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CREATION OF AN IMMOBILIZED PROBIOTIC BASED
ON BACTERIAL CELLULOSE FOR THE CORRECTION
OF THE INTESTINAL MICROBIOME

The structural features of bacterial cellulose (BC) make it very popular to use it for creating compos-
ite materials. Immobilization of bacteria of the Bacillus genus in BC polymer gives the carrier matrix new
functional properties that help restore and maintain a favorable balance of microflora in the gastrointesti-
nal tract. The addition of sodium alginate had a positive effect on the synthesis of BC by K. xylinus C-3,
providing a polymer yield of 12.11 g/I. The “adsorption-incubation” method was used for surface and
spatial immobilization of Bacillus subtilis, which provides a high concentration of cells — 108 CFU per 1
g of carrier. The BC/Bacillus biocomposite inhibited the growth of E. coli, S. typhi, S. typhimurium, Citr.
aerogenes, and P. vulgaris up to 85.4% after 24 hours of contact, and after 72 hours completely inhib-
ited the growth and viability of test organisms in vitro. Immobilized probiotics significantly exceeded the
suspension of free microbial ells in terms of resistance to gastric juice. The activity of probiotics in vivo
determined on models of experimental dysbiosis. Probiotic microgranules of BC/B.subtilis can be used
to correct the microbiocenosis of the large intestine.

Key words: bacterial cellulose, B. subtilis, dysbiosis.
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ek MMKPOOGMOMACDHIH TY3€eTY YiUiH 0aKTePUSIAbIK, LLIEeAAIOAO3A HeTi3iHAe
MMMOOHAMBALIMSIAAHFAH MPOOMOTHK XKacay

KYPbIABIMABIK,  KaCMETTepiHiH  epekile  GOAFaHAbIFbIHA  0aMAAHBICTbI  KOMMO3ULIMSAbIK,
MaTepuranAapAbl JKacay YiliH 6akTepusaablk, LeAAoAo3aHbl (BL) koaaaHFaH biHFainAbl. Bacillus Tektec
GakTepusaAapAbiH BLL noAMmepiHe MMMOGMAM3aLMSIAGHYbI, TaCbIMAAAAFbILL MaTpULAFa ackasaH-ilek
SKOABIHAQFbI MUKPOMAOpPaHbIH, TeMne-TEHAITH KaAMblHA KEATIpYiHe >koHe cakTayfa bIKMaA eTeTiH »KaHa
byHKUMOHAAABIK, kKacneTTep 6epeai. bLI-ra HaTpuit aAbrmHaTbIHbIH KOCbIAYbI K. xylinus C-3 cuHTe3siHe
OH ocepiH Oepai >aHe 12,11 /A NOAMMEP LWbIFbIMbIH KaMTaMacbl3 eTTi. «AACOPOUMSA-MHKYOaLms»
aaici Bacillus subtilis-TiH 6eTKi »oHe KeHICTIKTIK MMMOOMAM3ALMACHI YILIH KOAAAHbIAABI, OYA 1 T
TacbiMaapaylibira 108 KTB/ 1 r TacbiMaAaAarbilKa »KOFapbl Xacylla KOHLUEHTPaUMICbIH KamTamachl3
eteai. BC/Bacillus 6uokomnosuTi 24 caratTbik, GanAaHbicta E. coli, S. typhi, S. typhimurium, Citr.
aerogenes, P. vulgaris ecyiH 85,4%-Fa aeitiH 0acaabl, aA 72 caraTTaH KeliH in Vitro >araanblHAQ
TeCT-6aKTEPUSAAAPADBIH  ©CYi MeH OMIpPLUEHAIMH TOAbIFbIMEH Texeai. MMMOOMAM3aUMSAAHFaH
NPOOMOTUKTEP aCKas3aH COAIHE TO3IMAIAIM OoMbiHIIA 6OC MUMKPOG XKacylUaAapbiHbIH CYCMNeH3MsCbiHa
KaparaHAa anlTapAbIKTanm >kKorapbl 60AAblL. [TpOOGUOTUKTEPAIH GEACEHAIAIr in Vivo 3KCMEepUMEHTTIK
AMCOMO3 YATIAEPI apKbIAbl aHbIKTaAAbl. TOK, iEKTiH MMKPO6MoOLEHO3bIH Ty3eTy yid BLI/B.subtilis
NPOGMOTUKAADBIK, MUKPOTrPaHyAaAapPbIH KOAAAHYFa BOAAAbI.

Tyiiin ce3aep: 6akTeprasabl LEAAIOAO3a, B. subtilis, ancbaktepunos.
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Co3aaHMe MMMOOUAM30BAHHOIO NMPOOMOTHUKA HA OCHOBE 6AKTEPUAAbHONM LLEAAKOAO3bI
AASl KOPPEKLIMHU KULLIEYHOTO0 MUKPOOMOoMa

CrpyKTypHble 0CO6EHHOCTU 6aKTEPUAAbHOM LLEEAAIOAO3bI (BLI) 06ecneunBaioTOOAbLLYIO MOMNYASPHOCTb
€e UCMOAb30BaHMS AASl CO3AAHUS KOMMO3UTHBIX MaTepraroBs. MiMMoburam3aums 6aktepuin poaa Bacillus
B noAammepe BL| npraaeT mMaTtpuLie-HOCUTEAID HOBble (DYHKLIMOHAAbHbIE CBOMCTBA, CMOCOOCTBYIOLLIME
BOCCTaHOBAEHUIO U MOAAEPXKKE GAaronpusaTHoro 6asaHca mmkpodaopbl B XKKT. BHeceHme aAbrmHarta
HaTPUst MOAOXKMUTEABHO BAMSIAO Ha cuHTe3 bLlL K. xylinus C-3, obecneumBas BbIXOA MOAMMEpPA —
12,11 r/a. VIcnoAb30BaH MeTOA, «aACOPOLUMU-MHKYDALIMU» AAS MOBEPXHOCTHOM M MPOCTPAHCTBEHHOM
mmMmo6buamsaumm Bacillus subtilis, o6ecneunBaioLmin BbICOKYIO KOHLIEHTpaumio Kaetok — 108 KOE Ha 11
HocuTeAst. buokomnosut bLI/Bacillus noaasasia poct E. coli, S. typhi, S. typhimurium, Citr. aerogenes, P.
vulgaris A0 85,4% nocae 24-4acoBOro KOHTAKTa, a Mo UCTeYEHUM 72 YaCoB MOAHOCTbIO MHIMOMPOBAA
POCT 1 >KM3HECMOCOBHOCTb TECT-OPraHM3MOB B YCAOBMSIX in Vitro. VIMMOBUAM30BaHHbIe MPOOUOTUKM MO
YPOBHIO PE3MCTEHTHOCTM K BO3AEMCTBUIO XKEAYAOUYHOIO COKA 3HAUMTEAbHO MPEBOCXOAMAM CYCTMEH3MIO
CBOOOAHBIX KAETOK MUKPOOPraHM3MOB. AKTMBHOCTb NMPOBUOTMKOB B YCAOBMSIX iN VIVO OMPEAEASIAU Ha
MOAEASIX KCMEPUMEHTAALHOIO AMcOakTeprosa. [MpobuoTnueckime mmkporparyAbl BLI/B. subtilis moryT

ObITb MCMOAb30BaHbI AASI KOPPEKLIMM MMKPOOMOLIEHO3a TOACTOrO KULLIEYHMKA.
KAloueBble croBa: GakTepmasbHas LEAAIOAO3a, B. subtilis, ancOakTepros.

Abbreviations

BC — bacterial cellulose, gastrointestinal tract —
gastrointestinal tract, GPB — granules with probiotics

Introduction

The design features of bacterial cellulose (BC):
micro- and nanofibrillar structure, high porosity
and crystallinity create a huge potential for creating
various composite materials based on it [1-2]. A
characteristic structural feature of the BC is that the
aggregates of fibrils occupy an insignificant part of
the volume, which makes it possible to introduce into
the BC not only a variety of substances, including
those with biological activity, but also cells of
prokaryotic or eukaryotic organisms. They give the
cellulose carrier matrix new functional properties.

One of the promising areas of modern
biotechnology is the development of medicines
based on biologically active substances produced by
bacteria, including representatives of the Bacillus
genus [3]. According to recent studies, the use of
Bacillus species as probiotics has gained great
interest [4]. These bacteria are effective in preventing
respiratory infections and gastrointestinal disorders,
as well as in overcoming symptoms associated with
irritable bowel syndrome [5-6]. The presence of B.
subtilis contributes to the maintenance of a favorable
balanced microbiota in the gut and enhances the
growth and viability of probiotic cells of lactic

acid bacteria [7]. It has also been suggested that
these probiotic properties are related to its ability to
stimulate the immune system [5] and the production
of antimicrobial substances [8-9], or even to induce
signal interference against pathogens [10]. Such
purposeful correction of disturbed biochemical and
physiological processes by introducing the necessary
saprophytic bacteria that produce biologically active
substances is commonly called the “microbial
saprophytic pharmacopoeia”.

Successful immobilization of bacteria [11-13]
on BC with the preservation and even increase
of their physiological activity served as the basis
for conducting this study aimed at creating a
biocomposite material with antimicrobial and
probiotic properties by including bacterial cells of
the Bacillus genus in BC. The aim of the study is to
develop an immobilized probiotic for the correction
of microecological disorders in the intestine.

Materials and Methods

2.1 Research objects

1. Komagataeibacter xylinus C-3 — BC strain
producer;

2. Bacillus subtilis 3H strain isolated from Bac-
tisporin preparation;

3. Test microorganisms, obtained from the
American type culture collection: E.coli, S.typhi,
S.typhimurium, Citr.aerogenes, P.vulgaris.

4. 40 male mongrel rats weighing 180-220 g.
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2.2 Obtaining BC in submerged culture cultiva-
tion conditions

Cellulose synthesis by strains of acetic acid bac-
teria was carried out on nutrient media containing
aqueous solutions of yeast extract, glucose, peptone,
ethanol, and NaAlg at concentrations determined as
a result of optimizing the nutrient medium with a pH
of 5.9-6.0. The inoculum was a 48-hour culture of
acetic acid bacteria grown on a medium containing
yeast extract and beer wort in a ratio of 1: 1 with 2
wt. % glucose 1 vol. % of ethanol. Cultivation was
performed on a Biosan ES-20 orbital thermoshaker
at 30°C for 7 days. The globules were then washed
from the NaOH solution with distilled water, 0.5%
acetic acid solution, and again distilled water un-
til a neutral reaction was achieved. The resulting
globules were stored in distilled water at 5°C. The
biomass of BC globules was determined after pre-
liminary drying in a dry-fire thermostat at 80°C to a
constant sample weight.

2.3 Immobilization of Bacillus subtilis 3H bac-
teria into BC matrix by “adsorption-incubation”
method

At the stage of “adsorption”, the biomass of a
48-hour culture of Bacillus subtilis bacteria was sus-
pended in a phosphate buffer solution (cell titer 101
CFU/ml). BC granules were autoclaved at 0.35 bar
at 110° C for 30 minutes. Then BC granules were
added to the cell suspension and incubated for 96
hours with continuous weak stirring (120 rpm). The
liquid was decanted, and the globules were washed
from weakly attached cells with sterile saline solu-
tion.

At the “incubation” stage, BC with immobilized
bacterial cells were placed in sterile Erlenmeyer
flasks with liquid nutrient broth and incubated at 30
°C for 96 hours.

After the immobilization procedure, the wet
granules were freeze-dried at 40 °C, 5 mbar for 48
hours (Telstar LyoQuest-55, Spain). After lyophili-
zation, 10 ml of saline solution was added to each
sample and cell viability was determined by seeding
serial dilutions of the resulting suspension on nutri-
ent agar. Colony forming units were counted after
24-hour incubation at 37 °C.

2.4 Determination of the number of live cells in
BC granules

Granules with bacterial cells were washed with
sterile saline solution and cleaved with the cellulase
enzyme (100 ml/1 0.05 M citrate buffer, pH 4.8, Sig-
ma Aldrich). The bacterial suspension obtained by
splitting the globules with cellulase was suspended
in 1 ml of a phosphate buffer solution. The number
of immobilized microorganisms was determined by
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two methods: (a) by the optical density of the cul-
ture suspension at a wavelength of 650 nm (Infinite
200 PRO NanoQuant, Tecan, Switzerland) and (b)
by inoculation of consecutive ten-fold dilutions on
nutrient agar (Biocorp). After incubation of the di-
lutions for 24 h at 37 ° C, the grown colonies were
counted and the content of live bacteria in 1 g of
cellulose was calculated. The optical density of the
bacterial suspension was used to determine the num-
ber of viable and dead bacteria, while inoculation on
bacteriological media allowed us to determine only
viable microbial cells.

The efficiency of immobilization of bacterial
cells in BC was quantified by the method described
by Leboffe and Pierce [14]. The average cell den-
sity (cells/g) was calculated as follows: the number
of cells immobilized inside the BC polymer + the
number of cells adsorbed on the BC surface/ weight
of the cellulose film. Immobilization efficiency, % =
total number of cells immobilized on BC/total num-
ber of cells in the inoculum * 100%.

2.5 Determination of the antagonistic activity of
BC granules

The antagonistic activity of BC granules based
on it was determined by the method of co-cultiva-
tion of target microorganisms with experimental
samples (Time-kill test).

This test is described in detail in the M26-A
CLSI document [15]. BC biocomposites weighing 1
gram were placed in test tubes with a liquid nutrient
medium inoculated with target microorganisms with
a cell concentration of 5 x 10° CFU / ml, and then
incubated in a shaker at 37°C for 24 hours. The me-
dium with the test strain without adding BC samples
was used as a control. The percentage of dead cells
relative to the growth control was then calculated at
various time intervals (0, 1, 6, 10, and 24 hours). To
do this, 50 ul of bacterial suspension was taken from
each tube, inoculated on nutrient agar, and incubated
at 37 °C for 48 hours to count colony-forming units
and determine the number of living cells (CFU/
ml). The decrease in the number of bacteria was es-
timated by the following formula: R (%): AB/A x
100%, where R is the percentage of the number of
bacteria, A is the number of bacteria in the control
group (without adding cellulosic materials), and B
is the number of bacteria grown in test tubes with
biocomposites. The bactericidal effect of samples is
considered when 90% of cell lethality is achieved in
6 hours, which is equivalent to 99.9% of bacterial
lethality in 24 hours [16].

2.6 Induction of experimental dysbiosis in rats

Before the introduction of the antibiotic, feces of
intact animals were plated on differential diagnostic
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media to determine the content of the main groups
of indigenous bacteria in the intestines of rats.

Starting from the next day, after the preliminary
study, animals divided into 4 groups (5 individuals
each) received ampiox intragastrically for five days
at a dose of 40 mg per day for 5 days. The first group
received only an antibiotic, the second — BC/Bacil-
lus microgranules after etiotropic therapy, the third
— free Bacillus cells after taking ampiox, the fourth
group — intact animals.

The analysis was performed 5 days later (imme-
diately after discontinuation of the antibiotic) and
20 days after the start of the experiment. The main
criteria for the bacteriological effectiveness of this
method were the population level of bifidobacteria,
lactobacilli and Escherichia with unchanged enzy-
matic properties, as well as qualitative and quanti-
tative characteristics of the content of opportunistic
microorganisms in feces. The results of microbio-
cenosis correction were evaluated by the traditional
bacteriological method [17].

Results and Discussion

3.1 Preparation of bacterial cellulose globules
with probiotic bacteria

The most general definition of probiotics
is microorganisms that, when administered in
adequate amounts, have a beneficial effect on the
host’s body. Their beneficial effect is achieved by
restoring and maintaining the gut’s own microflora,
i.e. they eliminate dysbiotic disorders and associated
gastrointestinal dysfunctions [18]. Recently, bacteria
of the Bacillus genus, especially B. subtilis, have
gained great interest as probiotic microorganisms
due to their ability to maintain a favorable balance
of microflora in the gastrointestinal tract. This is due
to the antagonism of B. subtilis against a wide range
of pathogenic and opportunistic microorganisms,
self-elimination from the gastrointestinal tract,
stimulating effect on digestion, anti-allergenic,
antitoxic, sanitizing and restorative effects on the
body [19; 4]. In this regard, the second way of using
BC considered in this paper is the development
of an immobilized probiotic for the correction of
microecological disorders in the intestine.

Probiotics are available in various forms: food,
capsules, sachets, or tablets, but what they have in
common is that they are administered orally [20-21].
To be able to influence the gut microbiota, probiotic
microorganisms must survive in the consumed food
during the shelf life and transit period in acidic
conditions of the stomach and resist degradation
by hydrolytic enzymes and bile salts in the upper

intestine. Available information on the viability
of probiotics containing Bacillus bacteria in the
gastrointestinal tract is contradictory. On the one
hand, since B. subtilis spores are able to survive in
conditions of extreme pH and low oxygen content,
a large number of dormant but viable microbes can
reach the lower parts of the intestine and carry out
beneficial effects [7]. On the other hand, a number of
studies have established that not all the introduced
bacteria reach the target niche — the large intestine
[8]. Providing probiotic living cells with a physical
barrier against adverse conditions is an approach
that is currently receiving considerable interest.
One of these methods is their immobilization
on a polysaccharide matrix. A promising matrix
is bacterial cellulose (BC), which is attracting
increasing interest from the scientific community due
to its suitability for cell immobilization processes,
including probiotics. Researchers working on this
problem immobilized strains of Lactobacillus spp.
It was found that this method provided high-level
protection of these microorganisms from the effects
of gastric juice and bile salts [22-23]. However, a
view of the available literature has shown that so
far no studies have been conducted to assess the
feasibility of using BC as a carrier for immobilizing
Bacillus bacteria.

The use of probiotics implies their use per os. In
this regard BC granules in the form of granules were
obtaied, in which probiotic bacteria were included
by spatial immobilization.

Cultivation conditions affect the morphology
of BC. Under static conditions, bacteria accumulate
on the oxygen-rich surface of the nutrient broth to
form intertwined ribbons with a low organizational
structure. This morphology can be improved by
producing BC in a submerged agitated culture,
where the bacteria are well dispersed in the
suspension of the culture medium. Under such
cultivation conditions, cellulose can be obtained as
a suspension of fibrils, irregular globules, granules
or spheres.

BC production by this method was carried out
under mixing conditions on an orbital thermoshaker
Biosan ES-20 at 180 rpm.

It is believed that the submerged method of
obtaining BC allows achieving higher productivity
[24-25]. However, BC is an insoluble polymer
in water, so with increasing its concentration, the
viscosity of the culture medium increases.

Therefore, when cultivating producers in this
way, the cellulose synthesized by them often forms
large lumps, irregular globules, and amorphous
filaments. This leads to a decrease in the supply of
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nutrients and oxygen to bacterial cells. As a result,
the yield of cellulose decreases, and it can often
have an uneven structure and altered properties.
Recently, there have been several reports that
the addition of water-soluble polymers such as
xanthan, agar, polyacrylamide-co-acylic acid, and
acetate can reduce the shear stress, i.e., prevent
BC coagulation during cultivation, inducing the
formation of homogeneous small granules [26-27].
Given that sodium alginate is also a water-
soluble polysaccharide, and since it contains many

-COOH and -OH groups, it was suggested that
adding it to the culture medium can stimulate the
level of synthesis and obtain a polymer of regular
structure. To determine the effect of sodium alginate,
the BC producing strain was cultured in a medium
with different concentrations of NaAlg and without
it.

The results of the experiment on obtaining BC
by strain of K.xylinus C-3 in a medium containing
NaAlg in the concentration range of 0-0.1% are
shown in Figure 1.

16,

14,
=12, —_—t
310, A —
g s ~
= 6, Ll
R 4,

2,

0.

0 0. 02NaAlg con%‘t%h‘ation (%)0'08 0.1

Figure 1 — Effect of adding sodium alginate to the medium on the synthesis
of bacterial cellulose under submerged conditions

It was found that the introduction of alginate
has a positive effect on the formation of BC by
K. xylinus C-3. Moreover, the optimal NaAlg
concentration is 0.04%. So, if the BC yield in the
medium without sodium alginate was 6.7 g/, then
in the presence of 0.04% NaAlg in the medium,
the synthesis was significantly higher — 12.11 g/l.
It should be noted that a further increase in the
concentration of sodium alginate to 0.1% leads to a
gradual decrease in the level of BC synthesis. Most
likely, a higher concentration of sodium alginate
increases the viscosity of the medium, which reduces
the efficiency of biosynthesis of this polymer by the
producing strain.

The time intervals of cellulose production, cell
concentration, and total sugar content in the mixed
cultures are shown in Figure 2.

In the absence of NaAlg, cells grew exponen-
tially after a 24-hour lag period and linearly be-
tween 48 and 72 hours of culture time, then reached
a stationary phase. However, the addition of 0.04%
NaAlg shortens the lag period and accelerates cell
growth in the early phase of culture. In addition,
when the culture reached the logarithmic period,
cellulose also began to form and increase due to
continuous cell growth regardless of the presence of
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NaAlg in the medium. Total sugar consumption in
the medium with and without sodium alginate was
similar. However, the total sugar consumption of
K. xylinus C-3 in the medium with the addition of
0.04% NaAlg was 2.0%, than 1.5% in the control
medium without NaAlg. In addition, the final cellu-
lose yield was 27% of the total sugar initially added
in the presence of 0.04% NaAlg, compared to 24%
in the control. Thus, the addition of 0.04% NaAlg
promoted cell growth and enhanced BC production
in shaker flasks.

BC formed in submerged conditions in a medium
without alginate is a large oval or irregular globules,
may look like disordered and fibrous clusters, large
lumps (Figure 3A). When alginate is added, small
oval globules are formed. Cellulose globules formed
in a stirred culture in a medium with the addition
of NaAlg are shown in Figure 3 B. The globules
were separated and periodically washed with 0.5-
1% aqueous NaOH solution at boiling until the
cells were removed. The cellulose globules were
then washed from the NaOH solution with distilled
water, 0.5% acetic acid solution, and again distilled
water until a neutral reaction was achieved. The
resulting cellulose globules were stored in distilled
water at 5°C.
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Figure 2 — Dynamics of cellulose synthesis by Komagataeibacter xylinus C-3 strain in submerged culture
(A — standard medium; B — jmedium with NaAlg)

Figure 3 — BC globules formed under submerged cultivation conditions (A — BC globules obtained during cultivation
of the producer without alginate; B — with the addition of alginate; C — wet globules after purification; D — dried cellulose samples)

Alginate can reduce the viscosity of the
broth, reducing the shear stress, and, due to this,
prevent BC coagulation during cultivation. Small
granules formed in the alginate medium are more
advantageous for transferring nutrients and oxygen
to bacterial cells located inside and on the surface of
the cellulose matrix. This is one of the reasons for
stimulating BC synthesis in a medium with alginate
or other water-soluble polysaccharides [26].

Cellulose synthesized during agitated culture
can often have an uneven structure and altered
properties: a lower degree of polymerization,
mechanical strength, and crystallinity than those
produced during static cultivation [27-28]. Since
the structure of cellulose varies depending on the
state of the culture, such as additives, the structural
characteristics of BC obtained in media with and
without NaAlg are compared using scanning electron

microscopy (SEM). The structural characteristics of
the BC synthesized in the medium with and without
NaAlg addition were analyzed using a scanning
electron microscope are shown in Figure 4.

The fibers of the film obtained under agitated
culture conditions in the control medium without
NaAlg were characterized by a more compact and
strongly elongated structure than in the medium
with the addition of NaAlg.

There were a lot of NaAlg particles on the
surface of the matrix. The inner layer consisted of
many ultrathin fibrils that were bent and twisted
with each other. The fibers had a large width. Since
the width of the fibers affects such properties of
BC as water retention and mechanical strength,
the consumer qualities of this type of cellulose
increase. This will expand the scope of application
of the BC.
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Figure 4 — Scanning electron micrographs of bacterial cellulose obtained under agitated culture conditions
(A — standard medium; B — medium with NaAlg)

BC obtained in a medium with the addition of
sodium alginate consisted of a three-dimensional
matrix with a large number of pores. Compared to
smooth surfaces, the three-dimensional structure of
BC creates favorable conditions for cell adhesion.
The number of pores in the BC is influenced by
the conditions of post-processing, which is carried
out to purify it. A recent study showed an increase
in total porosity after alkaline treatment of the
BC with NaOH. This was due to the fact that this
purification helps to release the space normally
occupied by producer cells [29]. The addition of
porogens to the growing culture during the BC
biosynthesis process can regulate the pore size
and porosity of the final structure. An increase

in the pore diameter was observed when alginate
was incorporated into the BC structure [30]. This
may be due to the breakdown of hydrogen bonds
between cellulose fibers due to mixing with another
component.

Toimmobilize the Bacillus cells, the “adsorption-
incubation” method described was used. In wet and
dry globules, the BC weight was 1 mg and 15 mg,
respectively. The size of the granules is 130-140
microns, i.e., in fact, they are microcapsules of the
matrix type. The difference between the weight of
the wet and dry forms of BC was mainly due to
water absorption. It was found that a greater number
of immobilized microorganisms were registered in
the wet BC (Figure 5).
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Figure 5 — Efficiency of immobilization of Bacillus subtilis 3H cells in BC globules

This phenomenon can be explained by differences
in the location of fibrils in wet and dry BC. From the
chemical point of view, BC is highly hydrophilic
and therefore can absorb a large number of water
molecules, whereas from the physical point of view,
BC is a three — dimensional network with a large
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number of pores [31]. In the hydrated form, BC
exhibits higher water absorption, lower density, and
less interconnected microfibrils compared to its dry
form, which can promote cell penetration into deeper
layers of the carrier [32]. Differences in the number of
immobilized cells may also result from the developed
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porosity of wet BC cells. The porous structure of wet
cellulose provides more space for immobilization
and facilitates the diffusion of substrates from the
medium into the interior of the carrier structure,
providing a moist, favorable environment for cells
[33-34]. It is also well known that BC synthesized

1 \ \r\? ‘=E

B. subtilis 3H

surface

Cells on the

under various cultivation conditions (static or mixed)
is characterized by wvarious physical properties,
including nano-and macroscale, crystallinity, or
mechanical strength [35].

In pellets, the ratio between surface area and
volume is also optimal (Figure 6).

Cells inside
the matrix

Figure 6 — Immobilization of Bacillus 3H bacterial cells in BC granules

Probiotic microorganisms enter the cellulose
granules. Moreover, more bacterial cells were
concentrated in the middle of the globules, while only
individual Bacillus cells were found on its surface.
The total number of bacterial cells immobilized
by this method is 8 x 10" CFU/g. After freeze-
drying, the bacterial titer decreased by 2 orders
of magnitude. Ready-to-use BC microgranules
contained 108 CFU/g of viable Bacillus 3H.

3.2 Determination of the antimicrobial and
probiotic activity of an experimental sample of a
biocomposite

Antimicrobial activity is the most important
characteristic of the effectiveness of probiotic
microorganisms, so it seemed appropriate to
determine this indicator in vitro conditions.

Probiotics based on bacteria of the Bacillus
genus are “self-eliminating antagonists”, i.e. their
main purpose is to suppress intestinal pathogens.
Their etiological cause is microorganisms such as
Salmonella and colibacteria. In this regard, clinical
isolates of Salmonella typhi (PM1, PM2, PM3a),
Salmonella typhimurium (W1, W4, W5, PMla,
PM2a), Citrobacter aerogenes (PM1, PM2), and
Escherihia coli (W3, W4), Proteus vulgaris (PM1,
PM2) were used as target microorganisms to

study the antimicrobial activity of an immobilized
spore probiotic. In this series of experiments,
the antimicrobial effect was determined after co-
culturing target microorganisms with BC/Bacillus
granules in nutrient broth for 24 and 48 hours with
cells of test strains. 1 g of the preparation was added
to the system. They were added to the suspension
of test strains (10% cells/ml) in nutrient broth. The
inhibitory effect of the preparation was determined
by the percentage of surviving cells of test strains
(Table 1).

The BC/Bacillus biocomposite suppresses the
growth of test strains up to 85.4%, i.e. the cell sur-
vival rate after 24 hours of contact with the bio-
composite is on average 14.6%. After 48 hours of
cultivation with the biocomposite, only 1.5% of
cells remain alive. According to the requirements of
Pharmacopoeial articles on probiotics, the number
of live cells of test strains after 72 hours of co-culti-
vation with probiotic bacteria should not exceed the
level of 2 % compared to the control [8-9]. An im-
mobilized spore probiotic has a similar effect after
48 hours of co-cultivation with target microorgan-
isms. After 72 hours, the biocomposite completely
suppresses the growth and viability of these test or-
ganisms in vitro.
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Table 1 — Antibacterial activity of BC/Bacillus biocomposite

% survival rate of test organisms
Targets Contact time
24 hours 48 hours
E. coli W3 9 0.6
E.. coli W4 11 0.8
E. coli PM1 13 1.1
E. coli PM2 19 1.9
S. typhi PM1 14 1.4
S. typhi PM2 13 0.9
S. typhi PM3a 20 1,3
S. typhimurium W1 18 2,2
S. typhimurium W4 17 2,0
S. typhimurium W5 12 1,9
S. typhimurium PM1a 10 1,2
S. typhimurium PM2a 18 1,8
Citraerogenes PM1 15 2,9
Citr.aerogenes PM2 12 2,1
Pvulgaris PM1 15 0,7
Pvulgaris PM2 17 1,8
Mean 14,6 1,5

The activity of probiotics in vivo is usually de-
termined either by artificial infection of laboratory
animals, or on models of experimental dysbiosis.
Dysbacteriosis in experimental animals can be in-
duced by the introduction of lead salts, or by using
broad-spectrum antibiotics such as kanamycin, gen-
tamicin, cefazolin. However, the most commonly
used antibiotic is ampiox [36-37]. Therefore, the
effectiveness of three series of experimental sam-
ples of the material was studied in outbred rats with
ampiox-induced dysbiosis.

This antibiotic was administered intragastrically
at a dose of 40 mg per day for 5 days. 1 g of granules
with bacilli (10* microbial cells) was administered
intragastrically for 10 days.

The laboratory animals were divided into four
groups (5 animals in each):

Group 1 — animals with experimental dysbiosis
(negative control);

Group 2 — animals that received BC/Bacillus.

Group 3 — animals that received free Bacillus
cells (comparison group);

Group 4 — intact animals (positive control).

The intestinal microflora was studied by bacte-
riological methods before the introduction of the an-
tibiotic, 5 days after its withdrawal, and at the end of
the course of treatment with bacterial preparations.
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Before the introduction of the antibiotic, feces of
intact animals were plated on differential diagnostic
media to determine the content of the main groups
of indigenous bacteria in the intestines of rats.

Since a sufficient amount of information has been
accumulated to date on the specific disorders in the
microbiocenosis caused by ampiox [38], it made
sense to determine the population level of only such
microorganisms as lactobacilli, bifidobacteria, oppor-
tunistic enterobacteria, staphylococci, and yeast fungi
of the Candida genus. These data, as well as the re-
sults obtained after determining the composition of
the intestinal microflora in rats treated for 5 days with
the antibiotic ampiox, are shown in Figure 7.

Aftercompletionofantibiotic therapy, opportunistic
enterobacteria were detected in increased amounts
in the distal part of the rat intestinal tract — up to 10°
CFU in 1 g of feces. The concentration of hemolytic
microflora and lactose-negative  enterobacteria
increased. Plasmocoagulating staphylococci and
Candida fungi were detected in high titers. Otherwise,
the population levels of bifidobacteria and lactobacilli
increased by several orders.

Data on determining the effect of probiotics
on the microbiocenosis of laboratory animals in
experimental dysbiosis are shown in Table 2.

The main criteria for the bacteriological effectiveness
of drug administration to experimental animals were the
population level of bifidobacteria and lactobacilli, as
well as qualitative and quantitative characteristics of the
content of opportunistic enterobacteria, staphylococci
and candida fungi in the large intestine.

Analysis of the microbial landscape of feces of
laboratory animals showed that the use of granules
with a probiotic (GPB) — based preparation led to
normalization of the microbiocenosis of experimental
animals. After administration of GPB to experimental
animals, even for 5 days, the microbial profile indicators
improved. It was found that microflora similar to that
present in animals included in the positive control
group (intact rats) is released from the intestines of
rats treated with GPB. Laboratory animals treated with
GPB were found to have balanced concentrations of
the total amount of aerobic and anaerobic microflora
and a small amount of opportunistic enterobacteria
and yeast fungi, the number of which decreased by
three orders of magnitude after GPB administration.
At the same time, the level of content in the intestine
of representatives of native microflora — bifidobacteria
and lactobacilli — was restored. Moreover, when they
were used, there was a rapid increase in the number of
populations of bifidobacteria and lactobacilli, and their
level remained even after the drug was discontinued.
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Figure 7 — Composition of intestinal microflora in animals with experimental dysbiosis

Table 2 — Composition of the intestinal microflora of rats with antibiotic-induced dysbiosis after the use of lactose-containing

probiotics
Group Population level, g CFU/g
Ofglli?fnr:f: Y Bifidobacterium Lactobacillus e?ft)f FZ}ZZZ;ZZZ Candida Staphylococcus
1-DB 5,24+0,12 4,3,35+0,24 5,54+0,22 5,86+0,22 6,81+0,08
2 -GPB 10,25+0,16 7,03£0,18 2,82+0,19 1,93+0,28 5,13+0,27
3 -FPB 8.67+0,19 7,05+0,14 3,28+0,11 3,34+0,13 5,44+0,30
4-1A 9,82+0,81 7,62+0,19 2,25+0,22 2,34+0,14 5,27+0,19
Note: DB — animals with experimental dysbiosis; GPB — animals that received probiotic granules; FPB — animals that received
free probiotic cells; IA — intact animals.
The results were significant compared to the control group at p <0.05.

However, the introduction of a simple suspension
of probiotic cells included in the microbiological
basis of GPB did not provide such therapeutic
effectiveness. It follows that the increased probiotic
effectiveness of GPBs is not only due to the fact that
their microbial components have an antagonistic
effect, but also due to other mechanisms.

The enhanced probiotic effect of GPB can be
explained by the fact that the cells of probiotic
microorganisms immobilized in the BC carrier freely
pass through such unfavorable upper parts of the
digestive tract as the stomach and duodenum, during
transit through which most of the microbial cells die.

In this regard, experiments with a “ stomach
model “ were performed to determine the

protective effect of BC on the cells attached to it.
For this purpose, gastric juice (pH 1.5-2.0) was
used, which was obtained during gastroscopy.
It was added to a culture of bacilli in nutrient
broth containing 10% cells/ml and incubated for
one hour. Under the same conditions, 1 g of GPB
was incubated, then desorption was performed,
after which the number of surviving cells was
determined. With such a stressful effect on
the suspension of bacterial cells, their biotiter
decreases by 4 orders of magnitude (Figure 8).
This means that when a suspension of even a
spore probiotic is administered orally, only a small
fraction of their viable cells should be expected to
reach the large intestine.
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Figure 8 — Effect of an artificial gastric environment on the viability of free and immobilized Bacillus cells

The use of immobilized cells rather than free cells
in experiments with a “model stomach” indicates
their increased resistance to the bactericidal action
of gastric juice. The number of viable cells in this
case is reduced only by an order of magnitude. The
increase in resistance observed in the experiment
may be due to the fact that the cells that are part
of the microcolonies formed in the sorbent are
protected by a supporting matrix — BC. Therefore,

immobilized probiotics significantly exceed the
suspension of free cells of microorganisms in
terms of resistance to the effects of gastric juice
and can easily overcome the “gastric” barrier when
administered orally.

This information allows us to formulate possible
mechanisms of action of sorbed probiotics. It seems
that their correction of intestinal microbiocenosis is
carried out in several ways (Figure 9).

Bacillus
subtilis

Synthesis of antimicrobial substances

Protection against intestinal
pathogens

Strengthening of non-specific and
specific immunity

Stimulating the growth of normal
intestinal microflora

Elimination of dysbiosis with
antibiotic therapy

Release of digestive enzymes

Increased digestion and promotion of
food

Figure 9 — Scheme of probiotic activity of Bacillus subtilis [14-15, 17-19, 243]

82



L.S. Savitskaya et al.

Thus, the high antibacterial effect of the BC/
Bacillus biocomposite can be explained by the
synergistic action of microbial (antagonistic,
proteolytic, immunomodulatory) and protective
(protection of microbial antagonist cells)
components. The obtained data allow us to consider
the BC/Bacillus biocomposite as a new sorbed
probiotic for the regulation of microbiocenosis as a
means of correcting intestinal dysbiosis.

Conclusion

Immobilization into globules of cells of the Bacillus
subtilis antagonist microorganism resulted in a probiotic
biocomposite containing up to 10® microbial cells
per 1 g. The sorbed probiotic restores the intestinal
normoflora of laboratory animals with antibiotic-

induced experimental dysbiosis with absolute reduction
and elimination of opportunistic microorganisms from
the intestine. The inclusion of Bacillus subtilis cells in
the BC matrix provides their increased resistance to the
bactericidal action of gastric juice.
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