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Abstract: The synthesis of bacterial cellulose (BC) by Komagataeibacter xylinus strain B-12068 was
investigated on various C-substrates, under submerged conditions with stirring and in static surface
cultures. We implemented the synthesis of BC on glycerol, glucose, beet molasses, sprat oil, and a
mixture of glucose with sunflower oil. The most productive process was obtained during the pro-
duction of inoculum in submerged culture and subsequent growth of large BC films (up to 0.2 m?
and more) in a static surface culture. The highest productivity of the BC synthesis process was ob-
tained with the growth of bacteria on molasses and glycerol, 1.20 and 1.45 g/L per day, respectively.
We obtained BC composites with silver nanoparticles (BC/AgNPs) and antibacterial drugs (chlor-
hexidine, baneocin, cefotaxime, and doripenem), and investigated the structure, physicochemical,
and mechanical properties of composites. The disc-diffusion method showed pronounced antibac-
terial activity of BC composites against E. coli ATCC 25922 and S. aureus ATCC 25923.
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1. Introduction

Cellulose is the most abundant biopolymer on Earth, being the main structural com-
ponent of the plant cell wall [1]. Cellulose is also synthesized by some ocean animals (tu-
nicates), in which case it is called tunicin [2]. A significant source of cellulose is microbio-
logical synthesis using algae, fungi [3], and bacteria of various taxa, -Agrobacterium,
Sarcina, Rhizobium, and Gluconacetobacter (formerly Acetobacter) [4-6]. The species Glu-
conacetobacter xylinus, currently classified as Komagataeibacter medellinensis, is the most ac-
tively studied producer of bacterial cellulose due to the highest production characteristics
and the ability to use a variety of compounds as a carbon source [7,8]. Bacterial cellulose
(BC) is in demand for various purposes due to its advantages over plant cellulose: high
purity; absence of impurities (hemicellulose, lignin, etc.); the possibility of synthesis from
various substrates, including C-containing industrial waste; high rates of growth and
productivity of producer strains [9]. Structurally, BC belongs to the type of crystalline
nanofibrillated cellulose, with fiber sizes ranging from 5 to 100 nm. BC exerts high water
holding capacity and unique mechanical properties precisely because of the nanofibrillar
3D structure of BC-film, consisting of randomly oriented nanofibers [10,11].
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Cellulose is used in a wide spectrum of applications in food and paper industries,
medicine, and pharmaceutics [11-13]. Currently, extensive data has been accumulated on
various bacterial strains capable of synthesizing BC, which has different physicochemical
properties that make BC promising material for biological applications [14-16]. It was
found that the type of producer and fermentation conditions could have a significant ef-
fect on BC properties, including the packing of fibrils, density, porosity, and mechanical
strength of BC films. It has been shown, for example, that the genetically engineered
strains of G. xylinus, with genes from Candida albicans, are capable of producing BC with
improved in vivo biodegradability. The cellulose synthase of G. xylinus can utilize both
UDP-glucose and UDP-N-acetylglucosamine (UDP-NAcG) as substrates [16,17]. The
presence of NAcG makes BC susceptible to the lysozyme and also disrupts the highly-
ordered crystalline structure of BC, which makes cellulose in a lesser degree rigid and
crystalline [18].

The BC properties are significantly different from those of plant cellulose, making it
possible to use BC in various fields, from physics and chemistry to medicine and mechan-
ical engineering. BC has a highly porous structure with high permeability to liquids, fa-
vorable for cell adhesion and proliferation, as well as a high ability to absorb water, up to
90%. These properties of BC are due to its ultrafine reticular structure, consisting of ribbon
micro and nanofibrils, which are 100 times thinner than plant cellulose fibers [19]. BC pos-
sesses exceptional mechanical characteristics with deformability resembling soft tissue
[19,20]. The breaking stress of BC films can be 2 x 106 Pa, despite the 99% water content.
BC also has exceptional mechanical properties in dry conditions due to its crystalline nan-
ofibrillar network. The tensile strength of one BC fiber is almost comparable to Kevlar®
and steel [21], which makes BC promising for applications in the fields where high me-
chanical characteristics are required.

BC is a non-allergenic biopolymer [22]. The structure and mechanical properties of
BC make this biomaterial an ideal candidate for tissue engineering scaffolds [23], includ-
ing artificial cartilage [20,24], heart valve prostheses [25], artificial blood vessels [26,27],
corneal sheath [28], for dental root canal treatment [29], and skin tissue repair [30], as a
structuring agent in cleaning formulations [31]. BC is used in cosmetology as a natural
facial scrub [32] and face masks [33].

The degradation product of BC is glucose. This fact explains the high biocompatibil-
ity of BC and makes it a promising material for many applications, primarily for recon-
structive surgery [34]. The BC is approved by the FDA (USA) for use by Xylos Corp.
(Langhorne, PA, USA) as MTA™ Surgical Sheet, Xylos® Vessels, Xylos® Porous Surgical
Mesh, Securian™ Tissue Reinforcement Matrix [13]. BC exhibited higher complement ac-
tivation parameters compared to conventional materials such as polyethylene tereph-
thalate (PET) and expanded polytetrafluoroethylene (ePTFE) [35]. A study of thrombo-
genicity in human blood plasma showed that BC induces slower coagulation than clini-
cally available materials such as Dacron® and Gore-Tex®. BC and its composites have good
hemocompatibility with low factor XII and platelet activation compared to PTFE [36].

To impart additional properties to BC, such as antibacterial activity, improvement of
cell adhesion and proliferation, BC-based composites with various materials are designed
[37,38]. Composites of chitosan [14], collagen [39], sodium alginate, gelatin, and polyeth-
ylene glycol have been described [37]. BC alone does not have any antibacterial activity,
but in combination with chitosan, alginate, nanosilver, etc., it can inhibit the growth of
pathogenic microorganisms E. coli, C. albicans, and Staphylococcus aureus [14,40-42]. Avail-
able biomedical and pharmaceutical applications of BC-based composites include antibac-
terial and antiviral films and systems for the healing of skin wounds, cardiovascular sys-
tem, skeletal muscle, and cartilage, as well as drug delivery systems [43].

BC’s great prospects are associated with a modern innovative direction focused on
developing highly functional nanocrystalline materials based on cellulose [44]. The cre-
ated bionanomaterials have a large number of hydroxyl groups, a large specific surface
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area, high biocompatibility, mechanical strength, relatively low cost, and great biodegra-
dability potential. Therefore, they are currently considered to be promising candidates for
various applications, especially in biomedical fields. Bacterial nanocellulose, in addition
to classical medicine [45,46], tissue engineering [47], and drug delivery [48,49], has great
potential for cosmetology [50], food [51], textile and footwear industries [52], and other
applications [53]. However, the use of BC depends on the economic feasibility of its pro-
duction processes. Although BC is in great demand in various fields, its production is still
a costly process. Only the cost of synthetic nutrient media used for the microbiological
synthesis of BC can be up to 65% of the total cost of the process [54]. Therefore, the expan-
sion of the scale and scope of bacterial cellulose depends on the availability of productive
strains that provide high yields of this valuable biotechnological product with the usabil-
ity of more accessible substrates. This actualizes research aimed at the development and
implementation of effective technologies for BC biosynthesis.

This work presents the results of a study of BC synthesis by the strain of acetic acid
bacteria Komagataeibacter xylinus B-12068 on various C-substrates, including waste; also,
the production and characteristics of BC composites with nanosilver and antibacterials
were evaluated.

2. Materials and Methods
2.1. Production of Bacterial Cellulose

Bacterial cellulose was synthesized by Komagataeibacter xylinus strain B-12068 isolated
from the fermented tea (kombucha) Medusomyces gisevii J. Lindau on Hestrin-Schramm
(HS) medium [55]. The strain was deposited in the Russian National Collection of Indus-
trial Microorganisms (VKPM) (Accession No. B-12068). The phenotypic and cultural prop-
erties of the strain were described in detail else were [56,57].

Fermentation was conducted in 0.5 L flasks containing 100 mL of the medium and in
shaker incubator Innova 44 (Eppendorf, Framingham, MA, USA) at constant temperature
30 °C and 200 rpm. To scale up the process, we used an automated fermentation complex
Bio-Flo 115 with a fermenter volume of 8 L containing 4 L of the medium. Surface liquid-
phase cultivation of bacteria was carried out in stainless-steel trays with 0.4 x 0.5 x 0.03 m;
the volume of the culture medium was 1 L.

BC biosynthesis was studied on the standard HS medium modified by changing C-
substrates: glucose (dextrose), analytical grade (Khimreactivsnab, Ufa, Russia), purified
glycerol, 99.3% (Corporate Oleon, Sandefjord, Norway), refined sunflower oil (Zolotaya
Semechka, Rostov-on-Don, Russia), beet molasses (LLC “Ertilsky sugar”, Moscow, Rus-
sia), and sprat oil. Sunflower oil predominantly contained linoleic (18:2w6), oleic (18:1w9),
and palmitic acids (16:0) in the amount of 63.1, 24.5, and 7.4% of the total FA, respectively;
the saturation index was 0.14. The complete composition is described in Volova et al. [58].

The original beet molasses had the following composition (% by weight): dry matter
79.6; sucrose 46.8; total nitrogen 1.5-2; betaine 4-7; conductometric ash 6-11. The sprat oil
is a waste product from the Baltic sprat (Sprattus sprattus) meal production, obtained by
extracting fat from heads at a temperature of 60-90 °C. Sprat oil contains 95% lipids, 4%
proteins, and 1% carbohydrates. The lipids contain 16 fatty acids (FA); the dominant FAs
were palmitic (28%), oleic (25.3%), docosahexaenoic (16.7%), and timnodonic (8.7%) acids.

The synthesized BC was separated from the culture liquid, purified in a 0.5% NaOH
solution for 24 h at 25-27 °C, neutralized in a 0.5% solution of HCl for 24 h, and afterwards
rinsed it in distilled water until pH 7. The BC pellicles were stored in sterile normal saline
or air-dried at 45 °C for three days until they reached a stable weight. The dried BC pelli-
cles were weighed on the analytical balance (Ohaus, Greifensee, Switzerland).

The total BC yield and biosynthesis productivity for different fermentation processes
were evaluated using conventional methods. The BC yield (X) was calculated as X = g/L
or the weight of dry cellulose (g) per liter of the medium. The BC productivity (P) was
calculated as P = g/L-day".
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2.2. Production of Bacterial Cellulose Composites

BC composites with silver nanoparticles (BC/AgNPs) were produced by a hydrother-
mal method [59]. Purified raw BC films were placed in flasks with 0.01, 0.05, and 0.10 g/L
of AgNO:s, and heated for 60 min at a temperature of 90 °C. Composite BC films were
lyophilized at a temperature of 40 °C and pressure of 0.12 mbar for 24 h in a vacuum
drying unit ALPHA 1-2/LD (Martin Christ Drying Systems GmbH, Osterode, Germany)
or kept at room temperature in a laminar flow cabinet for 24 h. The parameters of the
produced silver nanoparticles were investigated with a Zetasizer Nano ZS particle ana-
lyzer (Malvern, U.K.), using dynamic light scattering, electrophoresis, and laser Doppler
anemometry.

In order to impart bactericidal properties to cellulose, BC composites with antibacte-
rial drugs (chlorhexidine, baneocin, cefotaxime, doripenem) were prepared. The dried BC
films were immersed in 0.05% water solution of drugs for 24 h, then removed from the
solutions, washed in distilled water, and dried at room temperature. After that, 7 mm
diameter discs were cut from the BC films.

2.3. A Study of Microstructure, Physicochemical, and Mechanical Properties of Bacterial
Cellulose Composites

The microstructure of the surface of the BC and BC composites was analyzed using
scanning electron microscopy (S-5500, Hitachi, Tokyo, Japan). Prior to the analysis, the
pellicles were freeze-dried in an ALPHA 1-2/LD freeze dryer for 24 h. 5 x 5 mm samples
were placed onto the sample stage and sputter-coated with platinum, using an Emitech
K575XD sputter coater (10 mA, 2 x 40 s). Fiber diameters were measured by analyzing
SEM images using the ImageJ] program. The diameters of 50 individual ultrafine fibers
were estimated in 10 fields of SEM in triplicate.

The chemical composition of BC/AgNPs was analyzed by determining C/O/N using
a Flash EA 1112 CN analyzer (Thermo Fisher Scientific Inc.,, Waltham, MA, USA). The
analysis for major and trace elements was performed with an iCAP 6000 inductively cou-
pled plasma emission spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA)
after wet mineralization of cellulose samples with a mixture of perchloric and nitric acids.

BC samples were analyzed using FTIR spectroscopy. IR spectral data were collected
on the 400-4000 cm™! range using a NICOLET 6700 FTIR spectrometer (Thermo Scientific,
Waltham, MA, USA) and a Smart Orbit accessory by the attenuated total reflection (ATR)
technique.

Thermal analysis of BC and BC composites was performed using a TGA (Mettler-
Toledo AG, Greifensee, Switzerland). A weighed portion of samples from 2 to 5 mg was
heated from 50 to 500 °C at a rate of 100 °C/min. The onset of sample weight loss (Tdegr)
was recorded on the thermograms analyzed using the STARe v11.0 software.

X-ray structure analysis and crystallinity determination were performed using a D8
ADVANCE X-ray powder diffractometer (Bruker AXS GmbH, Hamburg, Germany),
CuKa radiation. In order to determine the crystallinity (Cx) of BC, the data were collected
using a Vantec high-speed detector, with an exposure time of 3000 s. X-ray tube operating
mode was 40 kV and 40 mA. Mechanical properties of the wet BC composites were inves-
tigated using an Instron 5565 electromechanical tensile testing machine (U.K.). The sam-
ples were maintained at ambient temperature in a laminar cabinet for at least two weeks
for reaching equilibrium crystallization. At least five samples were tested for each type of
pellicle. Measurements were conducted at ambient temperature; the clamping length of
the samples was 30 mm. The speed of the crosshead was 3 mm/min at ambient tempera-
ture. Young’s modulus (E, MPa) and elongation at break (¢, %) were automatically calcu-
lated by the Instron software (Bluehill 2, Elancourt, France). The software calculated the
slope of each stress—strain curve in its elastic deformation region for obtaining Young’s
modulus. Measurement error did not exceed 10%.
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2.4. In Vitro Antibacterial Tests

The direct inhibitory effect of BC/AgNP and BC/antibiotic composites was tested on
cultures of reference strains— Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC
25923, using disk diffusion method on Petri dishes with Mueller-Hinton (MH) agar. The
0.5 McFarland standard suspensions of bacterial isolates (approximately 1.5 x 108
CFU/mL) were inoculated on a sterile solid medium. The composite discs of BC with
AgNP or antibiotics were placed on the surface of the inoculated medium (three discs per
plate). The Petri dishes were incubated at a temperature of 37 °C for 24 h. The diameter of
the growth inhibition zones was measured by photographs of dishes using the Image]J
program. The means and standard deviations were calculated.

2.5. Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2010 and the Statistica 6.0.
Comparison of two related groups for quantitative attributes was performed using the
parametric method with the Wilcoxon matched-pairs test. Comparison of two independ-
ent groups for quantitative attributes was performed using the nonparametric method
with the Mann-Whitney U test. Differences were considered statistically significant at a
p-value of 0.05.

3. Results and Discussion

Physiological and biochemical characteristics of producer strains determine the
choice of carbon substrate for BC biosynthesis, among which hexoses, pentoses, ethanol,
organic acids, and glycerol, are described [60-63]. The BC yield and its structure depend
on the specifics of the producer and the cultivation modes (static surface mode or sub-
merged culture with stirring, the ratio of the volume and area of the medium, the pH
value, the presence of additives in the nutrient medium—ethanol, acetate, starch, hemi-
cellulose, etc.) [30,62,64-66]. In general, the published results on the synthesis of BC indi-
cate the need to optimize the biosynthesis modes and increase the production character-
istics of strains of acetic acid bacteria, as well as the involvement of various, including new
and more accessible substrates.

3.1. Production Characteristics of the K. xylinus B-12068 Strain Grown on Various C-Substrates

Using our strain of acetic acid bacteria K. xylinus B-12068 to synthesize BC, we have
previously investigated and showed the effect of the type of sugar on cellulose produc-
tion. During seven days of cultivation in glass flasks at 30 °C and initial pH 6.0, we ob-
tained the highest BC yield on the standard HS medium with glucose (2.2 g/L), a little less
on the HS medium with sucrose (1.6 g/L) and galactose (1.4 g/L). Maltose and mannitol
did not support the growth of this bacterial strain [57].

The key concern of BC biotechnology is increasing the production parameters of the
biosynthesis process and reducing the cost of carbon raw materials to increase the availa-
bility of this valuable product. The first goal was to investigate the possibility of attracting
several new C-substrates, including unusual ones, for BC synthesis. This work presents
the results of cultivating the strain B-12068 on various carbon sources, including waste,
compared to glucose and cultivating in various modes (surface and submerged fermenta-
tion, in static and stirring modes). As a C-substrate, sugar beet molasses, sprat oil, glyc-
erol, and a mixture of glucose with sunflower oil (ratio 3:1) were used. The concentration
of the C-substrate in the medium was 21 +1 g/L.

At the first stage, the cultivation of bacteria was carried out in 0.5 L glass flasks on
0.1 L of the stirred nutrient medium at 200 rpm and 30 °C. All substrates supported bac-
terial growth and BC synthesis. In all variations, the formation of stable films on the cul-
ture medium surface was noted on the third day (Figure 1, Table 1).
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Figure 1. Formation of BC films in culture of K. xylinus B-12068 on various C-substrates.

The highest BC yield was obtained on the HS medium with glycerol—3.90 + 0.30 g/L.
On the HS medium with beet molasses (sugar concentration in the medium was 20-25
g/L), the BC yield reached 3.2-3.3 g/L, comparable to the BC yield when K. xylinus was
cultured on a standard HS medium with glucose. An increase in the concentration of mo-
lasses up to 40 g/L per sugar led to the suppression of BC synthesis but did not stop it
completely. During the cultivation of bacteria on twofold diluted molasses (sugar concen-
tration 200220 g/L), without adding the main components of the medium, such as pep-
tone, yeast extract, phosphorus, nitrogen, the bacterial film became thin and wrinkled.
The inhibition of BC synthesis by high concentrations of molasses was also noted in other
studies [67]. The smallest in five days BC production was observed on a medium contain-
ing sunflower oil and glucose—2.21 + 0.49 g/L. It may be due to the stratification of the
water-oil suspension and substrate competition. Nutrient media containing lipid sub-
strates were mechanically dispersed to obtain stable emulsions, after which the inoculum
was added. However, by the time the cellulose film was formed, the emulsion was signif-
icantly destroyed, which led to the formation of an oxygen-impermeable layer and a de-
crease in the availability of the substrate.

Table 1. Production characteristics of BC synthesized by K. xylinus B-12068 on various substrates.

C-Substrate Yield BC, g/L Productivity, g/L-Day~!
Glucose 3.22 +0.37 0.64
Glucose + sunflower oil 2.21+0.49 0.44
Molasses 3.34+0.30 0.67
Glycerol 3.90 £0.30 0.78
Sprat oil 3.23+0.43 0.65

Thus, we showed the possibility of various C-substrates attraction for the synthesis
of BC, including unusual substrates or wastes. The next task was aimed at increasing the
productivity of BC biosynthesis.

One of the most productive fermentation methods in biotechnology that maximizes
product yield is submerged cultivation. Some works have shown that dynamic conditions
contribute to the synthesis of BC.

For increasing the productivity of BC synthesis, we studied the method of submerged
cultivation in a fermentation apparatus. The bacteria were cultured in an 8 L Bio Flo 115
fermenter with a fill factor of 0.5. To test this regime, we used glucose as a carbon source.
As in the process of deep fermentation, it becomes necessary to provide an unlimited sup-
ply of nutrients and oxygen to producing cells, the most important thing is to ensure op-
timal conditions for mass transfer throughout the entire volume of the nutrient medium.
In this regard, we studied the influence of the intensity of mass transfer in the fermenter
on the output of the BC and the productivity of this process, including the rotation speed
of the mixer and the amount of air supplied (Table 2).
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Table 2. The influence of cultivation conditions in fermenter Bio-Flo 115 on the production param-
eters of K. xylinus B-12068.

Parameters Yield of BC, g/L Productivity, g/L-Day!
Mixer revolutions, rpm
50 0.53 0.08
250 0.71 0.10
500 2.67 0.38
750 1.40 0.20
Air supply, L/min per L of the medium
(at 500 rpm of the mixer)
0.3 292 0.42
0.4 3.33 0.48
0.6 2.15 0.31

As follows from the data, the highest BC yield (3.33 g/L) and productivity (0.48
g/L-day!) were obtained with the stirring mode 500 rpm and the amount of supply air of
0.4 L/min per L of the medium. A decrease in the value of X (g/L) comes amid an increase
in the stirrer speed. It results from the high turbulence of the liquid phase in the fermen-
tation vessel and the death of the part of cells. The decrease in rotation speeds did not
have a positive effect and worsened productivity. Increasing the aeration of the culture in
the fermenter also had a negative impact. The results obtained are consistent with the data
of Jung et al. [68]. The authors studied the effect of the stirrer revolutions in the fermenter
on the mutational variability of the bacterial population, BC producer. With a decrease in
the number of revolutions, there was an increase in the population of Cel- mutants that
lost the ability to synthesize BC and switched to the synthesis of glucuronic acid. In an-
other work, the authors showed that increased oxygen stress in the medium could be ac-
companied by the formation of glucuronic acid and a decrease in the production of BC
[69].

Thus, the conducted submerged cultivation of K. xylinus B-12068 in a fermenter with
a change in the mixing mode and oxygen transport did not increase the productivity of
the BC synthesis by the studied strain. In addition, the bulk of the excreted cellulose is
deposited on the internal structure of the fermenter. It complicates the operation of the
sensors and also leads to a change in the hydrodynamic characteristics of the fermenter
and, consequently, to a deterioration in mass transfer. Another disadvantage of sub-
merged culture is that BC does not form a film, as it does in static conditions. It includes
granules and particles suspended in the medium.

The positive result of studying the process in the fermenter was the discovered effect
of a more active increase in the biomass of bacteria in submerged culture with stirring
compared to a static method without stirring (for example, in Petri dishes or glass and
metal trays). So, per day, the number of acetic acid bacteria in the fermenter increased
from 0.54 x 108 to 1.2 x 108 cells per mL of culture; that is, it doubled. In a static surface
culture, the doubling time of the biomass of acetic acid bacteria lasts from 3 to 4 days.

We used the discovered effect of the increased bacterial growth rate in the fermenter
to develop the original two-stage process. It includes promptly obtaining active inoculum
in the fermenter at the first stage and the subsequent growth of cells and BC film formation
in a static surface mode at the second one.

To work out the mode ensuring the production of active inoculum of K. xylinus B-
12068 with a high starting concentration of bacterial cells, we carried out the cultivation
process with pH regulation. It is known, the pH value affects the growth of acetic acid
bacteria. According to Yassine et al. [70], pH 5.0 leads to a high level of BC formation and
an increase in BC producers and provides a high activity of the cellulose synthase enzyme
[71]. The active reaction of the culture medium in the fermenter was stabilized on the pH
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level 5.0-5.5 by titrating the culture medium with 0.1 N KOH solution. Varying the pro-
cess’s mode and duration provides obtaining an inoculum with a high bacterial concen-
tration —6.4 x 108 cells per mL. It is crucial since the use of inoculates with a low initial cell
concentration in biotechnological processes is accompanied by a lengthening of the lag
phase and an increase in the total duration of the process.

At the next stage, the synthesis of BC was investigated during the static surface lig-
uid-phase fermentation, which provides the formation of particularly valuable forms of
bacterial cellulose shaped as films, which have excellent prospects for use in reconstruc-
tive surgery and cell and tissue engineering technologies [20,23-30].

It should be noted that the process of BC biosynthesis is aerobic, and cellulose syn-
thesis is carried out by cells located at the air-water interface. There is a suggestion that
the BC film helps bacteria float at the air-liquid interface, which optimizes access to oxy-
gen [72]. When carrying out the fermentation process under the static surface mode, in-
creasing the air-water contact area (the ratio of area to volume—5/V) becomes a key fac-
tor. When implementing the process of growing bacteria K. xylinus B-12068 in stainless
trays with an area of S = 0.2 m?, the contact of the S/V phases was 0.2. It is much higher
than the indicator in 0.5 L flasks (S/V = 0.07). The increase in the indicator was accompa-
nied by an increase in the productivity of the BC synthesis by two or more times. We
studied the static surface liquid-phase process of bacterial cultivation in two modes. The
first mode was a one-stage process. The cultivation and production of BCs were carried
out in fermentation trays in 1 L of a nutrient medium inoculated with a bacterial suspen-
sion obtained from a museum culture (the volume of inoculum was 10%). The cultivation
was conducted using five different C-substrates, similar to those previously described
(Figure 1, Table 1). The second mode was a two-stage process: the inoculum was grown
for three days in a fermenter with stirring at the first stage, and BC was produced in fer-
mentation trays at the second stage. For this, 10 to 100% inoculum was added to 900 mL
of HS medium containing 20-25 g/L of C-substrate. One liter of the resulting suspension
was poured into a stainless-steel tray, the thickness of the culture medium layer was 8-10
mm. The cultivation was carried out for 5 days at 30 °C. After that, obtained cellulose was
filtered on a Buchner funnel and washed with a KOH solution.

A comparative study of one-stage surface cultivation of bacteria in trays and glass
flasks is shown in Figure 2. As follows from the data, the productivity of the BC biosyn-
thesis process depended on the interface area. It was significantly higher (50-100%) for all
substrates when the process was carried out in trays compared to the results on the same
substrates in a flask. We obtained the highest productivity of BC for five days of cultiva-
tion of acetic acid bacteria in trays on glycerol —yield 7.35 g/L (1.47 g/L-day™"). It surpassed
the results of the Korean researchers, who obtained a BC yield of 4.98 g/L in seven days
[73]. The minimum productivity was obtained on a mixed substrate —glucose with sun-
flower oil (0.81 g/L-day). Average productivity indicators were obtained by cultivation
on sprat oil and molasses (1.06 and 1.25 g/L-day!, respectively). The use of molasses as a
C-substrate provided better BC production than glucose (1.18 g/L-day). In some works
[74,75], it is also noted that molasses is a promising substrate that provides higher BC
production than glucose.
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Figure 2. Biosynthesis of BC films by the strain K. xylinus B-12068 on different ratios of the area to
volume (S/V) in glass flasks (5/V = 0.07) and trays (5/V =0.2).

The results of the second two-stage surface-liquid-phase synthesis of BC with pre-
liminary inoculum preparation in a fermenter are shown in Figure 3. It was found that the
volume of inoculum introduced into the tray influenced the yield of BC and the produc-
tivity of the biosynthesis process.
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‘ ‘ ‘ O Productivity, g/L per day
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Figure 3. Influence of the amount of introduced inoculum on the biosynthesis of BC by the strain K.
xylinus B-12068.

We noted the active release of cellulose into the medium and the formation of a well-
formed BC film on the surface on the second day of introducing 30% or more of the inoc-
ulum from the total amount of the starting medium. The highest indicators of BC yield
(6.5-7.1 g/L) and productivity (1.3-1.42 g/L-day') were obtained using the volume of in-
oculum 30 up to 50%. Less or more inoculum negatively affected production characteris-
tics.

The costliest part of the BC synthesis process is the components of the medium, pri-
marily the C-substrate and the growth-stimulating compounds that are not entirely uti-
lized by the culture in one cycle of bacterial cultivation. The surface culture method, in
which obtained BC film is collected from the surface, and a new portion of inoculum is
introduced into the medium, allows shortening the second fermentation cycle since a cer-
tain number of bacterial cells are left after the first fermentation. Moreover, an additional
portion of BC can be obtained with fuller use of the culture medium components. When
we carried out the fermentation mode with a double collection of BC films, it allowed
increasing BC yield up to 14 g/L, which twice surpassed the yield in the single inoculation
mode.
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This study has provided the implementation of various modes of BC synthesis on
different substrates, including waste. It is significant that this mode and the selected car-
bon sources not only offered high production indicators of the culture but also imple-
mented the production of large BC films (up to 0.2 m? and more) (Figure 4).

Figure 4. The two-stage process of BC production: (a) production of inoculum in submerged culture
with stirring; (b) BC synthesis in surface liquid-phase mode; (c) cleaning of BC films from bacteria
and medium components; (d) finished product.

Comparison of the obtained results with the known data shows that the production
indicators of the K. xylinus B-12068 culture on several C-substrates are consistent and also
surpass the known data on BC productivity for most of the known strains, which mainly
showed BC productivity of about 0.5-1.0 g/L per day. Thus, on an optimized medium
with glucose, BC production was at the level of 2.0 g/L in 7 days [76]; on lychee extracts—
2.53 g/L in two weeks of static fermentation [77]; on fat-like substrates-3.3 g/L in five days
of cultivation [78]. When the waste products of the sugar industry or plant hydrolysates
were used as components of the nutrient medium, more efficient processes were imple-
mented. Thus, in the work of Tyagi et al. [75], a medium with the addition of molasses
preliminarily thermally treated with sulfuric acid and diluted in a ratio (1:4) with a con-
centration of 45.8 g/L in terms of sugar was used. In this case, the BC yield was 12.6 g/L,
and the productivity was 1.8 g/L-day. In a culture of Gluconacetobacter sucrofermentans B-
11267 on a molasses-containing medium with ascorbic acid as an antioxidant, the BC yield
reached 2.48 + 0.12 g/L under static condition and 3.73 + 0.18 g/L under the dynamic con-
dition in three days of cultivation [79]. The use of enzymatic hydrolysates of miscanthus
for growing a symbiotic culture of Medusomyces gisevii Sa-12 increased the yield of BC by
20%. Moreover, BC samples had a high crystallinity index (88-93%) and an extraordinar-
ily high content of allomorph Ia (99-100%) [80].

3.2. Structure and Properties of BC Synthesized by K. xylinus B-12068

The following factors primarily determine the structure, physical and mechanical
properties of BC: the condition of producer strain cultivation, the method of process real-
ization, the aeration conditions, and the carbon nutrition [2,16,42,49,81].

The ultrastructure and size of fibrils are critical factors that determine the unique
properties of BC. The microstructure of BC films synthesized by K. xylinus B-12068 in sur-
face liquid-phase mode on various carbon sources had differences (Figure 5). BC films
consisted of undirected fibrils of multiple sizes—cellulose fibers, which formed bundles
of different thicknesses.

The average size of fibrils in BC samples synthesized on sugar-containing substrates
(glucose and molasses) was close, 62 = 8 and 50 + 6 nm, respectively, while the sizes of the
formed bundles differed. The largest bundles were formed on glucose medium (275 + 43
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nm), and much smaller bundles were observed on molasses medium (178 + 27 nm). The
thinnest fibrils and bundles characterize the BC sample synthesized on sprat oil, 39 + 8
and 116 + 18 nm, respectively. The addition of sunflower oil to glucose did not affect the
average fibril size (60 + 7 nm) but somewhat decreased the size of the bundles to 238 + 39
nm compared to the glucose samples. The average size of fibrils in the sample synthesized
on glycerol was 53 + 4 nm, with an average size of bundles of 181 + 27 nm, which was
significantly less than the size of fibrils on sugars. The notable differences in the micro-
structure of BC films synthesized in a surface liquid-phase culture on various C-substrates
correspond to the previously obtained results when comparing BC films synthesized by
the same strain, cultured in glass flasks under mild stirring on a shaker [57]. During the
growth of bacteria on various sugars and a mixture of glucose + ethanol, the samples of
BC films also differed in the sizes of microfibrils and their packaging.

Figure 5. Photo and SEM images of BC films synthesized on various C-substrates: (a) glucose; (b)
glucose + oil; (c) molasses; (d) glycerol; (e) sprat oil. Bar =1 um.

We carried out the studying of the physical and chemical properties of the synthe-
sized BC on the films, dried and purified from microorganisms, and obtained in surface
culture on a standard HS medium with various carbon sources.
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FTIR spectrum of BC is shown in Figure 6. All obtained spectra were identical and
had a characteristic set of absorption bands. Stretching vibrations of hydroxyl groups
(OH-), which are involved in intermolecular and intramolecular hydrogen bonds, were
recorded in the region of 3340-3342 cm-'. The absorption bands at 2916 cm™ correspond
to asymmetric stretching vibrations of methylene (CHz); 2854 cm™ bands relate to sym-
metric stretching vibrations of the methyl group (CHs). All samples showed the presence
of bound water (HOH): characteristic absorption bands in the region of 1641 cm™ near
1433 cm™ bands for the asymmetric deformation vibrations of methylene (CHz). At wave-
lengths of 1159 and 1059 cm™, absorption bands characteristic of stretching vibrations of
C-O-C and C-O bonds in polysaccharides are recorded. The absorption band at 1159 cm™!
corresponds to the stretching vibrations of the C-OH bond of the hydroxyl at the third
carbon atom. The absorption band 900 cm™! corresponds to the first carbon atom involved
in the formation of the 3-glycosidic bond. The obtained results agree with the literature
data [82,83].

The bands at 1433 cm™ (CHz), 1159 cm™ (C-O-C), and 900 cm™ (group C1) can be used
to study the crystallinity of BC. An absorption band at 1433 cm™ is a crystallinity one, 900
cm is an amorphous band. An increase in the intensity of the absorption band at 1433
cm indicates an increase in the degree of crystallinity (Cx). For the studied samples, the
highest intensity of the absorption band at 1433 cm™ was recorded for films obtained on
glucose + oil and molasses, and the lowest one was on glycerol. The obtained data are
confirmed by the results of X-Ray spectroscopy (Figure 7a). The highest degree of crystal-
linity was recorded for samples produced on glucose + oil and molasses (77%). The lowest
degree was for samples on glycerol, and samples on glucose and sprat oil had the same
Cx (63%).

In addition to the intensity of these bands, their displacement is also essential. The
spectral region 1162 cm™ corresponds to cellulose C-O-C bridges. In crystalline cellulose,
this band is located at 1163 cm™!, while for amorphous cellulose, it is located at 1156 cm™!
[82]. Microbiological synthesis of BC mainly produces long fibers (cellulose I) capable of
crystallizing and short fibers (cellulose II), which cannot form crystals due to a lack of fiber
length. All samples BC are characterized by an absorption band at a wavelength of 1159-
1160 cm™. The 1430 cm™ band is characteristic of crystalline cellulose type I. If the cellulose
fiber has a significant content of cellulose type II, this band shifts to 1420 cm™, and the
amount of cellulose I decrease [83]. Thus, the set of characteristic bands shows that the
synthesized BC samples are mainly represented by cellulose I. Note that bacterial nano-
cellulose has distinctive properties that are superior to those of plant cellulose. These
properties of bacterial cellulose include a high degree of crystallinity and a high content
of allomorph Ia in the samples. It is the predominant content of allomorph Ia that allows
the identification of the microbial origin of cellulose.
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Figure 6. FTIR spectrum data of BC synthesized on various C-substrates: 1—glucose; 2—glucose +
oil; 3—molasses; 4 —glycerol; 5—sprat oil.
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The results of X-Ray analysis and thermal characteristics of the BC are shown in Fig-
ure 7. The presence of three characteristic peaks characterizes all BC samples: in the ranges
14.60°, 16.82°, and 22.78°, which corresponds to the main planes of the cellulose crystal
(100; 010; 110), and this is consistent with the literature data [84]. As noted above, the type
of C-substrate influenced the degree of crystallinity, which varied in the studied samples
from 55 to 77%. It was previously also shown [57] that BC samples synthesized by the K.
xylinus B-12068 strain on various sugars differ in the degree of crystallinity. For example,
the BC sample obtained on HS medium with galactose Cx was 45%; on a medium with
glucose and sucrose —63 and 68%.

50007

! { (@
4000 '\

(b)

100 %

N | o

Z 30004 ‘

1 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440°C

| J}
2000 “\I | 1

/mu;ﬁ! \ ) W
= & W

T T T T T T L S S e e e e e e e B e N I S S
5 10 20 30 40 50 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440°C
2-Theta - Scale

Lin (Counts

weight, Y% / oC

LS SIE

ive

Figure 7. X-Ray (a) and TGA (b,c) data of the BC synthesized on various C-substrates; (b) beginning
of destruction; (c) destruction rate; 1 —glucose; 2—glucose + oil; 3—molasses; 4 —glycerol; 5—sprat
oil.

The thermal characteristics of BC synthesized on different C-substrates also differed.
The lowest thermal stability was observed in samples obtained on glucose substrate and
the mixture of glucose and oil; the temperature of the onset of degradation was 306 and
298 °C, respectively. The highest thermal stability was in BC samples obtained on glycerol
and sprat oil when the degradation temperature was 355 °C and 348 °C, respectively.
Weight loss of BC sample produced on molasses started at 337 °C. Differential weight loss
curves show that the samples had different degradation rates. The BC films synthesized
on glucose and mixed substrate were characterized by a lower rate of decomposition, as
well as the lowest degradation temperature. The maximum decomposition rate was noted
in these samples at 346 and 333 °C, respectively.

The highest degradation rates, expressed as a narrower and elongated peak of the
derivative indicating that the decomposition of the sample occurs in shorter temperature
and time intervals, were observed in samples produced on glycerol and sprat oil. The
maxima of the degradation rates of these samples were recorded at 373 °C and 364 °C,
respectively.

Thermal decomposition of BC, as shown in several studies, is determined by specific
structural parameters such as molecular weight, degree of crystallinity, and BC fiber align-
ment [85]. Different conditions of their synthesis cause some differences in thermal stabil-
ity between pristine BC samples. As the degradation region has no pronounced peaks, it
seems reasonable to speak of the decomposition onset temperature (Tdec. onset). The high-
est thermal stability was described for BC samples synthesized on the medium with ga-
lactose (Tacc. onset = 284 °C), and the lowest one was described for BC synthesized on
sucrose (Taec. onset = 220 °C) [57]. A study by Mohammadkazemi et al. [63] showed that
the start of thermal decomposition of BC could occur between 200 and 250 °C. Still, more
noticeable decomposition, with the samples losing 70-80% of their weight, was observed
at 360-390 °C. It is consistent with the data reported by other authors [79], showing the
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weight loss of the BC sample during thermal decomposition at 300 °C and higher rates of
this process at 350-370 °C.

The results of studying the mechanical and surface properties of BC films are pre-
sented in Table 3. It is known that the mechanical properties of BC are primarily deter-
mined by the BC producer used, conditions of synthesis, fibril thickness, and method of
drying of the films. The tensile strength of air-dried BC films varies between 129 and 198
MPa [86], while the tensile strength of freeze-dried ones is an order of magnitude lower
(8-14 MPa) [15,29]. Earlier, it was shown that the moisture content of the samples has a
strong effect on the mechanical strength of BC [87].

Mechanical parameters of BC films synthesized K. xylinus B-12068 did not depend on
the type of C-substrate and were similar for all studied samples. The parameters were
significantly different depending on the moisture content of the films. So, samples taken
out after the fermentation and rinsed to remove the medium and bacterial cells, with a
moisture content of over 90%, were as follows: Young’s modulus 10.26 + 0.35 MPa, tensile
strength 0.75 + 0.34 MPa, and elongation at break 5.49 + 1.21%. The dry films, with low
moisture content (50-55%), only differed from the wet ones in their Young’s modulus,
four times higher. BC films, regardless of moisture, had a contact angle below 50°; at the
same time, the value for the native raw films was below 41°.

Table 3. Mechanical and surface properties of BC films and BC composites.

Physical-Mechanical Properties Surface Properties
Samples Young’s Mod- Tensile Elongation at Water Contact Dispersive Polar Compo-
ulus MPa]  OTeMEM B k1% Anglele]  COMPONENt ot [mN/m]
[MPa] [mN/m]
BC native, wet (moisture
102+£1.3 0.7+£0.3 55+1.2 419+34 448+1.5 209+0.7
content 90%)
BC dry (moisture content ;o ¢ 5 01+0.1 44+08 482467  466+06 16806
50-55%)
BC/AgNPs (moisture content 50-55%)
BC/AgNPs 0.10 g/L 233.0+5.2 149 +1.7 9.8+2.6 50.3 +4.6 426+1.0 27.7+3.6
BC/AgNPs 0.05 g/L 218.0+2.2 13.2+2.1 77+25 68.8+1.8 46.2+29 22.6 0.8
BC/AgNPs 0.01 g/L 99.3 +5.2 99+1.3 11.7+1.6 69.0+2.7 449+1.8 25.1+0.9
BC/drugs (moisture content 50-55%)
BC/chlorhexidine 63.2+1.8 6.1+1.8 11.7+2.1 704 +£3.1 457 +3.1 247+1.1
BC/baneocin 58.9+6.9 53+0.9 119+2.7 70.2+6.4 443 +29 25.7+1.2
BC/cefotaxime 446 +4.2 6.4+04 176 £ 1.1 68.4+5.1 425+2.1 242 +22
BC/doripenem 455+8.1 6.0+£1.1 16.3+25 724+6.3 473 +3.1 23.2+1.1

3.3. Preparation and Characterization of BC Composites with Nanosilver and Antimicrobial
Drugs

To impart additional properties to BC, such as antibacterial activity, improvement of
cell adhesion, and proliferation, BC-based composites with various materials are designed
[37,38]. Nanoscale composites are considered especially promising. It is believed that the
most acceptable form of materials for restoring tissue defects are BC composites with na-
noscale materials, including nanoparticles of gold, silver, cadmium, and oxides of various
metals (copper, titanium, zing, etc.) [22,88-90]. The possibility of obtaining BC composites
with metal nanoparticles is widely discussed in the literature. Various methods are de-
scribed for the in-situ production of nanoparticles of silver, copper, or other metals in a
cellulose matrix and cotton cloth using various reducing agents and a simpler and more
environmentally friendly hydrothermal method. To obtain composites of silver nanopar-
ticles and BC, we used different reducing agents and reactions: polydopamine in the Tol-
lens reaction, sodium citrate dihydrate by the Keri Lee method, borohydride reduction of
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silver, etc. [40,88,91,92]. The hydrothermal method is a fairly simple, effective, and envi-
ronmentally friendly method that makes it possible to obtain nanosilver without any ad-
ditional reagents, in which cellulose itself acts as a reducing agent [58].

SEM images of BC composites with nanosilver BC/AgNPs obtained by the hydro-
thermal method are shown in Figure 8.

The presence of silver in BC films was confirmed by elemental analysis performed
using scanning electron microscopy equipped with an X-ray spectral analysis system. The
amount of nanosilver included in the BC films increased with an increase in the AgNO:s
concentration in the solution in the studied range (from 0.01 to 0.10 g/L). Quantitative data
on the content of nanosilver and the elemental composition of the BC/AgNPs composite
films are presented in Table 4.

The concentration of AgNO:s in solution influenced the amount of nanosilver in com-
posite BC/AgNP films and the size of Ag particles. At AgNOs concentrations of 0.01 and
0.05 g/L, the particle size varied in the range of 32-76 nm. At the highest concentration of
silver nitrate (0.10 g/L), the particles were larger (53-84 nm). The largest agglomerate sizes
(from 171 to 396 nm) are recorded at the highest (0.46 mg/cm?) nanosilver content in
BC/AgNP films. Silver concentration in BC films and silver nanoparticle size obtained in
this study are comparable with the data [58] (the size of silver particles of 14-22 nm, silver
content reaching 2.3% w/w) and [93] (the size of particles of between 20 and 100 nm). When
silver nanoparticles were produced using reducing agents in the reaction medium, re-
searchers [91,94] noted different sizes of Ag nanoparticles (8-10 nm).
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Figure 8. SEM images of BC/AgNP films with different Ag content in the composite: (a) 0.06; (b)
0.21; (c) 0.46 mg/cm? (obtained at a concentration of AgNOs in solution, respectively, 0.01; 0.05; 0.10
g/L). Bar =1 um.

Table 4. The influence of different AgNOs concentration on the elemental composition of BC/AgNPs
composites.

Average Atomic Number (wt.%)

Samples

[8) C Ag Ag Content (mg/cm?)
Initial BC 60 41 -
Concentration of AgNO:s (g/L)
0.01 54 46 2 0.06
0.05 56 43 5 0.21
0.10 53 41 10 0.46

The inclusion of nanosilver in the BC composites influenced the physicochemical
properties, the degree of crystallinity and temperature indicators (Figure 9). The presence
of nanosilver in the composites is confirmed by the strong reflexes with coordinates 20 =
37.72° and 43.89° in radiogram 2, 3 and 4 (Figure 9a). Their positions are consistent with
reflexes (111) and (002) of crystalline silver at a cell parameter of 4.126 A.

With an increase in the content of silver nanoparticles in the composite to 0.21 and
0.46 mg/cm?, the degree of crystallinity slightly decreased —to 63 and 58%, respectively.
Other authors reported similar data. The Cx of BC films/silver varied considerably, be-
tween 46.7 and 91.62 [63,95]. Comparable Cx values were obtained for the composites with
nanosilver synthesized in the presence of NaBHs as a reductant [96].

—_—
50
%
111 002 1
N, =i
M}
5 10 20 30 40 50 60 . —— . . \ . v
2-Theta-Scale 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 40 °C

Figure 9. X-Ray (a) and TGA (b) data of BC and BC/AgNp composites: (1)—pristine BC; (2—4)—
BC/AgNp composites obtained at different initial concentration of AgNO:s in solution, respectively,
0.01; 0.05; 0.10 g/L.

The composites produced with different concentrations of AgNO:s in the reaction me-
dium also showed higher thermal stability than the BC (Figure 9b). The thermal degrada-
tion temperature (Taegr) of pristine BC was 306 °C. In all composite samples, the regions of
onset of thermal decomposition were shifted to the right relative to BC (330-343 °C). Thus,
the incorporation of silver nanoparticles into cellulose films increased the thermal stability
of BC. Other authors reported a similar enhancement of thermal stability of BC composites
with nanosilver [95].

Properties of BC composites are listed in Table 3. The surfaces of the BC/AgNPs com-
posites are more hydrophobic than the original BC. The values of the contact angle ranged
from 50 to 69°. The introduction of nanosilver into the BC reinforced the mechanical
strength, increasing the values of Young’s modulus from 99.3 + 5.2 to 233.0 £ 5.2 MPa, and
elongation at break from 7.7 + 2.5 to 11.7 + 1.6%. Several publications report that physical
and mechanical parameters are determined by the orientation of fibers in BC films, but
the data are contradictory. In a study [97], parameters of mechanical strength of BC are
considerably higher than the values reported by [98] but comparable to those obtained in
the present study. The authors of one more study [99] recorded the ultimate strength of
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the BC/AgNPs composite at a level of 108 MPa, which was significantly higher than the
tensile strength of pristine BC (59 MPa). Thus, in most of the studies, loading of nanosilver
into BC led to enhancement of mechanical strength of the films.

The second group of BC composites included antibacterial drugs with different
mechanisms of action. BC composites with chlorhexidine, baneocin, cefotaxime, and dor-
ipenem were obtained by exposing cellulose films in solutions of these compounds. In
contrast to silver nanoparticles, antibiotics, impregnated into BC, did not significantly
change the degree of crystallinity and temperature properties of composite films, but af-
fected their surface properties (Table 3). BC composites with antibiotics, like BC/AgNPs,
had more hydrophobic surfaces than pristine BC films; their dispersive components and
surface energies were also higher.

The surface of BC composites with antimicrobial agents is more hydrophobic, with a
contact angle of about 70°, which exceeds the values for BC/AgNPs composites and even
more significantly exceeds the values for the original BC films (Table 3). Mechanical prop-
erties of BC composites with antimicrobials were generally lower than those of BC/AgNPs
composites; the Young’s modulus was 2-3 times lower, with some superiority of the elas-
ticity index, characterized by the elongation at break. Young’s modulus of BC composite
with chlorhexidine was 63.2 + 1.8 MPa, with baneocin 58.9 + 6.9 MPa, with cefotaxime and
doripenem 44.6 + 4.2 and 45.5 + 8.1 MPa, respectively. On the contrary, the elasticity of BC
composites with antimicrobials was (elongation at break, %) in general in all samples
higher than in BC/AgNPs composites and the original BC. Information on the preparation
and use of composites of BC with antibiotics is less representative [79,93,100-102].

3.4. Antibacterial Properties of BC Composites

The study of the antibacterial properties of the obtained BC composites was carried
out in the cultures of the reference strains Escherichia coli ATCC 25922 and Staphylococcus
aureus ATCC 25923, using the disk-diffusion method in 20 mL agar on Petri dishes. When
testing BC/AgINP composites, pronounced zones of growth inhibition were manifested
only in relation to E. coli, while S. aureus was weakly sensitive to the action of silver nano-
particles (Figure 10, Table 5).

(a) — (b

Figure 10. Antibacterial activity of BC composites against reference strains E. coli and S. aureus; (a)
BC/AgNPs composites: 1 —boiling BC in silver nitrate solution, 2—immersion of BC in silver nitrate
solution for 9 days; (b) BC/antibiotic composites: chix—BC/chlorhexidine, bric—BC/baneocin, ctx—
BC/cefotaxime, dor—BC/doripenem.
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The concentration of the initial solutions of silver nitrate and the amount of nanosil-
ver included in BC influenced the antimicrobial activity of the composite films. The largest
diameter of the inhibition zone for S. aureus growth was observed using the composites
obtained with the highest concentration of the starting AgNOs solution (0.10 g/L). A de-
crease in the AgNOs concentration by a factor of 2 and 10 (to 0.05 g/L and 0.01 g/L) reduced
the biological activity of the composites.

Table 5. Inhibition of bacteria grow by BC composites.

Diameter of Inhibition Zones (mm)

Samples E. coli S. aureus
Boiling BC in AgNO:s solution

0.10 g/L 159+0.9 87+0.2
0.05 g/L 10.8 0.6 0
0.01 g/L 9.3+0.5 0

Immersion of BC in AgNO:s solution for 9 days

0.10 g/L 21.1+1.2 87+0.5
0.05 g/L 12.1+0.7 0
0.01 g/L 114+0.7 0

Immersion of BC in 0.05% water solution of drags

BC + chlorhexidine 192+1.1 228+1.3

BC + baneocin 26.7 1.5 14.0+0.8

BC + cefotaxime 42.1+22 266+1.4

BC + doripenem 449+2.0 429+23

The diameter of the zones of bacterial growth inhibition by composite films obtained
with the thermal incorporation of Ag into BC films from silver nitrate solution was 1.1-
1.3 times smaller than that of films obtained by exposing BC in an AgNOs solution at room
temperature for 9 days. Apparently, for the process of silver reduction and the inclusion
of silver nanoparticles in BC films, a more significant factor is the concentration of silver
salt in the solution and the duration of exposure of the BC film, rather than the tempera-
ture of the reaction medium. The combination of the highest concentration of AgNOs in
solution and long-term exposure to BC films increased the antibacterial activity of the
BC/AgNP composite. The diameter of the no-growth zone of E. coli was 21.1 + 1.2 mm
(Figure 10a).

Composite BC/AgNP films obtained by replacing silver nitrate with silver citrate had
a weak antimicrobial effect against reference bacterial strains. Pumping of silver citrate
solution through BC-film did not promote the appearance of antimicrobial activity in the
resulting composite. Only at a high concentration of silver citrate (0.4 g/L) a slight sup-
pression of the growth of E. coli with an inhibition zone diameter of about 9.2 + 0.2 mm
was found.

Comparison of the obtained results with the published ones showed that the prepa-
ration of BC/AgNP composites by the hydrothermal method and antimicrobial activity
was confirmed against E. coli and S. aureus [103,104], and in combination with chitosan—
against B. cereus, P. aeruginosa, and C. albicans [105]. A study of the mechanism of action of
nanosilver on S. aureus and E. coli showed that under the action of AgNP, oxidative stress
occurs in bacterial cells, which leads to DNA damage and accumulation of lipid peroxi-
dation products [106]. It has also been shown that the resistance of a number of bacteria
to AgNP may be associated with an increased ability to cause aggregation of nanoparticles
and disrupt their stability [107]. Pazos-Ortiz et al. [108] have described the positive de-
pendence of the antimicrobial activity of PCL-AgNPs hybrid nanofibers on the concentra-
tion of stock silver nitrate solutions. The authors of this work found a higher sensitivity of
Gram-negative bacteria to silver nanoparticles since a thick layer of Gram-positive pepti-
doglycan limits the permeability of the cell wall for silver nanoparticles. The antimicrobial
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effect of BC composites with nanosilver is also associated with damage to the membrane
structures of bacterial cells and disruption of membrane-dependent processes. Thus, it
was shown that under the action of AgNP, the outer membrane in E. coli cells is disaggre-
gated, as a result of which membrane permeability and cell integrity are disrupted [109].
This work also showed that the interaction of AgNP with thiol groups of sulfur-containing
proteins leads to inactivation of dehydrogenases in the inner membrane of cells, suppres-
sion of respiration, and a decrease in the energy balance of cells. AgNP particles can also
interact with unsaturated fatty acids, change membrane fluidity, causing cell deformation
[110,111].

BC composites with antimicrobial drugs more pronouncedly inhibited the growth of
the E. coli and S. aureus reference strains compared to BC/AgNP (Table 5). Immersion of
BC in a solution of the antiseptic chlorhexidine provided a pronounced antibacterial effect
of the resulting composite against both strains, while the BC/baneocin composite exhib-
ited a strong inhibitory effect against E. coli and a weak one against S. aureus. BC compo-
sites with broad-spectrum antibiotics, cefotaxime and doripenem, effectively inhibited the
growth of test bacterial strains (Figure 10b). The diameters of the no-growth zones were
maximal and amounted to 42.9 + 2.3 and 44.9 + 2.0 for E. coli and S. aureus, respectively.

The results are consistent with publications showing that BC composite films with
antibiotics have high antibacterial activity against both Gram-negative and Gram-positive
bacteria. The inhibition of S. aureus, E. coli, B. coagulans, and Aspergillus niger with BC
loaded with amoxiclav and fluconazole was demonstrated [100]. BC/poly-N,N-dimethyl-
3,4-methylene pyrrolidinium chloride composites with embedded selenium and hydrox-
yapatite nanocomplexes exhibited antibacterial properties, inhibiting the growth of E. coli
[79]. Positive examples of BC inhibition by antibiotics of wound infection of representa-
tives of Staphylococcus aureus and Bacillus subtilis are described [101]. BC films loaded with
tetracycline hydrochloride, BCTCH, exhibited high antibacterial activity [102]. Composite
film BC/fusidic acid had an antimicrobial effect against S. aureus [112], the combination of
BC with tetracycline hydrochloride effectively inhibited the growth of E. coli, S. aureus,
and B. subtilis [93]; composite nanofibers of bacterial cellulose with gentamicin also
showed high antibacterial activity against E. coli and S. aureus [113].

4. Conclusions

The synthesis of bacterial cellulose (BC) by the strain of acetic acid bacteria Komaga-
taeibacter xylinus B-12068 on various C-substrates, including waste, in submerged stirred
cultures and static surface conditions, was studied. The strain can assimilate various C-
substrates and synthesize BC on glycerin, glucose, beet molasses, sprat oil, and a mixture
of glucose with sunflower oil. We revealed differences in the yield of BC with growth in
submerged aerated culture and surface static mode. In stirred culture, the bacterial repro-
duction was more active, and this mode was suitable for obtaining an active inoculum.
The most productive process was obtained during inoculum production in submerged
culture and subsequent synthesis of large BC films (up to 0.2 m? and more) in a static
surface culture. We got the highest productivity of the BC synthesis with the growth of
bacteria on molasses and glycerol, 1.20 and 1.45 g/L per day, respectively.

We obtained the series of different BC composites with silver nanoparticles
(BC/AgNPs) and antibacterial drugs (chlorhexidine, baneocin, cefotaxime, and dor-
ipenem), and investigated their structure, physicochemical, and mechanical properties.
BC composites exerted antibacterial properties against reference bacterial strains E. coli
and S. aureus. The disc-diffusion method showed pronounced antibacterial activity of all
BC composites and was more noticeable in composites BC/cefotaxime and BC/doripenem.

Author Contributions: Conceptualization, T.G.V.; Data curation, E.IS.; Formal analysis, S.V.P.,
E.GK,IV.N, APK. and ELS,; Investigation, S.V.P.,, E.GK, I.V.N,, AD.V,, AP.K and ELS.; Meth-
odology, T.G.V. and E.LS.; Project administration, T.G.V.; Visualization, S.V.P., E.GK,, LV.N. and



Nanomaterials 2022, 12, 192 20 of 24

A.D.V,; Writing—original draft, S.V.P., EGK. and E.LS.; Writing—review and editing, T.G.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the State Assignment of the Ministry of Science
and Higher Education of the Russian Federation No. FSRZ-2020-0006.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to express their special thanks to Krasnoyarsk Regional
Center of Research Equipment of Federal Research Center «Krasnoyarsk Science Center SB RAS»
for providing equipment to ensure the accomplishment of this project.

Conflicts of Interest: The authors declare that they have no conflict of interest in the publication of
this article. The authors have no conflict of interest to report in this work. The manuscript was writ-
ten through contributions of all authors. All authors have given approval to the final version of the
manuscript.

References

1.

10.

11.

12.

13.

14.

15.

16.

Saxena, I.M.; Brown, R.M.,, Jr. Biosynthesis of Bacterial Cellulose. In Bacterial Nanocellulose: A Sophisticated Multifunctional Mate-
rial; Gama, M., Gatenholm, P., Klemm, D., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 1-18, ISBN 978-1-4398-6991-8.
Zhao, Y.; Li, J. Excellent chemical and material cellulose from tunicates: Diversity in cellulose production yield and chemical
and morphological structures from different tunicate species. Cellulose 2014, 21, 3427-3441. https://doi.org/10.1007/s10570-014-
0348-6.

Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material. Angew. Chem.
Int. Ed. Engl. 2005, 44, 3358-3393. https://doi.org/10.1002/anie.200460587.

Shoda, M.; Sugano, Y. Recent advances in bacterial cellulose production. Biotechnol. Bioprocess Eng. 2005, 10, 1.
https://doi.org/10.1007/BF02931175.

Khan, T.; Park, J.K.; Kwon, ]J.-H. Functional biopolymers produced by biochemical technology considering applications in food
engineering. Korean . Chem. Eng. 2007, 24, 816-826. https://doi.org/10.1007/s11814-007-0047-1.

Shezad, O.; Khan, S.; Khan, T.; Park, ].K. Physicochemical and mechanical characterization of bacterial cellulose produced with
an excellent productivity in static conditions using a simple fed-batch cultivation strategy. Carbohydr. Polym. 2010, 82, 173-180.
https://doi.org/10.1016/j.carbpol.2010.04.052.

Yamada, Y. Transfer of Gluconacetobacter kakiaceti, Gluconacetobacter medellinensis and Gluconacetobacter maltaceti to the genus
Komagataeibacter as Komagataeibacter kakiaceti comb. nov., Komagataeibacter medellinensis comb. nov. and Komagataeibacter
maltaceti comb. nov. Int. . Syst. Evol. Microbiol. 2014, 64, 1670-1672. https://doi.org/10.1099/ijs.0.054494-0.

Matsutani, M.; Ito, K.; Azuma, Y.; Ogino, H.; Shirai, M.; Yakushi, T.; Matsushita, K. Adaptive mutation related to cellulose
producibility in Komagataeibacter medellinensis (Gluconacetobacter xylinus) NBRC 3288. Appl. Microbiol. Biotechnol. 2015, 99, 7229—
7240. https://doi.org/10.1007/s00253-015-6598-x.

Kadier, A.; Ilyas, R.A.; Huzaifah, M.R.M.; Harihastuti, N.; Sapuan, S.M.; Harussani, M.M.; Azlin, M.N.M.; Yuliasni, R.; Ibrahim,
R.; Atikah, M.S.N.; et al. Use of industrial wastes as sustainable nutrient sources for bacterial cellulose (BC) production: Mech-
anism, advances, and future perspectives. Polymers 2021, 13, 3365. https://doi.org/10.3390/polym13193365.

Omran, A.A.B.; Mohammed, A.A.B.A.; Sapuan, S.M.; Ilyas, R.A.; Asyraf, M.R.M.; Rahimian Koloor, S.S.; Petr(i, M. Micro- and
nanocellulose in polymer composite materials: A review. Polymers 2021, 13, 231. https://doi.org/10.3390/polym13020231.

Abral, H.; Chairani, M.K,; Rizki, M.D.; Mahardika, M.; Handayani, D.; Sugiarti, E.; Muslimin, A.N.; Sapuan, S.M.; Ilyas, R.A.
Characterization of compressed bacterial cellulose nanopaper film after exposure to dry and humid conditions. ]. Mater. Res.
Technol. 2021, 11, 896-904. https://doi.org/10.1016/j.jmrt.2021.01.057.

Abral, H.; Pratama, A.B.; Handayani, D.; Mahardika, M.; Aminah, I.; Sandrawati, N.; Sugiarti, E.; Muslimin, A.N.; Sapuan, S.M.;
Ilyas, R.A. Antimicrobial edible film prepared from bacterial cellulose nanofibers/starch/chitosan for a food packaging alterna-
tive. Int. J. Polym. Sci. 2021, 2021, 6641284. https://doi.org/10.1155/2021/6641284.

Petersen, N.; Gatenholm, P. Bacterial cellulose-based materials and medical devices: Current state and perspectives. Appl. Mi-
crobiol. Biotechnol. 2011, 91, 1277-1286. https://doi.org/10.1007/s00253-011-3432-y.

Lin, W.C,; Lien, C.C.; Yeh, H.J.; Yu, C.M.; Hsu, S.H. Bacterial cellulose and bacterial cellulose chitosan membranes for wound
dressing applications. Carbohydr. Polym. 2013, 94, 603—-611. https://doi.org/10.1016/j.carbpol.2013.01.076.

Lin, S.P.; Calvar, L.L.; Catchmark, J.M.; Liu, J.R.; Demirci, A.; Cheng, K.C. Biosynthesis, production and applications of bacterial
cellulose. Cellulose 2013, 20, 2191-2219. https://doi.org/10.1007/s10570-013-9994-3.

Lee, K.Y,; Buldum, G.; Mantalaris, A.; Bismarck, A. More than meets the eye in bacterial cellulose: Biosynthesis, bioprocessing,
and applications in advanced fiber composites. Macromol. Biosci. 2014, 14, 10-32. https://doi.org/10.1002/mabi.201300298.



Nanomaterials 2022, 12, 192 21 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lee, JW,; Deng, F.; Yeomans, W.G.; Allen, A.L.; Gross, R.A.; Kaplan, D.L. Direct incorporation of glucosamine and N-acetyl-
glucosamine into exopolymers by Gluconacetobacter xylinus (Acetobacter xylinum) ATCC 10245: Production of chitosan-cellulose
and chitin-cellulose exopolymers. Appl. Environ. Microbiol. 2001, 67, 3970-3975. https://doi.org/10.1128/AEM.67.9.3970-
3975.2001.

Yadav, V.; Paniliatis, B.].; Shi, H.; Lee, K.; Cebe, P.; Kaplan, D.L. Novel in vivo-degradable cellulose-chitin copolymer from
metabolically  engineered  Gluconacetobacter ~ xylinus. ~ Appl.  Environ. ~ Microbiol. ~ 2010, 76,  6257-6265.
https://doi.org/10.1128/ AEM.00698-10.

Chawla, P.R.; Bajaj, I.B.; Survase, S.A.; Singhal, R.S. Microbial cellulose: Fermentative production and applications. Food Technol.
Biotechnol. 2009, 47, 107-124. https://hrcak.srce.hr/38098.

Svensson, A.; Nicklasson, E.; Harrah, T.; Panilaitis, B.; Kaplan, D.; Brittberg, M. Bacterial cellulose as a potential scaffold for
tissue engineering of cartilage. Biomaterials 2005, 26, 419-431. https://doi.org/10.1016/j.biomaterials.2004.02.049.

Yano, H.; Sugiyama, J.; Nakagaito, A.N.; Nogi, M.; Matsuura, T.; Hikita, M. Optically transparent composites reinforced with
networks of bacterial nanofibers. Adv. Mater. 2005, 17, 153-155. https://doi.org/10.1002/adma.200400597.

Beekmann, U.; Zahel, P.; Karl, B.; Schmdlz, L.; Bérner, F.; Gerstmeier, J.; Werz, O.; Lorkowski, S.; Wiegand, C.; Fischer, D.; et al.
Modified bacterial cellulose dressings to treat inflammatory wounds. Nanomaterials 2020, 10, 2508.
https://doi.org/10.3390/nano10122508.

Frone, A.N.; Panaitescu, D.M.; Nicolae, C.A.; Gabor, A.R.; Trusca, R.; Casarica, A.; Stanescu, P.O.; Baciu, D.D.; Salageanu, A.
Bacterial cellulose sponges obtained with green cross-linkers for tissue engineering. Mater. Sci. Eng. C 2020, 110, 110740.
https://doi.org/10.1016/j.msec.2020.110740.

Nimeskern, L.; Avila, HM.; Sundberg, J.; Gatenholm, P.; Miiller, R.; Stok, K.S. Mechanical evaluation of bacterial nanocellulose
as an implant material for ear cartilage replacement. ]. Mech. Behav. Biomed. Mater. 2013, 22, 12-21.
https://doi.org/10.1016/j.jmbbm.2013.03.005.

Millon, L.; Wan, W. The polyvinyl alcohol-bacterial cellulose system as a new nanocomposite for biomedical applications. J.
Biomed. Mater. Res. B. Appl. Biomater. 2006, 79, 245-253. https://doi.org/10.1002/jbm.b.30535.

Klemm, D.; Schumann, D.; Udhardt, U.; Marsch, S. Bacterial synthesized cellulose — Artificial blood vessels for microsurgery.
Prog. Polym. Sci. 2001, 26, 1561-1603. https://doi.org/10.1016/S0079-6700(01)00021-1.

Wan, Y.; Gao, C.; Han, M,; Liang, H.; Ren, K.; Wang, Y. Preparation and characterization of bacterial cellulose/heparin hybrid
nanofiber for potential vascular tissue engineering scaffolds. Polym. Adv. Technol. 2011, 22, 2643-2648.
https://doi.org/10.1002/pat.1692.

Wang, J.; Gao, C.; Zhang, Y.; Wan, Y. Preparation and in vitro characterization of BC/PVA hydrogel composite for its potential
use as artificial cornea biomaterial. Mater. Sci. Eng. C. 2010, 30, 214-218. https://doi.org/10.1016/j.msec.2009.10.006.

Yoshino, A.; Tabuchi, M.; Uo, M.; Tatsumi, H.; Hideshima, K.; Kondo, S. Applicability of bacterial cellulose as an alternative to
paper points in endodontic treatment. Acta Biomater. 2013, 9, 6116-6122. https://doi.org/10.1016/j.actbio.2012.12.022.

Fu, L,; Zhang, ].; Yang, G. Present status and applications of bacterial cellulose-based materials for skin tissue repair. Carbohydr.
Polym. 2013, 92, 1432-1442. https://doi.org/10.1016/j.carbpol.2012.10.071.

Coffindaffer, T.W.; Heath, B.P.; Kyte, K.E.; McConaughy, S.D.; Smith, E.D. Personal Cleansing Compositions Comprising a
Bacterial Cellulose Network and Cationic Polymer. U.S. Patent 8,097,574, 17 January 2012.

Hasan, N.; Biak, D.R.A.; Kamarudin, S. Application of bacterial cellulose (BC) in natural facial scrub. Int. . Adv. Sci. Eng. Inform.
Technol. 2012, 2, 272-275.

Amnuaikit, T.; Chusuit, T.; Raknam, P.; Boonme, P. Effects of a cellulose mask synthesized by a bacterium on facial skin char-
acteristics and user satisfaction. Med. Dev. 2011, 4, 77-81. https://doi.org/10.2147/MDER.520935.

Swingler, S.; Gupta, A.; Gibson, H.; Kowalczuk, M.; Heaselgrave, W.; Radecka, I. Recent advances and applications of bacterial
cellulose in biomedicine. Polymers 2021, 13, 412. https://doi.org/10.3390/polym13030412.

Fink, H.; Hong, J.; Drotz, K.; Risberg, B.; Sanchez, J.; Sellborn, A. An in vitro study of blood compatibility of vascular grafts
made of bacterial cellulose in comparison with conventionally-used graft materials. ]. Biomed. Mater. Res. A 2011, 97, 52-58.
https://doi.org/10.1002/jbm.a.33031.

Leitao, A.F.; Gupta, S.; Silva, J.P.; Reviakine, I.; Gama, M. Hemocompatibility study of a bacterial cellulose/polyvinyl alcohol
nanocomposite. Colloids Surf. B Biointerfaces 2013, 111, 493-502. https://doi.org/10.1016/j.colsurfb.2013.06.031.

Shah, N.; Ul-Islam, M.; Khattak, W.A.; Park, ].K. Overview of bacterial cellulose composites: A multipurpose advanced material.
Carbohydr. Polym. 2013, 98, 1585-1598. https://doi.org/10.1016/j.carbpol.2013.08.018.

Torres, F.G.; Commeaux, S.; Troncoso, O.P. Biocompatibility of bacterial cellulose based biomaterials. J. Funct. Biomater. 2012, 3,
864-878. https://doi.org/10.3390/jfb3040864.

Culebras, M.; Grande, C.J.; Torres, F.G.; Troncoso, O.P.; Gomez, C.M.; Baiio, M.C. Optimization of cell growth on bacterial
cellulose by adsorption of collagen and poly-L-lysine. Int. ]. Polym. Mater. Polym. Biomater. 2015, 64, 411-415.
https://doi.org/10.1080/00914037.2014.958829.

Dobre, M.L.; Stoica-Guzun, A. Antimicrobial Ag-polyvinyl alcohol-bacterial cellulose composite films. |. Biobased Mater. Bioen-
ergy 2013, 7, 157-162. https://doi.org/10.1166/jbmb.2013.1272.

Kwak, H.; Kim, J.E.; Go, J.; Koh, E.K; Song, S.H.; Son, H.J.; Kim, H.S.; Yun, Y.H.; Jung, Y.J.; Hwang, D.Y. Bacterial cellulose
membrane produced by Acetobacter sp. A10 for burn wound dressing applications. Carbohydr. Polym. 2015, 122, 387-398.
https://doi.org/10.1016/j.carbpol.2014.10.049.



Nanomaterials 2022, 12, 192 22 of 24

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Chang, W.S.; Chen, H.H. Physical properties of bacterial cellulose composites for wound dressings. Food Hydrocoll. 2016, 53, 75—
83. https://doi.org/10.1016/j.foodhyd.2014.12.009.

Ullah, H.; Wahid, F.; Santos, H.A.; Khan, T. Advances in biomedical and pharmaceutical applications of functional bacterial
cellulose-based nanocomposites. Carbohydr. Polym. 2016, 150, 330-352. https://doi.org/10.1016/j.carbpol.2016.05.029.

Long, W.; Ouyang, H.; Hu, X,; Liu, M.; Zhang, X.; Feng, Y.; Wei, Y. State-of-art review on preparation, surface functionalization
and biomedical applications of cellulose nanocrystals-based materials. Int. ]. Biol. Macromol. 2021, 186, 591-615.
https://doi.org/10.1016/j.ijpiomac.2021.07.066.

Czaja, W.K,; Young, D.J.; Kawecki, M.; Brown, R.M. The future prospects of microbial cellulose in biomedical applications.
Biomacromolecules 2007, 8, 1-12. https://doi.org/10.1021/bm060620d.

Barud, H.G.O.; da Silva, R.R.; Barud, H.S,; Tercjak, A.; Gutierrez, J.; Lustri, W.R.; Oliveira, O.B., Jr.; Ribeiro, S.J.L. A multipurpose
natural and renewable polymer in medical applications: Bacterial cellulose. Carbohydr. Polym. 2016, 153, 406—420.
https://doi.org/10.1016/j. carbpol.2016.07.059.

Cielecka, I.; Szustak, M.; Gendaszewska-Darmach, E.; Kalinowska, H.; Ryngajtto, M.; Maniukiewicz, W.; Bielecki, S. Novel bi-
onanocellulose/k-carrageenan composites for tissue engineering. Appl. Sci. 2018, 8, 1352. https://doi.org/10.3390/app8081352.
Abeer, M.M.; Mohd Amin, M.C.I,; Martin, C. A review of bacterial cellulose-based drug delivery systems: Their biochemistry,
current approaches and future prospects. J. Pharm. Pharmacol. 2014, 66, 1047-1061. https://doi.org/10.1111/jphp.12234.

Lunardi, V.B.; Soetaredjo, F.E.; Putro, ].N.; Santoso, S.P.; Yuliana, M.; Sunarso, J.; Ju, Y.-H.; Ismadji, S. Nanocelluloses: Sources,
pretreatment, isolations, modification, and its application as the drug carriers. Polymers 2021, 13, 2052.
https://doi.org/10.3390/polym13132052.

Ullah, H.; Santos, H.A.; Khan, T. Applications of bacterial cellulose in food, cosmetics and drug delivery. Cellulose 2016, 23,
2291-2314. https://doi.org/10.1007/s10570-016-0986-y.

Shi, Z.; Zhang, Y.; Phillips, G.O.; Yang, G. Utilization of bacterial cellulose in food. Food Hydrocoll. 2014, 35, 539-545.
https://doi.org/10.1016/j.foodhyd.2013.07.012.

Fernandes, M.; Gama, M.; Dourado, F.; Souto, A. Development of novel bacterial cellulose composites for the textile and shoe
industry. Microb. Biotechnol. 2019, 12, 650-661. https://doi.org/10.1111/1751-7915.13387.

Albuquerque, P.B.S.; Oliveira, W.F.; Santos Silva, P.M.; Santos Correia, M.T.; Kennedy, J.F.; Barroso Coelho, L.C.B. Epiphanies
of well-known and newly discovered macromolecular carbohydrates—A review. Int. J. Biol. Macromol. 2020, 156, 51-66.
https://doi.org/10.1016/j.ijpiomac.2020.04.046.

Velasquez-Riano, M.; Bojaca, V. Production of bacterial cellulose from alternative low-cost substrates. Cellulos 2017, 24, 2677
2698. https://doi.org/10.1007/s10570-017-1309-7.

Hestrin, S.; Schramm, M. Synthesis of cellulose by Acetobacter xylinum. 2. Preparation of freeze-dried cells capable of polymer-
izing glucose to cellulose. Biochem. ]. 1954, 58, 345-352. https://doi.org/10.1042/bj0580345.

Volova, T.G.; Prudnikova, 5.V.; Shishatskaya, E.I. Bacterial strain Komagataeibacter xylinus—Bacterial cellulose producer; in Rus-
sian; RF Patent RU 2568605 C1, 20 November 2015 (in Russian).

Volova, T.G.; Prudnikova, S.V.; Sukovatyi, A.G.; Shishatskaya, E.I. Production and properties of bacterial cellulose by the strain
Komagataeibacter xylinus B-12068. Appl. Microbiol. Biotechnol. 2018, 102, 7417-7428. https://doi.org/10.1007/s00253-018-9198-8.
Volova, T.; Sapozhnikova, K.; Zhila, N. Cupriavidus necator B-10646 growth and polyhydroxyalkanoates production on different
plant oils. Int. ]. Biol. Macromol. 2020, 164, 121-130. https://doi.org/10.1016/j.ijbiomac.2020.07.095.

Yang, G.; Xie, J.; Deng, Y.; Bian, Y.; Hong, F. Hydrothermal synthesis of bacterial cellulose/AgNPs composite: A “green” route
for antibacterial application. Carbohydr. Polym. 2012, 87, 2482-2487. https://doi.org/10.1016/j.carbpol.2011.11.017.

Park, ] K,; Jung, J.Y.; Park, Y.H. Cellulose production by Gluconacetobacter hansenii in a medium containing ethanol. Biotechnol.
Lett. 2003, 25, 2055-2059. https://doi.org/10.1023/B:BILE.0000007065.63682.18.

Dayal, M.S.; Goswami, N.; Sahai, A.; Jain, V.; Mathur, G.; Mathur, A. Effect of media components on cell growth and bacterial
cellulose production from Acetobacter aceti MTCC 2623. Carbohydr. Polym. 2013, 94, 12-16. https://doi.org/10.1016/j.car-
bpol.2013.01.018.

Keshk, S.M. Bacterial cellulose production and its industrial applications. ]. Bioprocess Biotech. 2014, 4, 150.
https://doi.org/10.4172/2155-9821.1000150.

Mohammadkazemi, F.; Azin, M.; Ashori, A. Production of bacterial cellulose using different carbon sources and culture media.
Carbohydr. Polym. 2015, 117, 518-523. https://doi.org/10.1016/j.carbpol.2014.10.008.

Pokalwar, S.U.; Mishra, M.K,; Manwar, A.V. Production of cellulose by Gluconacetobacter sp. Recent Res. Sci. Technol. 2010, 2,
14-19.

Ruka, D.R; Simon, G.P.; Dean, K.M. Altering the growth conditions of Gluconacetobacter xylinus to maximize the yield of bacte-
rial cellulose. Carbohydr. Polym. 2012, 89, 613-622. https://doi.org/10.1016/j.carbpol.2012.03.059.

Li, Z; Wang, L.; Hua, J; Jia, S.; Zhang, ].; Liu, H. Production of nano bacterial cellulose from waste water of candied jujube-
processing industry using Acetobacter xylinum. Carbohydr. Polym. 2015, 120, 115-119. https://doi.org/10.1016/j.car-
bpol.2014.11.061.

Cakar, F,; Ozer, 1; Aytekin, A.Q.; Sahin, F. Improvement production of bacterial cellulose by semi-continuous process in mo-
lasses medium. Carbohydr. Polym. 2014, 106, 7-13. https://doi.org/10.1016/j.carbpol.2014.01.103.

Jung, J.Y.; Park, ].K.; Chang, H.N. Bacterial cellulose production by Gluconacetobacter hansenii in an agitated culture without
living non-cellulose producing cells. Enzyme Microb. Technol. 2005, 37, 347-354. https://doi.org/10.1016/j.enzmictec.2005.02.019.



Nanomaterials 2022, 12, 192 23 of 24

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Reiniati, I.; Hrymak, A.N.; Margaritis, A. Recent developments in the production and applications of bacterial cellulose fibers
and nanocrystals. Crit. Rev. Biotechnol. 2016, 36, 510-524. https://doi.org/10.1080/07388551.2016.1189871.

Yassine, F.; Bassil, N.; Flouty, R.; Chokr, A.; Samrani, A.E.; Boiteux, G.; Tahchi, M.E. Culture medium pH influence on Glu-
conacetobacter physiology: Cellulose production rate and yield enhancement in presence of multiple carbon sources. Carbohydr.
Polym. 2016, 146, 282-291. https://doi.org/10.1016/j.carbpol.2016.02.003.

McNamara, ].T.; Morgan, ].L.; Zimmer, J. A molecular description of cellulose biosynthesis. Annu. Rev. Biochem. 2015, 84, 895
921. https://doi.org/10.1146/annurev-biochem-060614-033930.

Schramm, M.; Hestrin, S. Factors affecting production of cellulose at the air/liquid interface of a culture of Acetobacter xylinum.
Microbiology 1954, 11, 123-129. https://doi.org/10.1099/00221287-11-1-123.

Jung, H.; Jeong, J.; Lee, O.; Park, G.T.; Kim, K.K.; Park, H.C.; Lee, S.M.; Kim, Y.G.; Son, H.].. Influence of glycerol on production
and structural-physical properties of cellulose from Acetobacter sp. V6 cultured in shake flasks. Biores. Technol. 2010, 101, 3602—
3608. https://doi.org/10.1016/j.biortech.2009.12.111.

Keshk, S.; Sameshima, K. The utilization of sugar cane molasses with/without the presence of lignosulfonate for the production
of bacterial cellulose. Appl. Microbiol. Biotechnol. 2006, 72, 291-296. https://doi.org/10.1007/s00253-005-0265-6.

Tyagi, N.; Suresh, S. Production of cellulose from sugarcane molasses using Gluconacetobacter intermedius SNT-1: Optimization
& characterization. J. Clean. Prod. 2016, 112, 71-80. https://doi.org/10.1016/j.jclepro.2015.07.054.

Aytekin, AQ,; Demirbag, D.D.; Bayrakdar, T. The statistical optimization of bacterial cellulose production via semi-continuous
operation mode. J. Ind. Eng. Chem. 2016, 37, 243-250. https://doi.org/10.1016/j.jiec.2016.03.030.

Yang, X.Y.; Huang, C.; Guo, H.J.; Xiong, L.; Luo, J.; Wang, B.; Lin, X.Q.; Chen, X.F.; Chen, X.D. Bacterial cellulose production
from the litchi extract by  Gluconacetobacter — xylinus.  Prep.  Biochem.  Biotechnol. 2016, 46, 39-43.
https://doi.org/10.1080/10826068.2014.958163.

Huang, C.; Guo, H.J.; Xiong, L.; Wang, B.; Shi, S.L.; Chen, X.F.; Lin, X.Q.; Wang, C.; Luo, J.; Chen, X.D. Using wastewater after
lipid fermentation as substrate for bacterial cellulose production by Gluconacetobacter xylinus. Carbohydr. Polym. 2016, 136, 198
202. https://doi.org/10.1016/j.carbpol.2015.09.043.

Revin, V.V.; Klenova, N.A.; Redkin, N.A.; Belousova, Z.P.; Tukmakov, K.N.; Markova, Y.A.; Sosova, E.Y. Production and stud-
ying properties of composites based on bacterial cellulose and poly-N,N-dimethyl-3,4-methylenpirrolidine chloride. Izvestiya
vuzov. Prikl. Khimiya Biotekhnolog. 2017, 7, 102-110. https://doi.org/10.21285/2227-2925-2017-7-1-102-110 (in Russian).

Skiba, E.A.; Gladysheva, E.K.; Golubev, D.S.; Budaeva, V.V.; Aleshina, L.A.; Sakovich, G.V. Self-standardization of quality of
bacterial cellulose produced by Medusomyces gisevii in nutrient media derived from Miscanthus biomass. Carbohydr. Polym. 2021,
252, 117178. https://doi.org/10.1016/j.carbpol.2020.117178.

Revin, V.; Pestov, N.; Shchankin, M.; Mishkin, V.; Platonov, V.; Uglanov, D. A study of the physical and mechanical properties
of aerogels obtained from bacterial cellulose. Biomacromolecules 2019, 20, 1401-1411. https://doi.org/10.1021/acs.biomac.8b01816.
Czaja, W.; Romanovicz, D.; Brown, R. Structural investigations of microbial cellulose produced in stationary and agitated cul-
ture. Cellulose 2004, 11, 403—411. https://doi.org/10.1023/B:CELL.0000046412.11983.61.

Castro, C.; Zuluaga, R.; Putaux, J.L.; Caro, G.; Mondragon, I.; Ganan, P. Structural characterization of bacterial cellulose pro-
duced by Gluconacetobacter swingsii sp. from Colombian agroindustrial wastes. Carbohydr. Polym. 2011, 84, 96-102.
https://doi.org/10.1016/j.carbpol.2010.10.072.

French, A.D. Idealized powder diffraction patterns for cellulose polymorphs. Cellulose 2014, 21, 885-896.
https://doi.org/10.1007/s10570-013-0030-4.

Barud, H.S.; Ribeiro, C.A.; Crespi, M.S.; Martines, M.A.U.; Dexpert-Ghys, J.; Marques, R.F.C.; Ribeiro, S.J.L. Thermal character-
ization of bacterial cellulose—Phosphate composite membranes. |. Therm. Anal. Calorim. 2007, 87, 815-818.
https://doi.org/10.1007/s10973-006-8170-5.

Feng, Y.; Zhang, X.; Shen, Y.; Yoshino, K.; Feng, W. A mechanically strong, flexible and conductive film based on bacterial
cellulose/graphene nanocomposite. Carbohydr. Polym. 2012, 87, 644-649. https://doi.org/10.1016/j.carbpol.2011.08.039.

Volova, T.G.; Shumilova, A.A.; Shidlovskiy, I.P.; Nikolaeva, E.D.; Sukovatiy, A.G.; Vasiliev, A.D.; Shishatskaya, E.I. Antibacte-
rial properties of films of cellulose composites with silver nanoparticles and antibiotics. Polym. Test. 2018, 65, 54-68.
https://doi.org/10.1016/j.polymertesting.2017.10.023.

Gupta, A.; Briffa, S.M.; Swingler, S.; Gibson, H.; Kannappan, V.; Adamus, G.; Kowalczuk, M.; Martin, C.; Radecka, I. Synthesis
of silver nanoparticles using curcumin-cyclodextrins loaded into bacterial cellulose-based hydrogels forwound dressing appli-
cations. Biomacromolecules 2020, 21, 1802-1811. https://doi.org/10.1021/acs.biomac.9b01724.

Melnikova, N.; Knyazev, A.; Nikolskiy, V.; Peretyagin, P.; Belyaeva, K.; Nazarova, N.; Liyaskina, E.; Malygina, D.; Revin, V.
Wound healing composite materials of bacterial cellulose and zinc oxide nanoparticles with immobilized betulin diphosphate.
Nanomaterials 2021, 11, 713. https://doi.org/10.3390/nano11030713.

Bhattacharya, A.; Sadaf, A.; Dubey, S.; Singh, R.P.; Khare, S.K. Production and characterization of Komagataeibacter xylinus SGP8
nanocellulose and its calcite based composite for removal of Cd ions. Environ. Sci. Pollut. Res. 2021, 28, 46423-46430.
https://doi.org/10.1007/s11356-020-08845-7.

Sureshkumar, M.; Siswanto, D.Y.; Lee, C.K. Magnetic antimicrobial nanocomposite based on bacterial cellulose and silver na-
noparticles. |. Mater. Chem. 2010, 20, 6948—6955. https://doi.org/10.1039/c0jm00565g.

Feng, J.; Shi, Q.; Li, W.; Shu, X.; Chen, A.; Xie, X.; Huang, X. Antimicrobial activity of silver nanoparticles in situ growth on
TEMPO-mediated oxidized bacterial cellulose. Cellulose 2014, 21, 4557-4567. https://doi.org/10.1007/s10570-014-0449-2.



Nanomaterials 2022, 12, 192 24 of 24

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Shao, W. Controlled release and antibacterial activity of tetracyclinehydrochloride-loaded bacterial cellulose composite mem-
branes. Carbohydr. Polym. 2016, 145, 114-120. https://doi.org/10.1016/j.carbpol.2016.02.065.

Jung, R.; Kim, Y.; Kim, H.S,; Jin, H.J. Antimicrobial properties of hydrated cellulose membranes with silver nanoparticles. J.
Biomater. Sci. Polym. Ed. 2009, 20, 311-324. https://doi.org/10.1163/1568.

Yu, H.-Y,; Yang, X.-Y.; Lu, F.-F.; Chen, G.-Y.; Yao, J.-M. Fabrication of multifunctional cellulose nanocrystals/poly(lactic
acid)nanocomposites with silver nanoparticles by spraying method. Carbohydr. Polym. 2016, 140, 209-219.
https://doi.org/10.1016/j.carbpol.2015.12.030.

Zhang, Y.; Peng, H.; Huang, W.; Zhou, Y.; Yan, D. Facile preparation and characterization of highly antimicrobial colloid Ag or
Au nanoparticles. ]. Colloid Interface Sci. 2008, 325, 371-376. https://doi.org/10.1016/j.jcis.2008.05.063.

Sadanand, V.; Rajini, N.; Satyanarayana, B.; Rajulu, A.V. Preparation and properties of cellulose/silver nanoparticle composites
with in situ-generated silver nanoparticles using Ocimum sanctum leaf extract. Int. J. Polym. Anal. Charact. 2016, 21, 408-416.
https://doi.org/10.1080/1023666X.2016.1161100.

Wan, Y.; Hu, D.; Xiong, G.; Li, D.; Guo, R.; Luo, H. Directional fluid induced selfassembly of oriented bacterial cellulose nano-
fibers for potential biomimetic tissue engineering scaffolds. Mater. Chem. Phys. 2015, 145, 7-11.
https://doi.org/10.1016/j.matchemphys.2014.10.037.

Muthulakshmi, L.; Rajini, N.; Nellaiah, H.; Kathiresan, T.; Jawaid, M.; Rajulu, A.V. Preparation and properties of cellulose nano-
composite films with in situ generated copper nanoparticles using Terminalia catappa leaf extract. Int. |. Biol. Macromol. 2017, 95,
1064-1071. https://doi.org/10.1016/j.ijbiomac.2016.09.114.

Gromovykh, T.I; Sadykova, V.S.; Lutcenko, S.V.; Dmitrenok, A.S.; Feldman, N.B.; Danilchuk, T.N.; Kashirin, V.V. Bacterial
cellulose synthesized by Gluconacetobacter hansenii for medical applications. Appl. Biochem. Microbiol. 2017, 53, 60-67.
https://doi.org/10.1134/50003683817010094.

Wei, B.; Yang, G.; Hong, F. Preparation and evaluation of a kind of bacterial cellulose dry films with antibacterial properties.
Carbohydr. Polym. 2011, 84, 533-538. https://doi.org/10.1016/j.carbpol.2010.12.017.

Wijaya, C.J.; Saputra, S.N.; Soetaredjo, F.E.; Putro, ].N.; Lin, C.X.; Kurniawan, A.; Ju, Y.H.; Ismadji, S. Cellulose nanocrystals
from passion fruit peels waste as antibiotic drug carrier. Carbohydr. Polym. 2017, 175, 370-376. https://doi.org/10.1016/j.car-
bpol.2017.08.004.

Hosseini, H.; Zirakjou, A.; Goodarzi, V.; Mousavi, S.M.; Khonakdar, H.A.; Zamanlui, S. Lightweight aerogels based on bacterial
cellulose/silver nanoparticles/polyaniline with tuning morphology of polyaniline and application in soft tissue engineering. Int.
J. Biol. Macromol. 2020, 152, 57-67. https://doi.org/10.1016/j.ijpiomac.2020.02.095.

Yang, G.; Yao, Y.; Wang, C. Green synthesis of silver nanoparticles impregnated bacterial cellulose-alginate composite film with
improved properties. Mater. Lett. 2017, 209, 11-14. https://doi.org/10.1016/j.matlet.2017.07.097.

Salari, M.; Khiabani, M.S.; Mokarram, R.R.; Ghanbarzadeh, B.; Kafil, H.S. Development and evaluation of chitosan based active
nanocomposite films containing bacterial cellulose nanocrystals and silver nanoparticles. Food Hydrocoll. 2018, 84, 414-423.
https://doi.org/10.1016/j.foodhyd.2018.05.037.

Quinteros, M.A; Viviana, C.A.; Onnainty, R.; Mary, V.S.; Theumer, M.G.; Granero, G.E.; Paraje, M.G.; Paez, P.L. Biosynthesized
silver nanoparticles: Decoding their mechanism of action in Staphylococcus aureus and Escherichia coli. Int. ]. Biochem. Cell Biol.
2018, 104, 87-93. https://doi.org/10.1016/j.biocel.2018.09.006.

Panacek, A.; Kvitek, L.; Smékalova, M.; Vecefova, R.; Kolaf, M.; Réderova, M.; Zbofil, R. Bacterial resistance to silver nanopar-
ticles and how to overcome it. Nat. Nanotechnol. 2018, 13, 65-71. https://doi.org/10.1038/s41565-017-0013-y.

Pazos-Ortiz, E.; Roque-Ruiz, J.H.; Hinojos-Marquez, E.A.; Lépez-Esparza, J.; Donohué-Cornejo, A.; Cuevas-Gonzalez, J.C.; Es-
pinosa-Cristdbal, L.F.; Reyes-Lopez, S.Y. Dose-dependent antimicrobial activity of silver nanoparticles on polycaprolactone fi-
bers against gram-positive and gram-negative bacteria. |. Nanomater. 2017, 2017, 4752314. https://doi.org/10.1155/2017/4752314.
Li, W.R,; Xie, X.B.; Shi, Q.S.; Zeng, H.Y.; You-Sheng, O.Y.; Chen, Y.B. Antibacterial activity and mechanism of silver nanoparti-
cles on Escherichia coli. Appl. Microbiol. Biotechnol. 2010, 85, 1115-1122. https://doi.org/10.1007/s00253-009-2159-5.

Duran, N.; Duran, M.; De Jesus, M.B.; Seabra, A.B.; Favaro, W.].; Nakazato, G. Silver nanoparticles: A new view on mechanistic
aspects on antimicrobial activity. Nanomedicine 2016, 12, 789-799. https://doi.org/10.1016/j.nano.2015.11.016.

Giao, N.T.; Limpiyakorn, T.; Kunapongkiti, P.; Thuptimdang, P.; Siripattanakul-Ratpukdi, S. Influence of silver nanoparticles
and liberated silver ions on nitrifying sludge: Ammonia oxidation inhibitory kinetics and mechanism. Environ. Sci. Pollut. Res.
2017, 24, 9229-9240. https://doi.org/10.1007/s11356-017-8561-0.

Liyaskina, E.; Revin, V.; Paramonova, E.; Nazarkina, M.; Pestov, N.; Revina, N.; Kolesnikova, S. Nanomaterials from bacterial
cellulose for antimicrobial wound dressing. In Journal of Physics: Conference Series, Proceedings of the 1st International Symposium
‘Physics, Engineering and Technologies for Bio-Medicine, Moscow, Russia, 18—23 October 2016; IOP Publishing, Bristol, UK, 2017;
Volume 784, p. 010234. https://doi.org/10.1088/1742-6596/784/1/012034.

Tamahkar, E.; Bakhshpour, M.; Denizli, A. Molecularly imprinted composite bacterial cellulose nanofibers for antibiotic release.
J. Biomater. Sci. Polym. Ed. 2019, 30, 450-461. https://doi.org/10.1080/09205063.2019.1580665.



