which, the
bioreactor was cooled and inoculated at a 5% ratio of inocu-
lum to cultivation medium. Bioreactor cultivations were run

at the same conditions (pH, temperature) as the shake flask
ones. However, agitation speed was adjusted to 400 rpm
throughout the cultivation, and filtered sterile air was supplied
continuously to the bioreactor at a rate of 1.0 v v�1 min�1. The

bioreactor stirrer is equipped with two 6-bladded rushton
turbine impellers (di(impeller diameter) = 85 mm; dt(tank diame-

ter) = 214 mm, didt-1 = 0.397). Silicon-based antifoam grade

A (Sigma-Aldrich Inc., MO, USA) was supplied to the biore-
actor to suppress foam generation. During the cultivation pro-
cess, pH and dissolved oxygen concentration were determined
using liquid filled pH electrode and DO polarographic elec-
trodes (Ingold, Mettler-Toledo, Switzerland), respectively.
During controlled-pH cultivations, the initial medium pH

was adjusted to 6.0 by cascading the pH controller with
acid/base feeding peristaltic pumps connected to 2.0 M HCl
and 2.0 M NaOH, respectively.

2.5. Analysis

2.5.1. Sample preparation and cell dry weight determination

Samples in the form of two flasks containing 50 mL of cultiva-
tion medium, or 50 mL in case of bioreactor cultivations, were

withdrawn at different time intervals throughout the cultiva-
tion process. Immediately after collection, the fermentation
broth was centrifuged at 9000 rpm (Eppendorf, NJ, USA)
for 15 min, and the precipitated cells were separated. The

supernatant was used for determining the concentration of
kefiran. Cell pellets were washed with saline solution, re-
centrifuged, and the supernatant was discarded. Cell pellets

were dried at 65 �C for 48 h until a constant cell weight was
obtained.

2.5.2. Determination of osmotic stress

The cells of L. kefiranofaciens were cultivated in the produc-
tion medium having different osmolality values. Sodium chlo-
ride was added to the production medium to create different

osmotic stress conditions. Different initial osmolalities (449–
750 mOsmol.kg�1) of production media were tested. The
required osmotic values of the medium were adjusted using

digital freezing point osmometer (K-7400S, Knauer Wis-
senschaftliche Geräte GmbH, Berlin, Germany). Inoculated
flasks were incubated on a rotary shaker (Innova 4080, New
Brunswick, NJ, USA) at 200 rpm and 30 �C for 72 h.

2.5.3. Kefiran determination

Kefiran was extracted from the cultivation broth and was used

to determine its concentration as described in our previous
work (Dailin et al., 2016). Extraction proceeded by the addi-
tion of cold absolute ethanol at 4 �C at a ratio of 1:1 (v/v),
and the mixture was left overnight to ensure complete precip-

itation. The mixture was then centrifuged at 9000 rpm for
15 min to separate the resulting precipitate, which was then
dissolved in hot distilled water and re-precipitated with cold

absolute ethanol. The final step was repeated at least three
times to obtain pure kefiran, which was then dried at 65 �C
for 48 h, and weighed.

2.5.4. Determination of anticancer and antioxidant activities of
kefiran

Human breast cancer cells, MCF-7, as well as normal non-

tumorigenic human breast cells, MCF-10A cells, (Sigma-
Aldrich Chemical Company, St. Louis, MO, USA) were used.
Cells maintained on Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum (FBS),
1% antibiotic/antimycotic solution and 3.6 g.L�1 NaHCO3.
Cell cultivation and preparation was performed as per our
previously developed protocol (Elsayed et al., 2015a). The

in vitro cytotoxic effects of the produced kefiran was investi-
gated using standard MTT assay (Elsayed et al., 2016a). The
method depends on the reduction of 3-(4,5-dimethylthiazol-2



Fig. 1 Effect of different medium osmolality on cell growth and

kefiran production by L. kefiranofaciens. Data were taken after

submerged cultivations for 72 h.
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-yl)-2,5-diphenyl tetrazolium bromide (MTT) by mitochon-
drial dehydrogenases in living cells. After being trypsinized
and washed, 100 lL of cell suspension were seeded into 96-

well plates to give a concentration of 104 cells/well. Plates were
then incubated at standard conditions for 24 h. After cell
adherence, medium was exchanged with fresh medium con-

taining serial dilutions of LLE extract, and then incubated
for another 24 h. Afterwards, MTT was added (10 lL/well,
5 mg.mL�1 in PBS), and plates were placed into the incubator

for 4 h. Supernatants were aspirated, and DMSO (200 lL) was
added. The absorbance of the developed formazan was read at
550 nm using a microplate reader (Thermo Scientific, Wal-
tham, MA, USA) and was correlated with the percentages of

viable cells. IC50 value were calculated from the linear regres-
sion of the calibration curve.

The antioxidant activity of the produced kefiran was deter-

mined using standard DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical scavenging assay (Mousa et al., 2019). Briefly, 50 lg
of the produced kefiran was added to 5 mL of 0.004% ethanol

solution of DPPH. The mixture was incubated at room tem-
perature for 30 min. The absorbance was measured at
517 nm against blank using a UV–Vis spectrophotometer

(Pharmacia Biotech, Cambridge, England). Ascorbic acid
was used as a reference standard. The scavenging activity of
the DPPH radical was expressed as inhibition percentage I
(%), which was calculated as follows:

Ið%Þ ¼ ðAC�AS=ACÞ � 100

in which AS is the absorbance of the tested sample, and AC is
the absorbance of the control reaction (contains all reagents
except the tested sample).

2.6. Statistical analysis

The obtained results were statistically analyzed using the SPSS

software 19. Analysis of variance was performed by one-way
ANOVA procedures. Data were presented as means ± SD,
and significant differences between means were determined

by the least significant digit (LSD) multiple range test at a level
of P < 0.05.

3. Results and discussion

3.1. Effect of osmotic stress on cell growth and kefiran
production

Osmolality plays an important role in polysaccharide produc-
tion where cells produce polysaccharides to protect themselves

from the adverse environment (Zeidan et al., 2017). Different
initial medium osmolality ranged between 449 and 750 mOs-
mol.kg�1 were tested. Fig. 1 shows the effect of different osmo-

lality on cell growth, kefiran production, cell productivity and
pH. Generally, it can be noticed that increasing initial medium
osmolality above certain limit, significantly had an inhibitory

effect on cell growth of L. kefiranofaciens. As shown, increas-
ing osmolality from 449 to 500 mOsmol.kg�1 slightly increased
cell dry weight from 2.04 to 2.10 g.L�1. However, further
increase of osmolality above 500 mOsmol.kg�1 greatly reduced

cell growth by about 44.5% (1.17 at 750 mOsmol.kg�1). In
addition, the kefiran production was enhanced by about
11.3% when osmolality was increased from 449 to 550 mOs-
mol.kg�1, where maximal kefiran production obtained

increased from 1.24 up to 1.38 g.L�1, respectively. On the
other hand, further increase of medium osmolality greatly
inhibited kefiran production, where it gradually decreased
from 1.38 at 550 mOsmol.kg�1 and reached a minimal of

0.475 g.L�1 at 750 mOsmol.kg�1. Accordingly, cell productiv-
ity reached its maximum (0.67 g kefiran.g�1 cells) at 550 mOs-
mol.kg�1, and then decreased gradually mainly due to decrease

in cell mass and production. Therefore, an initial osmolality of
550 mOsmol.kg�1 was selected for the following experiments.

Despite the presence of various reports about the effect of

different environmental factors on the production of
exopolysaccharides, including kefiran, however, there still no
published data concerning the effect of osmotic stress on kefi-

ran production. To the best of our knowledge, this is the first
report showing the effect of osmotic stress and surfactant addi-
tion on kefiran production. However, similar trends were
observed for other polysaccharide producing organisms, where

osmolality significantly increased the production of polysac-
charides (Liu et al., 2015). It has been reported that
exopolysaccharide biosynthesis increased at elevated osmotic

stress in case of Z. mobilis EPS fermentation, and b-glucan
production by Sclerotium rolfsii (Sarilmiser et al., 2015). This
can be attributed firstly to the fact that produced polysaccha-

rides result in culture flocculation/aggregation, which can pro-
tect cells against increased stress. In addition, under elevated
osmotic stress, bacterial cells start to accumulate solutes in
the cytoplasm in order to increased internal solute pressure,

hence ensuring higher internal solute pressure and continuous
flow of water molecules into the cells (Kets et al., 1997;
Glaasker et al., 1998; Le Marrec, 2011). Furthermore, lactic

acid bacteria (LAB) have been found to counteract the effect
of increased osmotic stress by using intracellular metabolic
protectants as glycine betaine and choline to replace the

increased solutes (Le Marrec, 2011). Also, LAB have been
reported to modulate types and concentrations of their amino
acid pools as a secondary protective mechanism against osmo-

tic stress (Tsakalidou and Papapdimitriou, 2011). LAB were
also found to use their own metabolic pool of sugars to
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encounter increased osmotic stress conditions (Sunny-Roberts
and Knorr, 2008). On the other hand, our results indicated
that higher values of applied osmotic stress drastically

decreased both cell growth and kefiran production. These
results are in good agreement with those reported by
Hutkins et al. (1987), who found that different Lactobacillus

strains cannot survive NaCl concentrations higher than 0.3–
0.6 M. Additionally, higher osmotic stress conditions were
found to reduce growth rates of L. lactis and Z. mobilis by

30–50 and 78%, respectively (Kilstrup et al., 1997;
Sootsuwanet al., 2013).

3.2. Effect of different type of surfactants on cell growth and
kefiran production

The effect of surfactants on the production of exopolysaccha-
rides is strain dependent (Xu et al., 2015). Different polysac-

charide producing microbial strains have been found to
respond differently towards the same surfactant used (Liu
and Wu, 2012). Application of certain amount of surfactants

increased significantly the production of EPS (Zhang and
Cheung, 2011; Xu et al., 2012; Elsayed et al., 2016b). However,
the effect of surfactant on cell growth and kefiran production

has not yet been reported. Therefore, the effect of different sur-
factants, i.e. Triton X-100, Tween 20 and Tween 80 on cell
growth and kefiran production was investigated. Fig. 2 shows
the effect of different types of surfactants on cell dry weight,

kefiran production, cell productivity and pH. As shown, high-
est cell dry weight of about 2.90 g.L�1 was obtained when
Tween 80 was added into the fermentation medium. This

was followed by Triton X-100, Tween 20 and finally the con-
trol experiment, where the final cell dry weight recorded were
2.75, 2.17 and 2.10 g.L�1, respectively. On the other hand, of

the three detergents investigated, Triton X-100 was found to
be the most suitable for improving kefiran production, where
the highest volumetric production of about 1.62 g.L�1 was
Fig. 2 Effect of different types of surfactant on cell growth and

kefiran production by L. kefiranofaciens. Data were taken after

submerged cultivations for 72 h.
obtained. In contrast, Tween 20 and Tween 80 had an inhibi-
tory effect on kefiran production, where its production
decreased from the control experiment (1.27 g.L�1) by about

24.8 and 19.3%, respectively, and reached about 0.955 and
1.025 g.L�1, respectively. Furthermore, highest cell productiv-
ity of about 0.59 g kefiran.g�1 cells was recorded upon adding

Triton X-100 to the production medium, which was almost the
same as cell productivity in control experiments (0.58 g kefiran.
g�1 cells). On the other hand, Tweens 20 and 80 afforded lower

cell productivities about 0.44 g.L�1 and 0.35 g.L�1,
respectively.

Obtained results showed that Triton X-100 was the most
suitable for enhancing cellular growth and kefiran production

(Fig. 2). Moreover, addition of other surfactants (Tween 20
and 80) greatly supported higher cellular growth and decreased
kefiran production. Exopolysaccharide production has been

reported to be significantly affected with the addition of sur-
factants (Seenayya et al., 1999; Arockiasamy and Banik,
2008; El Enshasy et al., 2011). Xanthan production was

improved upon addition of Triton X-100, Tweens 20 and 80
(Devi and Alamu, 2013). Recently, Triton X-100 was found
to greatly enhance cell growth as well as EPS production

(Xu et al., 2015). The promoting effects of surfactants on cell
growth and EPS production is mainly attributed to
surfactant-cell wall interactions (Zeidan et al., 2017). Due to
the amphipathic characteristics of surfactants they can diffuse

through cell membrane, increase cell membrane permeability,
and increase nutrient uptake efficiency, hence enhancing cellu-
lar growth and substrate consumptions rates and product

secretion (Arockiasamy and Banik, 2008; Wu et al., 2008;
Chen et al., 2010). Furthermore, surfactants are reported to
decrease medium heterogeneity and facilitate nutrient and

microbial oxygen transfer rates (Kumar et al., 2007; Sheng
et al., 2013). Also, surfactants have been suspected to change
the microbial physiology and certain membrane-associated

enzymatic functions (El Enshasy et al., 2011).
Our obtained results revealed that the addition of Tweens

20 and 80 reduced kefiran production and increased cell bio-
mass than the control experiment. These results are also in

good agreement with those reported earlier (Hsieh et al.,
2008). Authors found that Tween 80 increased cellular growth
on the expense of EPS production, and they explained their

results suggesting that Tween 80 is degraded by microbial
lipases into oleic acid, which is used to enhance cellular growth
than EPS production. However, our results showed that

Tween 80 supported cell growth of L. kefiranofaciens. It has
been found that there is no clear correlation between maximal
cell growth and maximal exopolysaccharide production in dif-
ferent bacteria (Zeidan et al., 2017). Authors explained that

cells compete for the available nutritional sources and direct
them towards production pathways, on the expense of cellular
growth pathways. They concluded that some bacterial strains

were found to produce their maximal EPS under conditions
favoring optimal cell growth, while others produced optimal
EPS concentrations under suboptimal growth conditions

(Sheng et al., 2016).
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3.3. Effect of different concentrations of Triton X-100 on cell
growth and kefiran production

Previous experiment showed that Triton X-100 was the most
favorable surfactant for kefiran production. Due to the scarce

of information regarding the effect of surfactants on kefiran
production, therefore, different concentrations of Triton X-
100 are expected to affect both cell growth and polysaccharide
production. Accordingly, different concentrations of Triton X-

100 ranging from 0.0 to 2 g.L�1 were evaluated. Results pre-
sented in Fig. 3 show that increasing Triton X-100 concentra-
tion up to 1.0 g.L�1 increased cell growth by about 28.5%

(from 2.14 to 2.75 g.L�1) as well as kefiran production by
about 34.4% (from 1.22 to 1.64 g.L�1). Furthermore, increase
in Triton X-100 concentration above 1.0 g.L�1 decreased both

cell growth and kefiran production drastically. Addition of
2.0 g.L�1 Triton X-100 significantly reduced cell growth by
61.9% (1.05 g.L�1) and kefiran production by 74.7% (0.42 g.

L�1) from the maximal results obtained when 1.0 g.L�1 Triton
X-100 was added. On the other hand, maximal cell productiv-
ity of 0.66 g kefiran g1 cells was obtained at 0.5 g.L�1 Triton X-
100. However, this increase in specific cell productivity at 0.5 g.

L�1 is mainly due to lower cell growth obtained at that concen-
tration, and not due to increased cell productivity. This is
because, at 0.5 and 1.0 g.L�1, the obtained cell dry weights

were 2.315 and 2.74 g.L�1, respectively.
The effect of different surfactants on EPS production by

bacteria has been found to act in a dose-dependent manner,

showing an optimal concentration, above which, growth and
production decrease significantly (Janas et al., 2003; Liang
et al., 2018). These findings correlate well with our reported
results concerning kefiran production. Higher surfactant con-

centration might affect membrane integrity and interact with
other cellular components, which in turn decreases cell growth
and metabolic activities (Hsieh et al., 2008; Xu et al., 2015).

Moreover, many surfactants are known to show bacteriostatic
effects at higher concentrations (Masaki et al., 1990).
Fig. 3 Effect of different Triton X-100 concentrations on cell

growth and kefiran production by L. kefiranofaciens. Data were

taken after submerged cultivations for 72 h.
3.4. Effect of different Triton X-100 addition time on cell growth
and kefiran production

Effect of the addition time of the most suitable concentration
of Triton X-100 was investigated, where it was added at differ-

ent time intervals ranging from 0.0 to 48 h of cultivation.
Results presented in Fig. 4 clearly revealed that addition of
Triton X-100 after the start of the cultivation process had an
inhibitory effect on both cell growth and kefiran production.

In other words, for optimum production, Triton X-100 should
be added at the beginning of the cultivation (0 h), where max-
imal cell growth (2.72 g.L�1) and kefiran production (1.62 g.

L�1) were obtained. On the other hand, later addition of Tri-
ton X-100 gradually decreased both cell growth and kefiran
production, where minimal values (2.1 g.L�1 and 1.19 g.L�1

for cell mass and kefiran, respectively) were obtained when it
was added after 48 h of cultivation. Concerning specific cell
productivity, results showed that highest cell productivity

was obtained of about 0.60 g kefiran.g�1 cells was obtained
when Triton X-100 was added at 0 h. However, there was no
noticeable change in cell productivities with later addition of
Triton X-100, indicating that the decrease of volumetric kefi-

ran production with later addition results mainly from
decreased cell growth, since the obtained kefiran production
decreased gradually from 1.59 g.L�1 obtained at 0 h addition

and reached a minimum of 1.22 g.L�1 when Triton X-100
was added after 48 h.

Other reports showed that addition of triton X-100 at the

beginning of fermentation increased hypocrellins and EPS pro-
duction, and when added lately, the production decreases sig-
nificantly, and well with those reported earlier (Bautista et al.,
2009; Xu et al., 2015). This is mainly due to that early addition

increases cellular viability and enzyme secretion, as well as
membrane permeability. Surfactants have also been found to
be used as a carbon source by many microbial strains upon

there addition in the initial growth phase (Açikel et al., 2011;
Cai et al., 2011). Accordingly, Triton X-100 might enhance
kefiran production by increasing substrate consumption and

production rates and subsequently enhancing product
secretion.
Fig. 4 Effect of different Triton X-100 addition time on cell

growth and kefiran production by L. kefiranofaciens. Data were

taken after submerged cultivations for 72 h.
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3.5. Kinetics of cell growth and kefiran production in medium
before and after optimization

Shake flask cultivations were performed to investigate the
kinetics of cell growth and kefiran production by L. kefiranofa-

ciens cultivated at the initial un-optimized medium in compar-
ison to those cultivated under optimized conditions, i.e.
osmolality, 550 mOsmol.kg�1; Triton X-100, 1.0 g.L�1 added
at 0 h. Periodic samples were withdrawn from cultivations

every 12 h, and analyzed during cultivation process. Results
presented in Fig. 5 show that in both cultivations cells grew
exponentially during the first 60 h and showed similar patterns

of cell growth and kefiran production. However, it can be
clearly noticed that optimized conditions favoured cell growth
and kefiran production than un-optimized conditions. Under

optimized conditions, cells grew with an average growth rate
of 0.043 g h�1, which is 34.4% higher than the average growth
rate obtained under un-optimized conditions (0.032 g h�1).

Accordingly, maximal cell growth reached 2.70 and 1.92 g.
L�1 in optimized and un-optimized medium, respectively.
After the exponential growth phase, cell growth started to
cease and remained more or less constant in both cultivations.

The superior cellular growth in case of optimized conditions
was reflected on kefiran production. Under optimized condi-
tions, cells produced kefiran with a production rate of

0.031 g.L�1h�1 and produced a maximal of 1.62 g.L�1 at
72 h. On the other hand, cells cultivated under un-optimized
conditions produced a maximal of as 1.29 g.L�1 by the end

of the cultivation. Also, the average production under un-
optimized conditions (0.021 g.L�1.h�1) was lower by about
47.6% than that obtained under optimized conditions, which
Fig. 5 Kinetics of cell growth and kefiran production by L.

kefiranofaciens in shake flask cultivations before and after

optimization.
recorded 0.032 g.L�1.h�1. Although maximal kefiran produc-
tion increased by about 25.6% under optimized conditions
(1.62 g.L�1), however, yield coefficient calculations [YP/X] were

used to better understand kefiran production in relation to cell
performance. Results showed that maximal production yield in
case of optimized conditions (0.63 g kefiran.g�1 cells) was

slightly lower than that obtained under un-optimized condi-
tions (0.67 g kefiran.g�1 cells). This can be attributed mainly
due to the increase in cell biomass rather than the higher cell

performance, where maximal cell dry weights obtained were
2.02 and 2.70 g.L�1 for un-optimized and optimized medium,
respectively. The pH behaviour of both cultivations was simi-
lar, where the pH started to increase with cultivation time,

until the stationary phase, where they reached their maximal
by the end of cultivation.

Our results showed that optimization of cultivation med-

ium and conditions significantly improved process parameters,
resulting in increased cellular growth and kefiran production.
These results are in accordance with our reported previously

for kefiran production (Dailin et al., 2015, 2016). Optimal
medium composition and cultivation conditions play an
important role in providing growing cells with essential nutri-

ents at optimal concentrations (Elsayed et al., 2013). Hence,
cellular activities reach their maximal status and cell mass
and production increases with cultivation progress due to bet-
ter physiological states of the cells. However, our results

showed that the pH increases with cultivation progress, which
may affect process performance. Previous reports on EPS pro-
duction, i.e. pullulan, showed that pH 6 is mostly suitable for

better growth and production, and increasing pH to 7.0, 8.0
and 9.0 greatly reduced EPS production by 13.3, 41.2 and
81.4%, respectively (Liu and Wu, 2012). Accordingly, the final

optimization step in our production process was designed to
investigate the effect of controlling pH throughout the cultiva-
tion course in 16-L stirred tank bioreactor.

3.6. Effect of controlled and uncontrolled pH conditions on cell

growth and kefiran production

The cultivation process was further optimized by transferring

it into the semi-industrial production scale in 16-L stirred
bioreactor. Additionally, different bioreactor runs were con-
ducted to compare the effect of controlling pH on the kinetics

of cell growth and production of kefiran. Two parallel sets of
experiments were performed using working volume of 8-L in
the bioreactor under controlled (pH 6.0) and uncontrolled

pH. Results obtained in Fig. 6 indicate that cells in both runs
grew exponentially directly after inoculation without signifi-
cant lag phase, however with different growth rates. Under
uncontrolled pH, cells grew with an average growth rate of

0.052 g.h�1 reaching a maximal cell growth of 2.9 g.L�1 at
56 h. On the other hand, cells cultivated under controlled
pH grew with an average growth rate of 0.074 g.h�1 (higher

by about 42.3%), where maximal cell biomass reached
3.28 g.L�1 at 48 h (corresponding to 13% increase in cell bio-
mass). For kefiran production, under uncontrolled pH, kefiran

was produced with an average production rate of 0.039 g.L�1.
h�1 and reached its maximal volumetric production (1.87 g.
L�1) at 52 h. On the other hand, controlled pH improved kefi-

ran production rate by about 43.6% (0.056 g.L�1.h�1) and
maximal production by about 24.1% to record 2.32 g.L�1 at



Fig. 6 Cell dry weight and kefiran production in 16-L stirred

tank bioreactor under uncontrolled and controlled pH conditions.
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60 h. It can also be noticed, that higher growth rates in con-
trolled pH cultivations was also accompanied with higher lac-
tose consumption rates (�1.12 g.L�1.h�1) as well as higher

oxygen uptake rate (�6.34 DO%.h�1) than in case of uncon-
trolled pH cultivation (0.94 g.L�1.h�1 and �6.1 DO%.h�1,
respectively). Such higher growth rate (0.074 g.h�1) and lactose
consumption rate in (�1.12 g.L�1.h�1) controlled pH cultiva-

tion resulted in faster and earlier depletion of carbon source
from the medium (after 44 h, where lactose was almost
depleted from the medium), while in uncontrolled pH cultiva-

tion lactose was available in the cultivation medium until 60 h
(0.1 g.L�1). Therefore, cell entered the stationary phase earlier
in the pH controlled cultivation. Specific kefiran production

was also calculated to explain cell performance and kefiran
production in both cultivations. As shown in Fig. 6, the max-
imal kefiran yield coefficient of 0.72 g kefiran.g�1 cells was
obtained in controlled pH cultivation, which was higher by

about 7.5% than kefiran yield in uncontrolled pH cultivation
(0.67 g kefiran.g�1 cells). Therefore, it can be concluded that
such higher volumetric kefiran production is mainly due to

higher cell performance rather than increase in cell biomass
(where cell dry weights were 3.165 and 2.67 g.L�1, respec-
tively). Additionally, kefiran production yield based on con-

sumed lactose (YP/S) was also improved under pH controlled
cultivation (0.046 g kefiran.g�1 consumed lactose) than that
obtained in uncontrolled cultivation (0.038 g kefiran.g�1 con-

sumed lactose).
Obtained results clearly revealed that bioreactor cultiva-

tions were superior to those performed in shake flasks in terms
of better growth and production rates. Moreover, the cells
grew in bioreactor much faster without any noticeable lag
phases. This is mainly attributed to the suitable cultivation
conditions afforded in bioreactor, in terms of better oxygena-

tion, culture mixing and homogeneity, nutrient distribution
and availability (Elsayed et al., 2013, 2015b, 2016c; El
Enshasy and Elsayed, 2017). Generally, it can be seen that con-

trolled pH conditions in the bioreactor not only significantly
improved cell growth and kefiran production, but also short-
ened the cultivation time required to obtain maximal growth

and production. pH is an important factor influencing cell
growth and metabolic activities in submerged fermentation
of Lactobacilli, but little work has been done to examine this
parameter. Similar results also reported that controlled pH

conditions provide better nutrient assimilation leading to
higher biomass and polysaccharide production (Cheirsilp
et al., 2018). Controlling pH throughout the cultivation course

has been used as an accepted strategy to optimize different
biotechnological production processes (Elsayedet al., 2014;
El Enshasy and Elsayed, 2017).

Furthermore, previous reports on EPS production found
that pH conditions close to pH 6.0 are necessary to achieve
higher process performance (Zhu et al., 2011). Our results also

confirmed that controlled pH provides higher substrate con-
sumption rates. According to Gassem et al. (1997), the ele-
vated lactose consumption under controlled pH was
correlated with substantial galactose production, which in

turns accumulates in cultivation medium and serves as an
additional substrate. It was believed that L. kefiranofaciens
have a LacS transporter (lactose/galactose exchange activity

of the transporter) that fosters galactose accumulation during
growth on lactose (Cheirsilp et al., 2001). In addition, main-
taining controlled pH conditions lengthens the stationary

phase, accordingly peptidoglycan and teichoic acid syntheses
decreases resulting in increased polysaccharide production
(Prathima et al., 2014).

Finally, Table 1 presents different kinetic parameters
obtained of cell growth, lactose consumption and kefiran pro-
duction effects before and after optimization of production
media and during different pH submerged cultivations of L.

kefiranofaciens under controlled and uncontrolled conditions.
It can be seen that each optimization step gradually increased
process parameters, where final cultivation in 16-L stirred tank

bioreactor under controlled pH conditions using the optimized
medium, in terms of osmotic stress and surfactant addition,
produced a maximal of 2.32 g.L�1 kefiran with a specific pro-

ductivity of 0.72 g cells.g�1 cells. This increase in volumetric
productivity corresponds to an increase of about 45.0% from
the initial production process.

3.7. Determination of antioxidant and anticancer potentials of
produced kefiran

The performed DPPH radical scavenging assay revealed that

the produced kefiran showed a dose-dependent scavenging per-
centage of DPPH radical from 10 to 100 lg.mL�1. Kefiran
produced about 96.58% radical scavenging activity at

100 lg.mL�1, where the obtained ED50 recorded 12.29 ± 0.9
8 lg.mL�1. On the other hand, the standard antioxidant used
(ascorbic acid) recorded 1.78 ± 0.58 lg.mL�1. These results

showed that kefiran can exhibit a satisfactory degree of antiox-
idant potential, that can help overcoming oxidative stress by



Table 1 Kinetic parameters of cell growth, lactose consumption and kefiran production during submerged cultivations of L.

kefiranofaciens in shake flask and in bioreactor cultivations of controlled and uncontrolled pH.

Shake-flask cultivation Bioreactor cultivation

Parameters Before optimization After optimization Uncontrolled pH Controlled pH

Growth parameters

Xmax [g L�1] 1.92 2.70 2.90 3.28

dx/dt [g h�1] 0.032 0.043 0.0528 0.074

l [h�1] 0.021 0.025 0.031 0.069

QLac [g L�1h�1] n.d. n.d. 0.94 1.12

Production parameters

Pmax [g L�1] 1.290 1.62 1.87 2.32

Qp [g L�1h�1] 0.021 0.032 0.039 0.056

YP/X [g g�1] 0.670 0.601 0.677 0.717

YP/S [g g�1] n.d. n.d. 0.039 0.046
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scavenging free radicals that can lead to the development of
cancer diseases (Mousa et al., 2019). Microbial polysaccha-

rides are known for their potential antioxidant activities
through scavenging reactive oxygen species responsible for
membrane damage (Elsayed et al., 2017).

Furthermore, anticancer activity of the produced kefiran
was investigated against MCF-7 breast cancer cell line. Results
(Fig. 7) showed that kefiran affected cell viability of MCF-7 in

a concentration depend manner within the tested concentra-
tion range (0.0–1000 lg.mL�1). The highest toxicity against
MCF-7 cells (71.96 ± 2.189%) was obtained at 1000 lg.
mL�1, where cell viability decreased to 28.34%. Furthermore,

the IC50 concentration required to inhibit 50% of viable cells
recorded 193.89 lg.mL�1. Additionally, the results also
revealed that kefiran had no toxicity towards normal MCF-

10A breast cells, which impose little or no toxicity towards
normal cells. We have previously reported on the cytotoxic
activities of microbial kefiran again human hepatic (HepG2)

and cervical (HeLa) carcinomas (Elsayed et al., 2017). Our pre-
vious results showed that microbial kefiran potentially inhib-
ited cell growth of both HepG2 and HeLa cells at IC50

values of 413.5 ± 1.05 and 358.8 ± 1.65 lg.mL�1,
Fig. 7 Effect of different concentrations of kefiran on the

viability of MCF-7 breast cancer cells.
respectively. However, the lowered IC50 value of the current
work (193.89 lg.mL�1) can be attributed to the fact that differ-

ent cancer cells react differently towards the same effector
compound due to their inherent differences in membrane
structure and organization. Kefiran has been reported to exhi-

bit its cytotoxic effects due to the presence of various
exopolysaccharide, i.e. kefiran, lentinan, viilian. b-1, 3-
Glucans with 1, 6-glucopyranoside branching (Yamada

et al., 1984; Adachi, 1992).

4. Conclusion

To the best of our knowledge, no reports are found about the
effect of osmotic stress and surfactants on kefiran production
by L. kefiranofaciens. Our obtained results clearly showed that
osmotic pressure and surfactants enhanced kefiran production.

Kefiran production was optimized by growing cells at 550
mOsmol.kg�1 and adding 1 g.L�1 of Triton X-100 at the
beginning of cultivation. Such optimization increased kefiran

production by about 25.6% than the preliminary un-
optimized medium. Furthermore, controlling pH of the culti-
vation in stirred tank bioreactor proved to be an important

variable for maximal kefiran production compared to uncon-
trolled pH condition. Controlled pH cultivation greatly
enhanced both cell growth and kefiran production 13.0 and

24.0%, respectively. Furthermore, cellular growth, kefiran
production and lactose consumption rates were greatly
improved under controlled pH cultivation. Finally, the pre-
pared kefiran showed promising antioxidant and anticancer

potentials.
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