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Abstract

Bacterial nanocellulose (BNC) is a promising polysaccharide whose properties depend on
the supramolecular structure of its crystalline component. The search for cost-effective
alternative nutrient media for BNC production requires a deep understanding of how
their composition affects the structure. This study aimed to investigate the structural fea-
tures of BNC synthesized by the symbiotic culture SCOBY on enzymatic hydrolyzates
prepared from chemically treated Miscanthus x giganteus (cv. KAMIS) in comparison with
BNC synthesized on a control medium. The study methodology relies on X-ray diffraction
analysis performed in reflection and transmission geometries using a full-profile analysis
(the Rietveld method) to determine the unit cell parameters and angles, coherent scatter-
ing domain (CSD) sizes, and degree of crystallinity (DC). The main results showed that
all five BNC samples were identified as I cellulose with a content of 95-100% and iden-
tical unit cell parameters. The CSD sizes in the reflection and transmission geometries
varied in the range of 4.0-7.7 nm, and the longitudinal size was between 12.1 and 18.1 nm.
The BNC samples obtained on hydrolyzates exhibited a higher DC (85, 83, 82 and 84%)
compared with BNC synthesized on the control medium (78%). It was established that the
crystallites of the five BNC samples exhibit anisotropy: the T/R ratio varied from 0.76 to
1.46, depending on the crystallographic direction. The scientific novelty of this work lies
in the results of a comprehensive systematic study of the structural features of BNC sam-
ples synthesized on miscanthus enzymatic hydrolyzates. It was shown for the first time
that replacing the control medium with hydrolyzates improves the BNC quality, which in
turn enhances the practical significance of alternative nutrient media. The topic of the cost
reduction in the nutrient medium for BNC biosynthesis remains debatable, but this direc-
tion aligns with the global trend.

Keywords: bacterial nanocellulose; X-ray diffraction analysis; cellulose Ia; crystallinity;
crystallite size

1. Introduction

Bacterial nanocellulose (BNC) is an extracellular polysaccharide, which is produced
by bacteria of the species Komagataeibacter, Acetobacter, and Gluconacetobacter as a biofilm
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and composed of glucose units linked via 3-1,4-glycosidic bonds [1,2]. During the biosyn-
thesis process, BNC molecules are initially produced intracellularly and subsequently se-
creted through a series of precisely arranged pores that are present along the longitudinal
axis of the bacteria [3]. BNC fibers have a diameter ranging from 10 to 100 nm and are
capable of forming a precise three-dimensional network. BNC is characterized by high
crystallinity and degree of polymerization, high purity, excellent mechanical properties,
and high water-holding capacity [1,4]. BNC is known for its sustainability, biocompatibil-
ity, non-toxicity, and high biodegradability. Taken together, the listed properties of this
polysaccharide have generated interest in various industries, including biomedicine
[2,5,6], pharmaceuticals [7], bioelectronics [3], food industry [8], cosmetics [9], pulp and
paper industry [10], and textile industry [11,12]. In recent years, interest in the manufac-
ture of BNC on a large commercial scale has increased significantly [13]. However, the
cost of BNC remains high, which limits its widespread use [14]. Currently, many research-
ers are exploring if carbon and nitrogen sources in the BNC production can be replaced
by alternative components in order to increase the yield and reduce the production costs.
The nutrient medium must contain carbon and nitrogen required for bacterial growth,
and the ratio of these components directly or indirectly affects the BNC formation [15].
Biotechnological approaches have enabled the use of industrial byproducts and lignocel-
lulosic biomass as low-cost and readily available sources of these nutrients, contributing
to the economic and energy benefits of the process [16-18]. However, the quality of BNC
derived on hydrolyzate nutrient media is a matter of debate. Some authors report that the
structure of BNC does not change when one of the components of the nutrient media is
replaced or when alternative nutrient media are utilized [19-23], while others have ob-
served such changes [16,24-31]. There are published studies in which some authors delib-
erately add chemical substances into nutrient media, while the other researchers use var-
ious nutrient media, do not analyze their component composition, but discuss the de-
pendence of the BNC quality on the replacement of the nutrient medium [16,24-31]. The
replacement of mannitol by sucrose in the nutrient medium led to a decrease in crystal-
linity from 65.5% to 49.7% [31]. Biosynthesis of BNC by the strain Komagataeibacter euro-
paeus KFET1 on an enzymatic hydrolyzate of rice bran showed a decrease in crystallinity
to 72% compared to the Hestrin and Schramm (HS) medium (88%) [16]. The crystallinity
values of BNC obtained on hydrolyzates of vinegar residue, paper mulberry, and seagrass
were 77, 68, and 63%, respectively, which is higher than that on the HS medium (67%) in
the first case and lower in the third case [25]. The crystallinity of BNC derived on a hydro-
lyzate of ramie fibers is 68.05%, which is lower than 82.09% for BNC derived on the HS
medium [26].

Natural cellulose can consist of two crystalline allomorphs: Ia cellulose and I cellu-
lose [30,32-34]. Cellulose I is basically found in bacterial biofilms and algae, while cellu-
lose I3 is mainly found in terrestrial plants and tunicates; therefore, BNC is characterized
by a Ia-to-IB-cellulose ratio that can vary depending on cultivation conditions, such as
agitation rather than static conditions, temperature variations or supplement addition
[24,30]. The presence of additives interferes with the aggregation of the elementary fibrils
into the normal ribbon assembly, and chemically addition media may result in increased
contents of I3 crystal structure [30]. The study [24] described a complex dependence of
the cellulose I fraction in BNC (a G. xylinus NRRL B-42 microbial producer) upon transi-
tion from the HS medium (31% cellulose IP fraction) to alternative media, namely: 44%
and 42% when switching to commercial glycerol and glycerol from biodiesel, respectively,
and 28% and 29% when switching to grape bagasse and cane molasses, respectively. The
cellulose I content in BNC obtained on hydrolyzates of vinegar residue, paper mulberry,
and seagrass was 92%, 88%, and 68%, respectively, which is higher than that on the HS
medium (80%) for the first two sources and lower in the third case, respectively [25].
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The literature analysis indicates that a study of the structural features of BNC syn-
thesized on alternative nutrient media is highly relevant. However, the lack of compre-
hensive published results on this topic makes it difficult to compare experimental data.
Despite the growing number of studies on BNC in alternative media, most of them are
limited to assessing the yield, degree of crystallinity (DC), and, less frequently, Iot/Ip allo-
morph ratio. At the same time, the supramolecular structure of the crystalline compo-
nent—the unit cell parameters and angles, sizes and shapes of coherent scattering do-
mains (CSD), and anisotropy of crystallites—has not been systematically studied. Full-
profile analysis (the Rietveld method) combined with diffractogram recording in two ge-
ometries (reflection and transmission) makes it possible to acquire these characteristics
with high accuracy and reveal textural effects, which are usually ignored in standard anal-
ysis of X-ray diffraction patterns [23-30].

Miscanthus is a perennial rhizomatous grass that has gained recognition as a prom-
ising energy crop due to its high biomass yield, low requirements for cultivation condi-
tions, and broad adaptability. In Russia, miscanthus has been cultivated and recom-
mended for planting over the past five years and is grown on farms in the Kaluga, Mos-
cow, Bryansk, Kaliningrad, Penza, Novosibirsk, and Irkutsk regions [35]. This plant was
chosen as a substrate for the synthesis of bacterial nanocellulose (BNC) due to its high
cellulose content, availability, and potential for use as a renewable non-food feedstock for
biotechnological conversion.

For the first time, BNC samples synthesized on miscanthus enzymatic hydrolyzates
will be studied by X-ray diffraction analysis to determine the unit cell parameters, degree
of crystallinity, and crystallite sizes using a full-profile analysis (the Rietveld method).

The present study aimed to examine the structural features of BNC synthesized by
the SCOBY microbial producer on enzymatic hydrolyzates prepared from the energy crop
Miscanthus x giganteus.

2. Materials and Methods
2.1. Materials

Miscanthus x giganteus cv. KAMIS (hereinafter referred to as miscanthus) from the
Russian breeding stock was grown in the village of Marushkino, the Moscow region, and
was provided by OOO “Master Brand” (Moscow, Russia).

2.2. Chemical Pretreatment of Miscanthus x giganteus

Miscanthus was subjected to chemical pretreatment at atmospheric pressure under
laboratory conditions using four different methods (Table 1), as reported in [36].

Table 1. Summary of BNC samples (1-5), derived on the control medium and on enzymatic hydro-

lyzate (EH) substrates, pretreatment methods, and hydrolysis conditions.

1 E cH Tvsi - rent Medi
Sample Substrate Preparation Method Nutrient Medium nzymatic }.rdro ysis Condi Nutrient .edlum
No. tions Preparation
commercial glucose 20 g/L;
1 Control -
OnHo black tea extractives 1.6 g/L
) Single-stage treatment with HNO:s EH substrate 1
(substrate 1) iitial substrat trati
initial substrate concentration
Single-stage treatment with NaOH (sub-
3 ingle-stage reaSg‘::e‘ 2‘;"1 aOH (su EH substrate 2 3%, standardization to a glucose
: stirring rate 150 rpm, concentration of 20 g/L;
Treat t of trate 1 with H
4 reatment o ( su]l) st ra}[ ¢ 3 with NaO EH substrate 3 temperature (46 +2) °C,  black tea extractives 1.6 g/L
substrate 3) - 0.05 M acetate buffer (pH 4.7)
Treatment of substrate 2 with HNOs
5 EH substrate 4

(substrate 4)
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2.3. Enzymatic Hydrolysis

The resultant chemical treatment products were used as substrates for enzymatic hy-
drolysis. The hydrolysis conditions were the same for all four types of substrates and are
detailed in [36]. Enzymatic hydrolysis was performed using a cocktail of enzymes Agro-
cell Plus (Agroferment LLC, Novosibirsk, Russia), Cellolux-A (Sibbiofarm LLC, Berdsk,
Russia), and Ultraflo Max (Novozymes A/S, Copenhagen, Denmark) (1:1:1). After 72-h
hydrolysis, the suspension was vacuum-filtered, and the filtrate was analyzed for reduc-
ing sugars (RS), glucose and pentose concentrations. The concentration of RS was quanti-
fied on a glucose basis using a 3,5-dinitrosalicylic acid reagent (Panreac, Castellar del Val-
les, Spain) [37] on a Cary 60 UV-Vis spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA). The glucose concentration was quantified by the glucose oxidase-perox-
idase method using reagents from the Fotoglyukosa kit (Impact LLC, Moscow, Russia)
[38]. The concentration of pentoses on a xylose basis was quantified spectrophotometri-
cally using an orcin solution [39]. The composition of the prepared hydrolyzates is pre-
sented in Table 2.

Table 2. Composition of enzymatic hydrolyzates.

Substrate * RS Content, g/L Glucose Content, g/L Xylose Content, g/L pH

1 26.90+0.20 24.70+0.20 2.00+0.00 490+0.122
2 25.20 + 0.06 9 23.00 + 0.07 d 1.10+0.06 ® 4.90 +£0.00 2
3 28.10+0.15° 27.50+0.10" 0.50£0.10 4 4.90 +£0.06
4 29.30+0.052 28.50+0.20 2 0.90 +0.00 ¢ 490+0.122

* RS, reducing sugars. ANOVA: RS F(3.8) = 535.7, p < 0.0001; glucose F(3.8) = 807.7, p < 0.0001; xylose
F(3.8) = 355.1, p < 0.0001; pH F(3.8) = 0, p = 1.000. Values with the same superscript letters are not
significantly different (p > 0.05), whereas those with different superscript letters differ significantly
(p <0.05).

2.4. Preparation of Nutrient Media

The control medium contained 20 g/L of commercial glucose and 1.6 g/L of black tea
extractives. This medium is referred to as the “control” because it does not contain com-
ponents of lignocellulosic hydrolyzates and serves as a reference for comparison with hy-
drolyzate media [30,40,41].

Since the enzymatic hydrolysis efficiency differed for the four types of substrates due
to different chemical treatment methods used, the obtained hydrolyzates were standard-
ized to a glucose concentration of 20 g/L. The hydrolyzates were filtered, and long-leaf
black tea was added at 100 °C at a concentration of 10 g/L. Nutrient media containing
black tea extractives at a concentration of 1.6 g/L were thus prepared. The media were
filtered to remove residual tea and used for BNC biosynthesis, similarly to the other work
[42].

2.5. BNC Biosynthesis and Purification

BNC biosynthesis was carried out under optimal conditions [41]: 27 °C, 9 days, and
static cultivation. SCOBY (a microbial consortium of yeast and acetic acid bacteria), which
is a consortium traditionally used for the fermentation of kombucha tea, was used as the
microbial producer. The species belonging to Komagataeibacter (K. xylinus, K. kombuchae),
Acetobacter (A. aceti, A. pasteurianus, A. nitrogenifigens), and Gluconacetobacter (G. sacchari)
are the main AAB strains, whereas Saccharomyces strains (S. cerevisiae) and non-Saccharo-
myces (Candida spp., Schizosaccharomyces spp., Dekkera spp., Brettanomyces spp.) are the lead-
ing yeast representatives [43]. SCOBY was purchased from the All-Russian Collection of
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Industrial Microorganisms (Pushchino, Moscow Region, Russia). The inoculation dose
was 10%.

The BNC samples were purified from nutrient medium residues and cells by sequen-
tial treatment with a 2.0% sodium hydroxide solution and a 0.25% dilute hydrochloric
acid solution, followed by washing with distilled water [44]. BNC films were freeze-dried
in an HR7000-M freeze-drier (Harvest Right LLC, Salt Lake City, UT, USA).

2.6. Sample Preparation for Analysis

For all analytical measurements (FTIR spectroscopy, SEM, and XRD), the BNC sam-
ples were used as freeze-dried purified films. The BNC films were dried in a freeze-dryer
(Harvest Right LLC, Salt Lake City, UT, USA). The film thickness of the five samples is
given in Table 3 and falls within the range of 0.7-1.0 mm. The diameter of the BNC films
is 55 mm (Figure 1). For analytical measurements, they were cut into fragments of about
10 x 10 mm in size. No milling, dispersion, or ultrasonic treatment of BNC was applied.

Table 3. BNC biosynthesis parameters after cultivation.

& Cell Count Concentration, g/L E e E q%: % @ ° B E‘

< ] =) - =~ =)

e 2 2= B g g S e S oA

U B Yeast, 106 * AB,10¢ pH 2 § "_g LZ) %o % .§ g O : 2 _§ 2 3

c% CFU/mL CFU/mL % & §* £z g ﬁ E 83 & Y
1 15+502 14+202 270+0.10»1.10+0.60¢1.00+0.15¢ - 0.1300+0.00532  1.0+0.12 12.00+0.102 0.12+0.012
2 11+3.7929106+1.53 2 3.10+0.1522.10+0.1040.60 £ 0.004  1.50+0.102  0.0900 +0.0029>  0.8+0.12>  830+0.00¢ 0.10+0.02b
3 11+£153a 7+1.00b 3.30+0.1227.00+0.0626.20+0.212 0.60+0.12P 0.0800 + 0.0045 0.7+0.1b 7.80+£0.10¢c 0.08+0.01%
4 18+1.732 13+3.002 3.30+0.2023.90+0.12¢3.60+0.12>  0.50+0.00 ® 0.0900 £0.0026>  09+0.12» 10.30+0.20> 0.10+0.02 20
5 17+1.152 12+2.,002 3.30+0.1224.00+0.104,10+0.10> 0.80+0.102>  0.1000 +0.0031 >  0.8+0.1 2> 9.70+0.15b 0.10+0.02 2b

* AB, acetobacteria; ** RS, reducing sugars.; ANOVA: yeast CFU (F(4.10) =3.72, p = 0.041), acetic acid
bacteria CFU (F(4.10) = 6.92, p = 0.006), pH (F(4.10) = 10.61, p = 0.001), reducing substances (F(4.10) =
1335.4, p < 0.0001), glucose (F(4.10) = 947.6, p < 0.0001), xylose (F(3.8) = 103.3, p < 0.0001), film mass
(F(4.10) = 10.68, p = 0.001), film thickness (F(4.10) = 3.60, p = 0.044), BNC yield (F(4.10) = 47.60, p <
0.0001), and productivity (F(4.10) = 5.50, p = 0.013). Values sharing at least one common superscript
letter are not significantly different (p > 0.05), whereas values with no common superscript letters

differ significantly (p < 0.05).

] nuylm[mqml||r|r|ml|mr|rm]|n||uu||m|nup\u|\m\\mm!\m\\m“\\\\\\\\\\\mm“\mmwm
s 18

Figure 1. BNC samples.

2.7. FTIR Spectroscopy

To acquire information on the molecular structure of the BNC samples, Fourier trans-
form infrared (FTIR) spectroscopy was used. An Infralum FT-801 FTIR spectrometer (NPF
Lumex-Sibir LLC, Novosibirsk, Russia) was used with single-pass attenuated total reflec-
tance (ATR) in the frequency range of 4000-600 cm™'.

https://doi.org/10.3390/polysaccharides7040124
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2.8. SEM Analysis

The morphology of the obtained BNC samples was studied by scanning electron mi-
croscopy (SEM).

2.9. XRD Analysis

Diffractograms of the BNC samples were recorded on a DRON-6 diffractometer
(Burevestnik JSC, Saint-Petersburg, Russia). CuKa radiation (A = 1.54178 A) was mono-
chromatized by a pyrolytic graphite crystal placed in the primary beams. Diffraction pat-
terns were recorded in reflection and transmission geometries in the scattering angle
range 20 from 3° to 145° with steps of 0.1° (from 3° to 50°) in the region of the main Bragg
reflections and 0.5° (from 50° to 145°), as recommended in [23,26,27,30,45].

The crystallinity degree (CD) of the studied BNC samples was estimated via Equa-
tion (1) as the relation between the integrated scattering intensity from the crystalline
phase and the total integrated scattering intensity from the crystalline and amorphous
phases:

I,—1
cn:%*mo% 1)

where I. is the total integrated scattering intensity from the crystalline and amorphous
phases and I is the integrated scattering intensity from the amorphous phase. The cal-
culation procedure relies on the Ruland method and is employed in many studies
[1,30,32,33,45-50].

The Ia-to-IB-cellulose ratio in the samples under study was refined using a full-pro-
file analysis of polycrystalline X-ray diffraction patterns (the Rietveld method)
[28,30,32,33,45,46,51]. The data on celluloses Ia and I3 reported in [51,52] were used as the
initial structural characteristics. The reflection profiles were approximated by the pseudo-
Voigt function, and the coefficient determining the ratio of the Gaussian and Lorentzian
(Cauchy) functions was refined (the methodology is detailed in the Supplementary Mate-
rials with Figures 52-56).

The size of crystalline domains (mosaic blocks, coherent scattering domains (CSDs))

was calculated using the Scherrer equation (Equation (2)) [26,27,29,46,53]:
0.9441

D hkl " COS (] (2)
where Bscherrer is the line broadening due CSD sizes (integral width of the line, close in

B Scherrer =

magnitude to the width at half height); A is the radiation wavelength; Drk is the sought-
for effective size of the CSD in the direction normal to the reflecting planes with indices
hkl; @is the Bragg angle. Under the Gaussian and Cauchy approximations, the Bscherrer
values were calculated using the formulas:

Bicherrer = B — b* and Bserrer = B — b, respectively 3)

where Band b are the full width at half maximum (FWHM) of the diffraction peaks for
the sample and the standard, respectively. The CSD sizes calculated using these two ap-
proximations define the range within which the true values lie. For further analysis, the
average values were used.

The reliability of the results was assessed by calculating standard R-factors (the un-
weighted (Rp) and weighted (Rwp) profile reliability factors):

N exp _ jtheor
_ Zi:l[’i -1 ] R = D Ly i
14 Z?’;llﬁhe" 4 wp Z?’:1Wi [Ilgheor]z

R 4)

where (I7'7) and (It"¢°") are the experimental and calculated intensities at each point
of the XRD pattern.
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2.10. Statistical Analysis

The experiments were performed in three independent biological replicates. For each
sample, three independent BNC films were obtained during the three individual biosyn-
thesis cycles. XRD measurements were performed for each film in reflection and transmis-
sion geometries, and the results were averaged over the three independent films.

The experimental results were obtained in triplicate and statistically analyzed by one-
way analysis of variance (ANOVA). The results of one-way ANOVA showed statistically
significant differences between the groups (p < 0.05), followed by a Tukey HSD post hoc
test using OriginPro 8.5 (OriginLab Corporation, Northampton, MA, USA). Differences
were considered statistically significant at p < 0.05. XRD data were analyzed by the
Rietveld full-profile refinement method; the uncertainties in the unit cell parameters and
the CSD sizes were calculated from the refinement results. The DC values are presented
as averages obtained in reflection and transmission geometries, with an uncertainty of
+5%.

3. Results and Discussion
3.1. FTIR Spectroscopy

Table 4 (Figure S1 in the Supplementary Materials) presents the main characteristic
absorption band frequencies of functional groups in the BNC samples.

Table 4. Absorption band assignment for functional groups in BC samples.

Absorption Band Assignment *

Absorption Band Peak, cm-!

1 2 3 4 5

v OH-groups 1nvo¥ved in intermolecular and intra- 3345 3347 3347 3347 3347
molecular H-bonding

v bonds in CH and CHzgroups 2894 2894 2895 2894 2894

0 HOH bonds due to tightly bound water present 1649 1630 1630 1630 1630

1427 1427 1427 1427 1427

o CI CH groups 1361 1360 1359 1359 1359

) 1335 1335 1335 1335

0 OH groups in CH-OH 1335 1316 1316 1316 1316

v C-O bonds (bands typical of polysaccharides due 1161 1161 1161 1161 1160

to present C-O-C acetyl bonds and C-O bonds in 1055 1056 1057 1057 1057

alcohols) 1032 1033 1034 1034 1034

(-1,4 linkages 899 898 899 898 898

* v, stretching; , bending.

The broad band near 3345-3347 cm™! corresponds to O-H stretching vibrations, indi-
cating the tendency of the materials toward hydrophilicity. The peaks at 294 cm™! corre-
spond to the C-H and CH2: stretching vibrations, and the vibrations near 1630-1649 cm™!
are attributed to the bending vibration of absorbed water molecules [54]. The peaks at
1427 cm™ and near 1359-1361 cm™ are characterized by bending vibrations of the CHz and
CH groups [55]. Weak absorption bands at 1335 cm™ and 1316 cm™ characterize the bend-
ing vibrations of O-H groups. The bands located near 1160-1161 cm™, 1056-1057 cm™,
and 1032-1034 cm™ are associated with the asymmetric stretching of the C—-O-C bridge of
the -glycosidic bond, stretching of the pyranose ring skeleton C-O, and stretching of C-
O bonds of the cellulose molecule [54]. The band near 898-899 cm™ corresponds to the
first carbon atom involved in the formation of the 3-glycosidic bond [55].

https://doi.org/10.3390/polysaccharides7040124
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Based on the presented FTIR spectroscopy data, it was shown that, regardless of the
nutrient medium composition, all BNC samples were identical and represented pure cel-
lulose. The spectral characteristics are consistent with the published data [54,55].

3.2. SEM Analysis
SEM images are depicted in Figure 2.

Figure 2. SEM micrographs of BNC samples: (1) BNC 1 (control), (2) BNC 2 (EH substrate 1), (3)
BNC 3 (EH substrate 2), (4) BNC 4 (EH substrate 3), and (5) BNC 5 (EH substrate 4); x30,000 magni-

fication.

The SEM examination showed that the obtained BNC samples synthesized on the
control nutrient medium and on the media prepared from miscanthus enzymatic hydro-
lyzates have a reticulate structure representing a nanofiber network, which is typical of
BNC [25,28]. For further study of the morphological characteristics, 100 BNC fibers were
randomly selected and their diameter distributions and mean diameters were calculated
manually from the SEM patterns. The average width of BNC nanofibers was 52 nm for the
sample obtained on the control medium; 47 nm for the sample obtained on the nutrient
medium of enzymatic hydrolyzate of substrate 1; 53 nm for the sample obtained on the
nutrient medium of enzymatic hydrolyzate of substrate 2; 52 nm for the sample obtained
on the nutrient medium of enzymatic hydrolyzate of substrate 3; and 38 nm for the sample
obtained on the nutrient medium of enzymatic hydrolyzate of substrate 4. The data

https://doi.org/10.3390/polysaccharides7040124
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obtained are comparable to the literature data; for example, the average fiber width is 35
nm for BNC obtained from a seagrass medium, 60 nm for BNC obtained from vinegar
residue, and 58 nm for BNC obtained from paper mulberry [25].

3.3. XRD Analysis

Figure 3 shows fragments of the scattering intensity distribution curves of the studied
BNC samples, recorded in reflection and transmission geometries, as compared with the
theoretical X-ray pattern of cellulose Ia calculated in the Free Mercury software [56] using
the unit cell periods and angles, and atomic coordinates reported in [32,33,51,52,57].

A group of well-defined Bragg lines is observed within this range of scattering angles;
beyond the scattering angle 20Cu = 50°, the lines on the diffractograms overlap and blur
to such an extent that they practically merge with the background.

b
T1Leps (09 (45 (a) | Lcps ®)
i .102 ,“,‘ . 102
3 010 .
> (010)
. =8 e | S
0 10 20 30
3511, cps
2is 103
1.5 0:
0.5 At A E _20%uk, 0.5 s = )t ____________________ 20°Cuka
0 10 20 30 40 50 0 10 20 30 40 (b 50
3 (e) 3
2.5 I ops 2.5 L, cps

0
S| L cps (1) 3. 1, cps )

501 - 10° 251 )
1.5

1

0.5 ; } 20°Cuka 0.

0 + + L ey " 0 + + F " 1

0 10 20 30 40 50 0 10 20 30 40 50
- la -BNC 1 -BNC2 -BNC 3 -BNC 4 -BNC 5

.................. - Air scattering

Figure 3. The 20Cu range of diffractograms of BNC samples 1-5 from 3° to 50° recorded in (a,c,e,g,i)
reflection and (b,d, £ h,j) transmission; the reflection indices are indicated for cellulose I allomorph.
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It can be seen in Figure 3 that the experimental X-ray diffraction images recorded in
two geometries for BNC samples 1-5 align in reflection positions with the theoretical
curve constructed for the cellulose I model. The observed redistribution of intensities on
the experimental curves is related to the presence of texture in the thin-film BNC samples.

The diffraction patterns of BNCs derived on different nutrient media show three
peaks at 20 = 14.5° (100), 16.3° (010) and 22.5° (110), confirming that all BNC samples are
cellulose 120,30]. The peak intensity at 20 14.5° on the diffraction patterns is higher than
that at 20 16.3°, indicating that the BNC samples chiefly contain cellulose Ia [58]. Cellulose
I represents a crystalline structure with the highest axial elastic modulus [30]. Comparison
of the presented data with the results of the studies [16,19,20,26,29,55,59] shows coinci-
dence of the intense reflections. This confirms that the experimental BNC samples corre-
spond not only to cellulose I type, but also to the published data on BNC.

The difference in intensity distribution on the experimental scattering curves ob-
tained in the reflection (Figure 3a,ce,g,i) and transmission (Figure 3b,d,f,h,j) geometries
indicates an anisotropic structure of the experimental BNC samples: the intensity of the
main maxima (100) and (010) sharply decreases on the diffraction patterns recorded in
transmission, the intensity of the [114] line increases, and a maximum corresponding to
the (012), (112) (002) reflections appears.

It was established in the calculations that the structure of all experimental BNC sam-
ples corresponds to cellulose Ia.. The full-profile analysis results are outlined in Table 5.

Table 5. Full-profile analysis results: unit cell periods and angles.

Sample No. 1 2 3 4 5
Lo, % 99.2 95.3 96.5 95.4 99.9
1B, % 0.8 4.7 35 4.6 0.1
a, A 6.6335(6) 6.6351(3) 6.6522(9) 6.6570(6) 6.63528(4)
b, A 5.9513(5) 5.9253(8) 5.9426(1) 5.9590(9) 5.9203(7)
¢ A 10.3649(7)  10.3213(1)  10.2922(1) 10.3403(8) 10.3013(1)
Qa,° 118.2(9) 118.8 (2) 118.1(3) 117.9(3) 118.8 (6)
B, ° 111.1(5) 111.4 (5) 112.8 (6) 111.8(6) 111.3(2)
Y, ° 82.6(7) 82.2 (3) 82.3(2) 81.6(0) 82.2(1)
V, A 337.2(6) 335.4(8) 335.8(3) 336.1(6) 335.4(4)
T100 2.854 2.968 4.543 3.613 2.336
Ry, % 5.56 6.65 7.83 6.93 7.67
Rup, % 9.53 9.57 11.24 9.88 10.86
GofF 0.43 0.74 0.72 0.61 0.65

T is the axial texture parameter with the {100} axis; Rp and Rwp are the reliability factors, and GofF

is the goodness-of-fit factor for the experimental and calculated diffraction patterns.

The theoretical X-ray pattern corresponds to the cellulose Ia model proposed in
[60,61]. The cellulose Ix crystallizes in a triclinic unit cell with parameters a = 6.717(7) A b
=5.962(6) A, ¢ =10.400(6) A, a = 118.08(5)°, p = 114.80(5)°, and y = 80.37(5)°, having space
group P1 [60,61]. The similarity of the obtained values in Table 1 to the literature data
indicates that the structure of the BNC samples represents cellulose Ia, regardless of the
nutrient medium composition, in agreement with the other study [61]. The GofF values
below unity are mainly due to the fact that the background region significantly exceeds
the region in which Bragg reflections are observed (Figure 3).

The BNC diffractograms are characterized by significant overlap of diffraction max-
ima, anisotropy, reflection broadening, the influence of preferred crystallite orientation,
and the presence of an amorphous component. These features significantly complicate the
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quantitative differentiation of structurally similar cellulose I and cellulose I poly-
morphs by the Rietveld method, especially at a low content of either phase.

In the full-profile analysis, the I cellulose content in the obtained BNC samples was
calculated to be 95-100%. These data are interesting and rather rare. A change in the con-
ventional nutrient medium for BNC biosynthesis can often lead to a decrease in the cellu-
lose Ia fraction. Molasses and vinasse used as carbon sources in the nutrient medium for
BNC biosynthesis lead to a decrease in the cellulose Ia content to 63% and 61%, respec-
tively, versus 86% for the HS medium [24].

Figure 4 depicts the experimental scattering curve obtained in reflection geometry for
the BNC samples, which was approximated by the total integral intensities.

(100) (010) (110) (100) (010)  (110) (114)

g ¥, Cps (a) I, cps (b)
1!° 102 | 10 !
3
2 /
1 /|
0 e XN ﬁ/

10 15 20
10 I, cps
8} 10? i
6 H
4 i
2 | /|

10 15 20

1 : 4

/| 20°Cuka 2 o 20°CuKa

10 15 20 25 30 10 15 20 25 30 35 40
-BNC 3 “BNC 4 "BNC'5

- la - BNC1 -BNC 2

- Air scattering

Figure 4. Decomposition patterns of spectra of the celluloses under study into the total integral in-
tensities of all maxima ((a,c,e,g,i) in reflection geometry and (b,d,fh,j) in transmission geometry):
— experiment; == == resultant approximating curve; == == amorphous maximum; == (100);

(010); = (012) (112) (002); == (110); == (114) compared with the theoretical X-ray pattern

of cellulose It ().

The crystallite size values were obtained from Figure 4 in the [100], [110], and [010]
directions (these directions are perpendicular to the fibril axis). These directions
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determine the linear dimensions and shape of the cross-section of the elementary fibrils
of the cellulose Ix crystal lattice. The obtained CD values, averaged over reflection and
transmission, and the mean CSD sizes (Gaussian—Cauchy) are presented in Table 6.

Table 6. CD values averaged over reflection and transmission, and mean CSD sizes (Gaussian-Cau-

chy) (hkl, reflection indices in the X-ray image corresponding to cellulose Ia).

Sample No. 1 2 3 4 5
Geometry R T R T R T R T R T
CD +5% 78 2P 85+1a 83+1a 82+1a 84+2a
hkl DI * +05nm
(100) 50+03 76:032 44+03° 62+03¢ 522022 405024 48202 52502b 524012 762017
(010) 624042 76+04° 682032 7.6£03° 55035 7.6403* 62+02% 764022 57+01%® 762014
(01?3'0(21)12)' 45+01% 57401 45+03% 57+03b 774022 77+022 77+022 62+02% 49+01% 45+01¢
(110) 60403 57+03¢ 572022 57£02¢ 57022 63402 57+01° 63+01b 57401° 69201°
(113) — 121£05¢ -  13.0+04b  _  149+04b - 13604 1814045

be

Data are presented as mean + SD. R, reflection; T, transmission. Values sharing at least one common
superscript letter are not significantly different (p > 0.05), whereas values with no common super-
script letters differ significantly (p < 0.05).

The CSD size in the direction of the elementary fibril length was calculated from the
crystallite size in the [114] direction of cellulose Ia, which coincides with the fibril axis.
The CSD size values of the BNC samples derived on the control nutrient medium were
5.2 nm in reflection and 7.6 nm in transmission in the [100] direction; 6.2 nm in reflection
and 7.6 nm in transmission in the [010] direction; 4.5 nm in reflection and 5.7 nm in trans-
mission in the [012], [112], [002] direction; and 6.0 nm in reflection and 5.7 nm in trans-
mission in the [110] direction. The CSD size values of the BNC samples produced on the
nutrient media prepared from enzymatic hydrolyzates were 4.4-5.2 nm in reflection and
4.0-7.6 nm in transmission in the [100] direction; 5.5-6.8 nm in reflection and 7.6 nm in
transmission in the [010] direction; 4.5-7.7 nm in reflection and 4.5-7.7 nm in transmission
in the [012][112][002] direction; and 5.7 nm in reflection and 5.7-6.9 nm in transmission in
the [110] direction. The CSD sizes also differed significantly among the samples in most
crystallographic directions (Table 6). In the (100) direction, the CSD size in reflection ge-
ometry was significantly larger for sample 1 (5.2 + 0.3 nm) than for sample 2 (4.4 + 0.3 nm,
p =0.038), while in transmission geometry, sample 1 (7.6 + 0.3 nm) and sample 5 (7.6 £ 0.1
nm) showed significantly larger CSD sizes than samples 2 (6.2 £ 0.3 nm, p =0.003), 4 (5.2 +
0.2 nm, p < 0.0001), and 3 (4.0 £ 0.2 nm, p < 0.0001). In the [114] direction, the CSD size
increased in the order of sample 1 (12.1 + 0.5 nm) < sample 2 (13.0 + 0.4 nm) = sample 4
(13.6 £ 0.4 nm) < sample 3 (14.9 + 0.4 nm) < sample 5 (18.1 + 0.4 nm), with sample 5 being
significantly larger than all other samples (p < 0.01).

The order of the obtained values is comparable with the data presented in some stud-
ies of BNC synthesized on both a control nutrient medium (4.4 nm in the [100] direction,
5.6 nm in the [010] direction, and 5.0 nm in the [110] direction) [29] and a cheese whey
medium (6.7 nm in the [002] direction) [28]. The CSD sizes in reflection geometry for BNC
samples obtained on different carbon sources range from 4.2 nm to 5.2 nm in the [100]
direction, from 5.8 nm to 7.0 nm in the [010] direction, from 5.6 nm to 6.2 nm in the [110]
direction, and from 4.4 nm to 5.3 nm [62] in the (012) direction, which are generally com-
parable with the CSD data presented in Table 6. The CSD sizes of BNC obtained on a
ramie fiber hydrolyzate are similar (5.6 and 6.2 nm in the [100] and [110] directions, re-
spectively) to the data provided in Table 6; however, they are larger in the [010] direction
(9.2 nm) [26]. The CSD values outlined in Table 6 are lower than those for BNC obtained
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on media containing Sweet Potato Waste and, specifically, are 9.4 nm in the [010] direction
and 7.8 nm in the [110] direction [29]; 20.4 nm in the [110] direction for BNC on a distiller’s
grain enzymatic hydrolyzate medium [58]; 12.4 nm in the [110] direction for BNC on a

whole pineapple peel extract medium; 9.1 nm in the [110] direction for BNC on a whole

banana extract medium; and 11.9 nm in the [110] direction for BNC on a mixed pineapple

peel and banana extracts medium [54]. The CSD size calculated from the diffraction peak
[114], corresponding to the crystallite size along the longitudinal direction of BNC ele-
mentary fibrils, is lower (7.5-8.7 nm) [62] than those for the BNC samples synthesized on
five different nutrient media, as presented in Table 6 (12.1-18.1 nm). For clarity, the results

obtained in the present study are presented and compared with published data in Table

7.

Table 7. CSD sizes and DC of BNC samples versus published data.

.%_‘ - . CSD Sizes, nm
[} -
: £ 8 5 R__ T
» = = ° R R (012) PR ~ DC, % é
S = 8 5 9 =) S 112 S <
z = & z = 2 & w2z =
m = = (002) = ~
1 SCOBY Control 52 6.2 4.5 6.0 12.1 78 Present study
2 SCOBY EH sub.1 4.4 6.8 4.5 5.7 13.0 85 Present study
3 SCOBY EH sub.2 52 5.5 7.7 5.7 14.9 83 Present study
4 SCOBY EH sub.3 4.8 6.2 7.7 5.7 13.6 82 Present study
5 SCOBY EH sub.4 5.2 5.7 4.9 5.7 18.1 84 Present study
HS medium — — — — — 85
K. sucrofermentans DSM 15973  orange pomace hydroly- 9% [22]
sate
HS medium - - - - - 85
K. xylinus DSM 2325 molasses - — — — - 57 [24]
vinasse — — — — — 66
HS medi — — — — — 67
Kombucha - e u%m [25]
vinegar residue - - - - - 77
Novacetimonas hansenii HX1 ramie textile waste 5.6 9.2 - 6.2 - - [26]
HS medi — — — — — 76 27
K.xylinus ATCC 53524 mecium [27]
wheat straw hydrolyzate - — — — - 66
HS medium - - 7.5 - - 79
G. xyli PTCC 1734 28
xylinis ( ) cheese whey - - 6.7 - - 62 [28]
control 44 5.6 - 5.0 - 65
SCOBY 29
sweet potato 7.0 9.4 - 7.8 27 [29]
HS medium — — — — — 49.7
K. int dius MO 53
Htermeaius cheese whey - - - - - 25-34 [53]
istiller - -
G. xylinus G29 distiller’s grain enzymatic - - 204 - 88 58]
hydrolysate
K. hansenii (ATCC 53582) Different sources of carbon 4.2-5.2 5.8-7.0 4.4-53 5.6-6.2 1128'11_ 82-71 [55]
whole pineapple peel ex- B B 194 B B
tract
G. xylinus BNKC 19 whole banana extract — — — 9.1 — — [62]
mixed pineapple peel and
- - - 11.9 - -
banana extracts
HS medi — — — — — 61
K. xylinus ATCC 700178 e [59]
waste fig medium - - - - - 70

G., Gluconacetobacter; K., Komagataeibacter; EH, enzymatic hydrolysis; sub., substrate.

CD is commonly used to measure the relative amount of the crystalline fraction of

cellulosic materials and quantitatively assess their modification after various
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physicochemical and biological treatments [45]. As for the study of BNC, CD is an im-
portant quality attribute of polysaccharide, since cellulose crystallinity is known to deter-
mine strength, thermal stability, and, consequently, application areas. The crystallinity
degree of BNC sample 1 (control medium) was 78%, while that of BNC samples 2-5 (on
miscanthus hydrolyzates) was 85%, 83%, 82%, and 84%, respectively. The CD values are
averages obtained from reflection and transmission measurements for each BNC sample.
The mean CD of BNC samples 2-5 was 83.5%, which is higher than 78% for BNC sample
1.

One-way analysis of variance (ANOVA) revealed statistically significant differences
between the groups (F(4.10) = 18.5; p <0.001). The Tukey post hoc test showed that the CD
value for samples 2-5 was significantly higher than that for sample 1 (p < 0.001 for all
pairwise comparisons), whereas no statistically significant differences were found be-
tween samples 2-5 (p > 0.05). The mean CD value for samples 2-5 was 83.5 + 1%, which is
significantly higher than that for sample 1.

The obtained results are higher than those reported in the literature; for example, the
CD is 76% for BNC synthesized on an HS medium [23] and 66% for BNC synthesized on
a wheat straw hydrolyzate [26] (Table 7). The total replacement of the carbon source (glu-
cose) and the nitrogen source (yeast) with cheese whey contributed to a decrease in the
DC of BNC from 49.7% to 25.3% and 33.8%, respectively [53]. The use of molasses as a
carbon source and vinasse as a nitrogen source led to a decrease in the CD from 85% (HS
medium) to 57% and 66%, respectively [24]. BNC synthesized on an HS medium had a
CD of 79% compared with 62% for BNC on cheese whey [28]. The microstructural study
of BNC obtained on a medium containing sweet potato waste showed a decrease in CD
from 65% to 27% compared with BNC obtained on a control medium containing sucrose
and peptone [29]. However, there are also opposite examples in which the DC of BNC
obtained on alternative nutrient media is higher than that of BNC obtained on the control
medium (Table 7). For example, when a waste fig medium was used for biosynthesis, the
crystallinity of the BNC sample was 70% compared with 61% for the BNC sample ob-
tained on HS [59]. The use of an orange pomace hydrolyzate as a nutrient medium also
contributes to an increase in the CD of BNC to 93% compared with 85% in the case of the
HS medium [22]. The CD of the BNC sample synthesized on a nutrient medium from
vinegar residue was 77% compared with 67% in the case of HS [25]. The results presented
above suggest a complex dependence of the CD of BNC on the alternative nutrient me-
dium compared with the control (Table 7); however, in our work, the CD was observed to
increase when the control medium was replaced by four variants of hydrolyzates from
chemically treated miscanthus. This may be related to the presence in the hydrolyzates of
many minor components (such as organic acids, trace elements, etc.) that can affect the
metabolic rate and fiber assembly, thereby altering the final structure of crystallites. The
suggested mechanism is that the BNC production rate is inversely correlated with the
crystallinity degree [63]. The composition of the nutrient medium affects the metabolic
rate of bacteria: due to the more complex and diverse composition of nutrients, the BNC
production rate in hydrolyzates may differ from that on a synthetic medium (for instance,
the initial production rate may be slower), which gives the cellulose fibrils more time for
ordered packing, thereby increasing the CD.

The difference in CSD size values obtained in different geometries for all studied
BNC samples indicates anisotropy of the crystallites. The weakest anisotropy is observed
for crystallites in the [110] direction, according to the data presented in Table 8: the ratio
is close to 1 for BNC samples nos. 1-4 and somewhat higher (1.2) for BNC sample no. 5.
Ratios close to the aforesaid data in the [010] direction are observed for BNC samples nos.
1, 2, and 4. For BNC samples nos. 3 and 5, this ratio is close to ~1.4. Similar ratio values
are observed for crystallites with the [100] orientation for BNC samples nos. 1, 2, and 5.
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The obtained data are similar to those reported in [53], in which the production of bacterial
cellulose from isolated and protein waste is described.

Table 8. Ratio of CSD sizes calculated from diffractograms recorded in transmission and reflection

geometries.
Sample No. 1 2 3 4 5
[RKI] (hkl) T/R ratio
o o (Dmi, nm, Gauss—Cauchy) +0.05
100 100 1.46 1.40 0.76 1.08 1.46
010 010 1.23 1.12 1.40 1.23 1.35
110 110 0.95 1.00 1.10 1.10 1.20

T/R, transmission/reflection.

It should be noted that the linear crystallite size in a direction can only be determined
from the width of the [114] reflection observed on the diffractogram recorded in trans-
mission (Table 6). The maximum crystallite size in this direction is found in BNC sample
no. 5 (18.1 nm), while the minimum in BNC sample no. 1 (12.1 nm). The anisotropy of the
crystallites is provided in more detail in the Supplementary Materials.

For the first time, a comprehensive X-ray diffraction analysis of BNC samples syn-
thesized on enzymatic hydrolyzates of pretreated miscanthus (Miscanthus x giganteus cv.
KAMIS) using the SCOBY producer was carried out in comparison with a control me-
dium. The comparison with the results published in our previous study [64], which re-
ported an X-ray diffraction analysis of BNC samples obtained on enzymatic hydrolyzates
of another miscanthus (Miscanthus sacchariflorus Maxim.), showed that the unit cell pa-
rameters of BNC in both works are close to each other and correspond to Ia cellulose.
Also, the results obtained in the reflection and transmission geometries revealed the ani-
sotropy of crystallites. However, in the present work, the anisotropy was quantitatively
characterized through the T/R ratio, which is a more detailed analysis compared with [64].
Unlike [64], this study specifies the Iax cellulose content, namely: all BNC samples fall
within the range of 95-100%. In [64], the crystallinity values of BNC were in the range of
86-94%, and there was no control. In the present work, the degree of crystallinity of BNC
prepared on hydrolyzates was determined by more accurate calculations using the
Rietveld method and has a higher value (82-85%) compared with the control medium
(78%). The CSD sizes in the [100], [010], and [110] directions are somewhat smaller (4.0-
7.6 nm) in the present work than 4.7-10.8 nm reported in [64]. However, the longitudinal
CSD size in the [114] direction is larger (12.1-18.1 nm versus 9.4-16.1 nm) in the present
work and may indicate more elongated crystallites. Overall, this study represents a more
detailed examination of experimental BNC samples by X-ray diffraction analysis versus
the control.

A full comparison of the obtained results on the CSD sizes and DC of the experi-
mental BNC samples with the published data presented in Table 7 allows for the conclu-
sion that the high structural characteristics of the obtained BNC samples are due to the
use of the SCOBY producer, since the symbiotic consortium is distinguished by a high
adaptive potential and ensures the cultivation of BNC with a stable structure, regardless
of the nutrient medium composition.

4. Conclusions

In this work, for the first time, BNC samples synthesized using the symbiotic culture
SCOBY on enzymatic hydrolyzates prepared from chemically treated Miscanthus x gigan-
teus (cv. KAMIS) and on a control glucose medium were studied by X-ray diffraction anal-
ysis. X-ray diffraction analysis was performed in two geometries (reflection and
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transmission) using a full-profile analysis (the Rietveld method), and structural character-
istics such as unit cell parameters and angles, crystallinity degree (CD), coherent scatter-
ing domain (CSD) sizes, and crystallite anisotropy were determined.

The following key results were established:

e All five BNC samples, regardless of the nutrient medium composition, were identi-
fied as I cellulose. The unit cell parameters and angles of all five samples are iden-
tical within the experimental uncertainty. The Ia cellulose content in the five BNC
samples was 95-100%.

e  The CSD sizes in the directions perpendicular to the fibril axis ([100], [010], [110]) for
all samples were 4.0-7.7 nm. The CSD size along the fibril axis (direction [114]) var-
ied from 12.1 nm (sample 1) to 18.1 nm (sample 5). This indicates that the hydrolyzate
composition affects the longitudinal growth of crystallites to a greater extent rather
than their transverse dimensions.

e  The BNC samples obtained on enzymatic hydrolyzates demonstrated a higher de-
gree of crystallinity (85, 83, 82 and 84%) compared with the sample synthesized on
the control medium (78%). This indicates that replacing the synthetic medium with
miscanthus hydrolyzates improves the BNC quality.

e  The crystallites of all the studied BNC samples are anisotropic, which is confirmed
by the difference in the CSD sizes obtained in the reflection and transmission geom-
etries. The T/R ratio varied from 0.76 to 1.46, depending on the crystallographic di-
rection and the sample.

e  The composition of the media derived from miscanthus hydrolyzates (prepared by
four different chemical pretreatments) had no significant effect on the Ia cellulose
content, crystallite sizes, or DC of BNC. This indicates the high stability of the SCOBY
consortium as the microbial producer that ensures the reproducibility of the struc-
tural characteristics of BNC, regardless of the nutrient medium composition, which
is especially important for the development of cost-effective BNC production on al-
ternative media.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polysaccharides7040124/s1, Figures S1-S7 showing IR spec-

tra and structural parameters refinement of BNC samples; X-ray diffraction description.
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