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Bacterial nanocellulose (BNC) is a natural biomaterial with a wide range of biomedical applications. BNC
contains 99 % of water which makes it too thick to be used as a bioimplant material. The aim of the work was to
determine the effect of the BNC dehydration followed by rehydration on its mechanical and physicochemical
properties, in the context of the use of BNC as bio-prostheses in the cardiovascular system. Dehydration involved
the convection-drying at 25 and 105 °C, and the freeze-drying, while rehydration - the soaking in water. All
modified BNC samples had reduced thickness, and results obtained from FT-IR, XRD, and SEM analysis revealed
that 25°C BNC convection-dried after soaking in water was characterized by the highest: tensile strength
(17.4MPa), thermal stability (253°C), dry mass content (4.34 %) and I,/Iz ratio (1.10). Therefore,
25 °C convection-dried BNC followed by soaking in water can be considered as a material suitable for cardio-

vascular implants.

1. Introduction

Synthetic prostheses, made of Goretex or polypropylene, and bio-
logical protheses, made of animal materials, that are currently applied
in cardiovascular surgery, are not always well tolerated by host tissues.
In addition, the cost of prosthetic heart valves, vascular prostheses, and
pericardial patches made of these materials is very high which, in line
with a large number of vascular operations performed each year jus-
tifies the search for cheaper solutions. The implementation of bacterial
nanocellulose (BNC) in the clinical practice could reduce the cost of
these operations, therefore the BNC obtained on the basis of simple and
cheap technologies can be an excellent alternative to previously used
materials.

BNC synthesized by bacteria from Komagataeibacter genus is a ma-
terial with unique properties including: high chemical purity as com-
pared with plant cellulose (no lignin and hemicelluloses), high me-
chanical strength and absorbency, the ability to form any shape and
size, inertness and non-toxicity, biocompatibility, bio-functionality and
hypoallergenicity (Wang, Tavakoli, & Tang, 2019). Unfortunately, BNC
obtained directly from the bacterial culture is made up of about 99 % of
water and is too thick to be used as a material for the implants applied
in cardiac and vascular surgery. However, an appropriate modification
of BNC may initiate the creation of an alternative material for the
previously used ones, with sufficient physicochemical and mechanical
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properties to apply it for cardiovascular implants.

There are many ways of bacterial cellulose modification. BNC can
be modified chemically (modification of chemical structure and func-
tionality) and physically (change in crystallinity, porosity, and fiber
density) by applying both in situ and ex situ methods. In situ modifica-
tions are performed by the variation of culture media, carbon source
and addition of other materials. In turn, ex situ modifications are rea-
lized by chemical and physical treatment of formed BNC. In situ mod-
ification of BNC using aloe vera (Saibuatong & Phisalaphong, 2018),
chitosan (Phisalaphong & Jatupaiboon, 2008), and sodium alginate
(Kanjanamosit, Muangnapoh, & Phisalaphong, 2010) has already been
reported. Taisa, Stumpf, Xiuying, Jingchang and Xudong (2018) give
the examples of ultrasound-assisted in situ modification. By ex situ
modification, BNC composites with ZnO (Katepetch, Rujiravanit, &
Tamura, 2013) and Ag (Yang, Xie, Hong, Cao, & Yang, 2012) were
formed. The surface of BNC was modified by means of copolymeriza-
tion reactions and cross-linking through acetylation (Kim, Nishiyam, &
Kuga, 2002), phosphorylation (Hu, Chen, Yang, Li, & Wang, 2014), as
well as by boiling in sodium hydroxide (McKenna, Mikkelsen, Wehr,
Gidley, & Menzies, 2009).

For medical applications, such as wound dressings and patches on
variable lesions, the high-water-content hydrogel biomaterial is a good
choice (de Oliveira Barud et al., 2016; Picheth et al., 2017). However,
sometimes, partial or complete dewatering can be important. The water
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can be removed from BNC by its storage in air (intense wrinkling occurs
as a result of extensive shrinkage), the use of water-absorbing materials
under pressure and if necessary with additional heating (complete
water removal yields films whose thickness is ca. 1% of the original
thickness), stepwise solvent exchange (e.g., ethanol, acetone, hexane),
drying over the gas phase (critical- point drying), and the sublimation
of frozen water (freeze drying). According to Ul-Islam et al. (2013),
BNC modified by dehydration through drying at different temperatures
and by freeze-drying shows immense variations in structure and prop-
erties. Freeze-dried BNC has a spongy structure with pores and empty
spaces, while the structure of BNC dried at 25 and 50 °C is compact and
stiff.

The aim of our work was to determine the effect of the various
methods of dehydration followed by the rehydration of bacterial na-
nocellulose on its tensile strength and physicochemical properties in the
context of the potential application of BNC as a material for bio-pros-
theses in the human cardiovascular system. Dehydration involved the
convection-drying at 25, 40, 80 and 105 °C for 48, 24, 4 and 2h, re-
spectively, and freeze-drying for 48 h, while rehydration involved the
soaking in distilled water for 2h. The results of preliminary studies
revealed that significant differences in tensile strength values are shown
by BNC convection-dried at 25 and 105 °C, and also by BNC freeze-
dried; only these three BNC samples were selected for further research.
All studies were carried out on BNC produced with use of a patented
Gluconacetobacter xylinus E25 strain by the BOWIL Biotech Ltd. pro-
duction facility (BOWIL Biotech Ltd. Skandynawska 7, 84-120
Wiadystawowo, Poland, http://www.bowil.pl). So far, nowhere in the
world has bacterial BNC been produced on such a large scale. The
manufacturing facility BOWIL Biotech Ltd. meets Polish and European
pharmacological standards, which allows the use of BNC as a re-
producible and uniform material fulfilling the norms for bioimplants.
The presented research can answer the question whether the BNC
subjected to dehydration/rehydration procedure can be recommended
for the use as a material for cardiovascular implants.

2. Experimental procedure
2.1. Materials

2.1.1. Bacterial cultures

Bacterial nanocellulose produced by BOWIL Biotech Ltd. according
to the procedure described in the PL 171952 B1 (Gatas & Krystynowicz,
1993), PL 2122003 B1 (Krystynowicz, Czaja, & Bielecki, 2003), and US
6,429,002 B1 (Ben-Bassad et al., 2002) patents was used in these ex-
periments. Briefly, the technological process was carried out in two
stages involving the pre-incubation of biomass in the submerged culture
conditions and the proper surface culture of a specially selected G.
xylinus E25 strain on a chemically well-composed and optimized
medium. This medium contained a standard Herstrin-Schramm (HS)
solution composed of 20 g/L glucose, 5 g/L yeast extract, 5 g/L peptone,
2.7 g/L disodium phosphate, 1.15 g/L citric acid monohydrate, 0.5 g/L
magnesium sulfate, as well as 5 g/L aminobak, which is an enzymatic
hydrolyzate of selected animal tissue with a high content of free amino
acids and low-molecular-weight peptides. The pH of the medium and its
temperature were 5.75 * 0.03 and 30 * 2°C, respectively. The
standard culture lasted 3 days and was carried out in a horizontal re-
actor with an area of 0.05 m? in a tray with openings to allow the flow
of oxygen. There was the HS solution with addition of aminobak on the
tray, which was incubated with 5-10 % (v/v) of suspension of bac-
terium G. xylinus E25. In the surface culturing, highly hydrated BNC
membrane was formed after 7 days. In the next step, these membranes
were purified, pressed under 345 kPa pressure and room temperature,
rinsed in a tap water for 1 h, and then boiled at 80 °C in a 1% sodium
hydroxide solution for 1h and, finally in 1% acetic acid solution for
another hour. After these treatments, the BNC was boiled again, first for
1h in a tap water and then for another hour in deionized water. After
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each hour, the material was pressed on the press to remove excess
water. Two millimeter thick material obtained this way was cut into
smaller pieces and sterilized in an autoclave for 20 min at 120 °C.

2.1.2. Physical modifications of BNC

To obtain cellulosic material suitable for use in cardiac surgery, BNC
containing about 98.3 % water was subjected to two types of mod-
ification. In the first case, BNC was only dried, and in the second case,
after drying, BNC was additionally soaked in distilled water at
20 * 2°C for 2h. Different drying methods were used in both cases. In
the first method, the convection-drying at 25, 40, 80 and 105 °C for 48,
24, 4 and 2h, respectively, and at a 35-40 % relative humidity (RH)
was applied, while in the second, the freeze-drying process for 48h,
using the convection dryer with forced air circulation 130 rpm (Binder,
Germany) in the first, and the Christ-Alpha 2-4 LSC in the second case
(Martin Christ Gefriertrocknungsanlagen GmbH, Germany) was em-
ployed. After the BNC material had been dried, its microbiological ac-
tivity was always assessed. No bacteria, yeasts or fungi were found in
any of the BNC samples tested. The applied modifications allowed to
obtain material of reduced thickness (300 —500 pm), measured at five
random locations with a hand-held micrometer (Briider Mannesmann,
Germany). The final thickness of BNC was similar to the thickness of
natural tissues (Dawidowska & Stanistawska, 2015; Kotaczkowska
et al., 2019).

2.2. Methods of testing

2.2.1. Attenuated total reflectance Fourier transformation infrared (ATR
FT-IR) spectroscopy

The ATR FT-IR spectra of BNC samples were recorded in the range
of 400 —4000 cm ™! on a Nicolet 8700 spectrometer (Thermo Electron
Scientific Inc., Waltham, MA), using a Golden Gate ATR accessory
(Specac) equipped with a single-reflection diamond crystal. The tem-
perature during measurements was kept at 25 + 0.1 °C using an elec-
tronic temperature controller (Specac). For each spectrum, 128 scans
were collected with a resolution of 4 cm~'. The spectrometer’s EverGlo
source was on turbo mode during measurements. The spectrometer and
ATR accessory were purged with dry nitrogen to diminish water-vapor
contamination of the spectra. All samples were conditioned before their
analysis for 7 days in a desiccator over P,Os. For each sample aliquot,
three to five replicatespectra wererecorded to assess precision and en-
surethe reproducibilityof each sample.

Second derivatives of the spectra were calculated by using the
Savitzky-Golay algorithm (51 data points, ca. 25 cm™?, and 3rd degree
polynomial) in order to resolve the overlapping bands of individual
vibrations in the region 3600-3000 cm ~*.

Lateral order index (LOI) (Hurtubise & Krassig, 1960; Nelson &
O’Connor, 1964), total crystallinity index (TCI) (Nelson & O’Connor,
1964), and hydrogen bond intensity (HBI) (Nada, Kamel, & El-Sakhawy,
2000) calculated from the absorbance ratios A;400/Agos, A1372/A2g02,
and Assze/Aq3ze cm L, respectively, were used to study the crystallinity
changes.

2.2.2. X-Ray diffractometry (XRD)

The measurements were carried out by applying CuKa radiation of
wavelength of 0.154nm in a X'Pert Pro diffractometer (Philips,
Eindhoven, the Netherlands). The operation setting for the dif-
fractometer was 30mA and 40kV. The spectra over the range of
5.0-50.0° 26 were recorded at a scan rate of 0.02° 26 /s. All BNC
samples were dried in compressed air before starting the tests.

The crystallinity index (Cr.L.) of BNC was calculated based on XRD
measurements by the formula given by Segal, Creely, Martin and
Conrad (1959):

Cr.l. = [(I200 = Lam)/T200] % 100
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where I5o0 and Ly, is the maximum intensity of diffraction at 20 =22,7
and 18°, respectively.

The crystallite size (Cr.S.) of BNC was estimated by using Scherrer
formula:

Cr.S. = [(K X A)/(B X cosO)]

where K is a dimensionless shape factor (0.9), A is the X-ray wave-
length (0.1541 nm), B is the full width at half maximum, 6 is the dif-
fraction angle for the (200) plane (Yan, Chen, Wang, Wang, & Jiang,
2008).

2.2.3. Thermogravimetry (TGA)

Thermogravimetric analysis was performed with SDT Q600 TA
(Instruments-Water LLC, New Castle, DE). The BNC samples (2 —3 mg)
were heated in open alumina crucibles in the nitrogen atmosphere, over
a temperature range of 40-580 °C, at a heating rate of 10 °C /min.

2.2.4. Differential scanning calorimetry (DSC)

The BNC samples (2—3 mg) were sealed in aluminum pans and
scanned at the rate of 10 °C/min in the temperature range of —90 to
220°C. A TA300 DSC calorimeter (Mettler, Columbus, OH), equipped
with a TC 10A processor and software ta60 version 1.31 (Shimadzu
Corporation), was used with an empty pan as a reference. The instru-
ment was calibrated against pure indium (T, = 156.6°C and
AH,,, = 28.45 J/g). Analyses were run in triplicates.

2.2.5. Scanning electron microscopy (SEM)

Surface morphology changes in the BNC samples were examined by
means of Scanning Electron Microscopy (JSM 7800-F, Tokyo, Japan).
The instrument was set for 1 kV accelerating voltage and 65 pA beam
current. The instrument operated at high vacuum. The magnification
range varied from 1 000-25 000 times. These measurement parameters
enabled testing of non-conductive materials. To observe the cross-sec-
tions, the samples were glued with carbon tape to a carbon steel cube.

2.2.6. Mechanical tests

Tensile strength (R;,), expressed in MPa, and elongation at break
(A), stated as a percentage, of the BNC samples were determined ac-
cording to ASTM modified method D882-00 (ASTM, 2001), using 5543
Universal Testing Machine (Instron C., Canton, MA, USA), and they
were read from the charts of stress (o) as a function of strain (¢), 0 = f
(e). Initial grip separation was 50 *= 5mm, and cross-head speed was
10 mm/min. Prior to measurements, BNC samples that were only dried
(strips whose dimensions were 15 by 100 mm) were conditioned at
25 + 2°Cand 50 *+ 2% RH for 48 h and then held in a desiccator over
P,Os. Measurements of R;, and A for all of the other samples were
carried out immediately after the removing of the samples from water.

2.2.7. Determination of dry BNC mass changes

The dry mass values for the unmodified BNC samples and samples
modified by the convection-drying at 25 and 105 °C and freeze-drying
were obtained after drying them for 24 h at 105 °C in a forced-air cir-
culation oven (Binder GmbH, Germany). All samples were prepared in
triplicate.

2.2.8. Statistical analysis

The results from mechanical tests are averaged from at least 14
replications. The data obtained were statistically analysed by one-way
analysis of variance to determine significant differences among BNC
samples, using SigmaPlot 11.0 (Softonic International S.L.).
Significance was accepted at p < 0.05.
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3. Results and discussion
3.1. BNC characterization by FT-IR spectroscopy

Table 1 lists the band assignment in the FT-IR spectrum of native
BNC (Abidi, Cabrales, & Hequet, 2010; Carrilo, Colom, Sufol, &
Saurina, 2004; Kacurdkova, Smith, Gidley, & Wilson, 2002; Liu,
Gamble, & Thibodeaux, 2010; Maréchal & Chanzy, 2000; Oh et al.,
2005; Shi et al., 2014; Sugiyama, Perrson, & Chanzy, 1991). According
to Halib, Amin and Ahmad (2012), FT-IR spectra of bacterial cellulose
can vary slightly in terms of the position and the intensity of the bands
depending on the strain applied to the culture of BNC and the mea-
surement conditions.

The spectra of BNC dried in various conditions are presented in
Fig. 1A. The changes in the FT-IR spectra of 25 °C convection-dried
BNC, induced by the convection-drying process at 105 °C are demon-
strated in Fig. 1B and by freeze-drying process in Fig. 1C. An analysis of
the patterns of the difference bands allowed revealing the groups in-
volved in the conformational changes caused by those processes.

The first effect which was observed because of drying was an in-
creased absorption in the region between 3700-3100 cm ™! (Fig. 1A),
with three positive peaks appearing at 3351, 3310, and 3240 cm ™! in
the difference spectrum of 105 °C convection-dried BNC (Fig. 1B), and
three positive peaks at 3355, 3310, and 3245cm ™! in the difference
spectrum of freeze-dried BNC (Fig. 1C). These peaks were due to hy-
drogen-bonded O—H stretching vibrations (voy), the first intra-, and the
second and third intermolecular (Table 1). Changes in the bonding of
OH groups led to a shift in the maximum of the band at 3342cm™*!
towards higher wave numbers by 4cm™' in the spectrum of
105 °C convection-dried BNC and by 6 cm ™! in the spectrum of freeze-
dried BNC (Fig. 1A). These shifts can be interpreted as a result of the
scission of intramolecular hydrogen bonds in the cellulose structure due
to drying and the release of free OH groups, which could confirm the
appearance of positive peaks at 3351 and 3355 cm ™2, assigned to voy
(free) in the differential spectra. That OH bands region
(3600 — 3000 cm ~ 1) was resolved into six individual OH bands by using
the second-derivative procedure (Fig. 1D). Component peaks at 3403,
3372 and 3343 cm ™! were attributed to intramolecular, and those at
3296, 3271 and 3233 cm ™, to intermolecular hydrogen bonds. In the

Table 1
Band assignment in the FT-IR spectra of BNC.

Position (cm ') and Band assignment

intensity”

3395 sh Vop intramolecular H-bonds for 30"H-05 and 20
H-06

3342 s Voy intramolecular H-bonds for 30 "H-05

3310 sh von intermolecular H-bonds (corresponding to the
contribution from cellulose Ig)

3240 m Von intermolecular H-bonds for 60 "H-03’
(corresponding to the contribution from cellulose I,)

2893 m VcH

1642 w Son polymer bound water

1428 w Som, Sci

1370 w Som, Scu

1335w Son

1295 w Scu

1162 m 8c_o-c of C1-0-C4

1105 s 8c_on of C2-OH

1055 vs 8c_on of C3-OH

1032 vs vc_o of C6-OH

1003 vs Ve-o

984 vs Vc_o

895 w B-glycosidic linkage

750 w 14, 8on out-of-plane

710 w Ig, 801 out-of-plane

# Notation of the band intensity is as follows: vs — very strong, s — strong, m —
medium, w — weak, sh — shoulder.
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Fig. 1. FTIR spectra of (A) 25 °C convection-dried BNC (a, black line), 105 °C convection-dried BNC (b, blue line), and freeze-dried BNC (c, green line); (B)
25 °C convection-dried BNC (a, black line) and at 105 °C convection-dried BNC (b, blue line) as well as difference spectrum of the latter from which the former was
subtracted (d, red line); (C) 25 °C convection-dried BNC (a, black line) and freeze-dried BNC (c, green line) as well as difference spectrum of the latter from which the
former was subtracted (e, red line); (D) absorbance (solid line) and second-derivative (dotted line). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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case of spectra of 105 °C convection-dried BNC and freeze-dried BNC all
these peaks were more intense and shifted by 2-5 cm ™" to higher wave
numbers. According to Hishikawa, Togawa and Kondo (2017), and Oh
et al. (2005) the band of the highest intensity at about 3343 cm ™! was
due to intramolecular hydrogen bonds between OH group at the C-3
and C-5 position, and that at about 3222cm™?, because of inter-
molecular hydrogen bonds between OH group at the C-6 position and C-
3’ O atom of the glucose ring of the adjacent polysaccharide chain. In
turn, the band appearing at about 3403 cm ™! was attributed to the
intramolecular hydrogen bonds between OH group at the C-2 and C-6
position of the adjacent glucose ring.

The second effect observed as a result of drying was an increased
absorption in the region between 1110-1000cm ™! (Fig. 1A), with
positive peaks at 1105, 1055, 1032, and 1012cm™! in the corre-
sponding spectrum of 105 °C convection-dried BNC (Fig. 1B), and at
1052, 1028, and 1010cm ™! in the corresponding spectrum of freeze-
dried BNC (Fig. 1C). In addition, the positive peak at 984 cm™ and the
negative peak at 968 cm™ in the former, as well as negative peaks at
1165, 1115, 1065, 972 cm™ and the positive peak at 1000 cm™ in the
latter difference spectrum could also be observed. These observations
indicate a change in the number and in the order of the hydroxyl
groups, especially those at the C2, C3, C5 and C6 of cellulose structural
units and confirm that the involvement of OH groups in intra- and in-
termolecular hydrogen bonding changed as a result of drying. More-
over, another pattern of the difference spectrum of 105 °C convection-
dried BNC compared with that of freeze-dried BNC indicates that these
changes probably led to various ordered crystalline arrangements.
Along with changes in the intensity of bands in the region between
3700-3100 cm ™! and between 1110-1000 cm ~?, a decrease in the in-
tensity at 1642cm ™" in the spectra of both 105 °C convection-dried
BNC and freeze-dried BNC, was also noted (Fig. 1A), with the negative
peak in difference spectra (Fig. 1B, C). As the intensity of that band,
attributed to the OH bending mode of water (Table 1), is free from the
contribution of OH groups in celluloses (Liu et al., 2010), it could be
used as an index of water content in BNC. Thus, 25 °C convection-dried
BNC contained more water in the structure than 105 °C convection-
dried BNC and freeze-dried BNC. It is well known that a biopolymer
material with a low water content usually displays lower elongation at
break than that with a high water content (Vieria, da Silva, dos Santos,
& Beppu, 2011), hence, it seems that the water content will affect this
mechanical parameter of the tested BNC.

To estimate qualitative changes in cellulose crystallinity, HBI, LOI
and TCI indexes were calculated. The data form Table 2 confirm that
the number of hydrogen bonds (HBI index) in the BNC decreased due to
the increase in the convection-drying temperature from 25 to 105 °C
and due to the conversion from the convection-drying at 25°C to the
freeze-drying. As the HBI index decreased, the LOI and TCI indexes
increased at once, which means that due to these treatments the BNC
crystallinity increased. The observed trend follows previous findings
(Kljun et al., 2011), and determined indexes were strongly correlated
with those from XRD measurements.

Carbohydrate Polymers 236 (2020) 116023
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Fig. 2. XRD diffractograms of 25 °Cconvection-dried BNC (a, black line),
105 °C convection-dried BNC (b, blue line), and freeze-dried BNC (c, green line).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

3.2. BNC characterization by XRD analysis

Cellulose has several crystalline polymorphisms (I, II, III, IV). It is
well known that bacterial cellulose secreted by G. xylinus is made up
with cellulose I and that this type of cellulose contains two regions of
higher (crystalline) and lower (amorphous) order, and exists in two
different polymorphs, I, and Ig. The I, structure is triclinic with only
one chain in a unit cell, while the I structure is monoclinic with two
chains per unit cell. Bacterial cellulose was reported to possess a con-
siderable amount of the I, allomorph with the I,/Ig = 65/35 (Kondo,
Rytczak, & Bielecki, 2016). According to Sugiyama et al. (1991) the I
form of cellulose is metastable and can be readily and easily converted
to the stable Iz form by hydrothermal treatment. However, complete
conversion to Ig is typically not achieved (Moon, Martini, Nairn,
Siomonsen, & Youngblood, 2011).

XRD diffraction patterns of the BNC dried under different conditions
are shown in Fig. 2. All of those patterns are characterized by two sharp
intense peaks at 14.7 and 22.7° 26, and by the peak at 16.8° 26 of the
lower intensity. They correspond to the primary diffraction of the
crystal plane (110), (200) and (110), respectively, which points to the
structure of a well-defined cellulose I crystal (Shi et al., 2014). Ad-
ditionally, the peak at 14.7° is characteristic of cellulose I, and that at
22.7° 20 of cellulose If (Vasquez, Foresti, Cerrutti, & Galvagno, 2013).

When comparing the I,/Ip ratio (Table 2), calculated by dividing the
area under the peak at 22.7° by the area under the peak at 14.7°, it is
clear that the proportion of cellulose I, in the 25 °C convection-dried
BNC is higher than cellulose Ig, but decreased as a result of change in
the drying conditions. Thus, the change in intra- and intermolecular
hydrogen bonding in the BNC structure due to its drying affected the
ratio between both polymorphisms. However, despite significant
changes in the diffraction patterns, no changes in the intensity of

Table 2

Effect of drying method on the crystallinity changes in BNC.
Drying method Cr.S. (nm) Cr.L. (%) L/15%° Lor® HBI” TCI®
Convection-drying at 25 °C 5,70 90.6 1.10 = 0.19 1.02 = 0.20 5.20 = 1.00 0.49 = 0.09
105°C 7,70 90.8 0.72 = 0.08 1.30 = 0.14 4.37 = 0.48 0.70 = 0.08
Freeze-drying 7,98 91.6 0.48 = 0.05 1.57 = 0.16 4.52 = 0.45 0.79 = 0.08

# Io/Ip was calculated by dividing the area of peak at 22.7° by the area of peak at 14.7° visible on the diffraction patterns shown in Fig. 4. The areas were calculated

using Origin software.
> Mean value of 3 measurements + standard deviation.
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Fig. 3. TGA thermogram of 25 °C convection-dried BNC.

absorption bands at 3270 and 710cm™?, attributed to cellulose Ig

phase, and those at 3250 and 750 cm ~ %, assigned to cellulose I, phase
(Table 1) were observed in the FT-IR spectra of BNC dried under dif-
ferent conditions. Such changes were observed by Sugiyama et al.
(1991) who analyzed the structural changes in the cellulose of different
origin during heat treatment.

The crystallinity index Cr.I. of 25 °C convection-dried BNC was 90.6
% (Table 2). After increasing the drying temperature from 25 to 105 °C
and after the conversion of the convection-drying to the freeze-drying,
Cr.L, and also Cr.S., slightly increased. These findings confirm the re-
sults obtained from the analysis of FT-IR spectra.

3.3. BNC thermal characterization by TGA and DSC analysis

The TGA thermogram presented in Fig. 3 demonstrates that the total
weight loss of 25 °C convection-dried BNC occurred at 253 °C, and at
580 °C it was 80.92 % (Table 3). There were no distinct differences in
the shapes of thermograms of BNC dried under different conditions, and
insight in the pattern of the TG lines (Table 3) revealed that all BNC
samples were non-hygroscopic, as up to 96 °C all of them lost about 5-7
% of adsorbed water. Moreover, 105 °C convection-dried BNC and
freeze-dried BNC were thermally slightly less stable, as they decom-
posed faster, i.e. at temperatures lower by 2 and 8 °C, respectively,
lower, than 25 °C convection-dried BNC.

The lower thermal stability of 105 °C convection-dried BNC and
freeze-dried BNC as compared to 25 °C convection-dried BNC was also
revealed by DSC thermograms (Fig. 4). Both of those DSC thermograms,
especially that of freeze-dried BNC, indicated also a higher ordered
structure than the structure of 25 °C convection-dried BNC, showed by
narrower melting peaks.

The decrease in the thermal stability with the increase of structure
order indicated by TGA and DSC thermograms correlated well with LOI

Table 3
Thermogravimetric characteristics of BNC subjected to the drying process.
Temperature Drying method
range (°C)
Convection-drying at ~ Convection- Freeze-drying
25°C drying at 105°C
Weight DTG (°C)  Weight DTG Weight DTG (°C)
loss (%)* loss (%) (°C) loss (%)"
40-200 4.74 5.91 7.27
200-400 69.82 253 68.80 251 66.92 245
400-580 6.36 5.94 5.85
Total 80.92 80.65 80.04

@ Percentage of weight loss during the special temperature ranges.
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Fig. 4. DSC thermograms of 25°Cconvection-dried BNC (a, black line),
105 °C convection-dried BNC (b, blue line), and freeze-died BNC (c, green line).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

and TCI indexes calculated on the basis of FTIR spectra as well as with
the Cr.I. calculated on the basis of XRD diffraction patterns (Table 2).

3.4. BNC characterization by SEM analysis

During the synthesis process, BNC fibers aggregate and are im-
mobilized in a stable, well-defined cellulose network due to the pre-
sence of hydrogen bonds and van der Waals forces. According to Gama,
Gatenholm and Klemm (2017) these forces cause filaments to interact
with each other and to be kept separately by adsorbed water layers. The
hydrophilicity of BNC membranes is usually explained by the presence
of the structure of pores and tunnels (Klemm, Schummann, Udhardt, &
Marsch, 2001). Thus, water plays a key role as a spacer and as a sta-
bilizing factor for the network and pore structure due to the interaction
of hydrogen bonds with cellulose.

BNC dried at different conditions had a similar surface and ex-
hibited a typical structure for cellulose (Fig. SA). The SEM images of
convection-dried or freeze-dried BNC taken at 1000x magnification
revealed either the shrinkage or the smooth surface, respectively. The
strongest wrinkled surface was visible for 25 °C convection-dried BNC.
A higher degree of corrugation of the surface of convection-dried BNC
than freeze-dried BNC may indicate that higher compressive stresses are
generated during convection drying. The compressive stresses created
after drying process, can cause an increase in the tensile strength, be-
cause the forces applied to the material must first overcome them and
only then they contribute to the stretching of cellulose fibers. As the
SEM images showed, 25 °C convection-dried BNC had the most corru-
gated surface. That BNC was also characterized by the highest re-
sistance to tensile.

In the SEM images taken at 25 000x magnification, numerous pores
formed from intersecting fibers were observed (Fig. 5A). The diameter
of the pores in 25 °C convection-dried BNC was the smallest and it was
about 80 nm, while the pores present in 105 °C convection-dried BNC
and freeze-dried BNC had similar diameters amounting to ca. 100 nm.
According to Ul-Islam et al. (2013), larger pores and lower density of
freeze-dried BNC than that of convection-dried BNC contribute to easier
water penetration of the former, and consequently, to the reduction in
its tensile strength. The tensile strength of BNC soaked after previous
freeze-drying and convection-drying at 105 °C was 2 times lower than
that of non-soaked BNC (Table 4). Hence, it seems that freeze-dried
BNC and 105 °C convection-dried BNC have similar ease of water pe-
netration. These two BNC samples also showed an undulating surface,
which can indicate a lack of residual stress or occurrence of tensile
stress also facilitating water penetration. The BNC convection-dried at
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FREEZE-DRIED BNC

Fig. 5. Scanning electron micrographs of BNC dried under different conditions: surface (A), cross-section (B).

Table 4
Effect of drying method and temperature on mechanical properties of BNC.

BNC R, (MPa)" A (%)" Dry mass (%)™
Non-dried 1.18 * 1.01f 12.80 + 2.17° 1,76 * 0.32°
Convection-dried at 25°C 17.38 + 7.23%®  6.63 + 1.55>%9  4.34 + 0.82°
then soaked 17.40 + 3.68*® 11.04 * 3.68%"

40°C 17.28 + 4.64*° 6.18 + 0.92¢ 3.57 + 0.53%¢
then soaked 16.98 + 4.34%>  8.87 + 1.73%b¢

80°C 12.94 + 1.80>% 6.40 + 1.61°%¢ 3.44 + 0.37%¢
then soaked 8.49 * 5.47>%¢ 11,08 x 2.75*"

105°C 12.56 + 2.45™¢  6.54 + 257" 368 + 0.40%¢
then soaked 5.23 + 1.59¢ 12.85 + 4.18*

Freeze-dried 21.67 + 6.02°  3.04 = 0.85° 3.36 + 0.34>cd
then soaked 10.04 + 2.32>¢4 825 + (.84>"

" and ™ Mean value of 14 and 3 measurements, respectively, + standard de-
viation; the values in the columns marked with various letters differ sig-
nificantly (p < 0.05).

25°C is characterized by wrinkled surface, which suggests the occur-
rence of compressive stress impeding the penetration of water. BNC
dried in this way did not decrease its tensile strength after soaking.
Microscopic examination also allowed the identification of the me-
chanism of BNC fracture under the influence of stretching stresses. The
applied loads cause the breaking of individual fibers or their weave
composed of a small number of fibers which leads to the formation of

pores which, in turn, reduce the cross-section of the transferred loads.
Successively, this leads to increased stresses and the formation of sub-
sequent pores, which reduce the stress even further, until the material
ruptures. As the smaller pores after the tensile test occurred in the BNC
dried at lower temperatures (Fig. 5B), it can be concluded that drying at
lower temperatures leads to thicker cellulose fiber strands or increased
strength of individual fibers contributing to the delay of pore formation
in the tensile test. The cross section of the 25 °C convection-dried BNC
shows layered structure of the material (Fig. 5B). Separation of in-
dividual layers can also be observed. The individual layers are torn,
which leads to a reduction in the load-carrying cross section up to the
final tear of the material. For BNC samples subjected to convection-
drying at 25°C and 105°C, cross-sections are fragile. In the case of
freeze-dried BNC, cross-section toughness can be observed. For this
sample, after the tensile test, BNC fibers are pulled and torn.

3.5. Mechanical properties of BNC

Mechanical properties of BNC depend on many factors, including
bacterial strain used for its production, the composition of culture
medium, the method of BNC purification from the culture liquid and
the method of the BNC drying (Hsieh, Yano, & Eichhorn, 2008; Saska
et al., 2012; Ul-Islam, Khan, & Park, 2012; Yano, Maeda, Nakajima,
Hagiwara, & Sawaguchi, 2008; Zhijiang & Guang, 2011). The effects of
the latter factor on the R, and the A of BNC are shown in Table 4.

Both convection-drying and freeze-drying increased mechanical
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Fig. 6. Tensile test graphs of 25 °C convection-dried BNC (a, black line), freeze-
dried BNC (c, green line), and native BNC (n, red line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).

strength and decreased elongation at break of native (non-dried) BNC.
The R, value of freeze-dried BNC was ca. 18 times higher than that of
non-dried BNC, while the R, of 25 °C convection-dried BNC was ca. 15
times higher than this value, and was decreasing with the increase of
the drying temperature to 105 °C. The A value of all dried samples was
low, regardless of the drying method, however, the A of freeze-dried
BNC was about two times lower than that of convection-dried BNC at
both temperatures applied. Thus, the results of mechanical tests con-
firm the previous suppositions, that the water contained in the BNC
structure will affect its mechanical parameters. BNC samples with the
highest water content, which was first estimated from FT-IR spectra
(Fig. 1), and then from the TGA analysis (Table 3), and with the lowest
dry mass content (Table 4) showed the highest R,,, values and the lowest
A values. In turn, those with the lowest water content and the highest
dry mass content, conversely, showed the lowest R;,, and the highest A.

The soaking of previously dried BNC resulted in a decrease in Ry,
and an increase in A, irrespective of the drying method; however, R;, of
any soaked BNC sample did not decrease to the R;, value of non-dried
BNC. The higher decrease in the Ry, as a result of soaking occurred in
the 105 °C convection-dried BNC, and the smaller in 25 °C convection-
dried BNC. The A value of convection- and freeze-dried BNC after
soaking was almost two and three times higher, respectively, than that
of non-soaked BNC.

Two typical stress-strain curves recorded for non-dried BNC and
that subjected to convection-drying at 25 °C with subsequent soaking in
distilled water are shown in Fig. 6. This figure revealed a partial
strengthening of the BNC occurring immediately prior to its breaking,
both for non-dried and dried samples that were soaked. The strength-
ening manifests itself in the o = f(¢) graph with a characteristic de-
crease, followed by an increase in the stresses immediately prior to the
final sample breaking. Strengthening could be caused by the ordering of
cellulosic fibers in the direction of stretching, i.e. increase in the degree
of crystallinity of the material. The chart shows that in native BNC such
a strengthening can be seen, as opposed to the modified BNC (dried in
25 °C and then soaked and freeze-dried and then soaked). The probable
cause of this phenomenon is that the native material has a lower degree
of fibre arrangement than the material after modification. Modified
material is already strengthened and the tensile test does not further
strengthen the material. It may be likely that the lower tensile strength
is accompanied by the greater strengthening during the tensile test.

It can be concluded that 25 °C convection-dried BNC soaked in dis-
tilled water, with R,, and A values of 17.4 MPa and 11 %, respectively,
had optima strength properties allowing the use such cellulosic material
as a biological implant of the circulatory system. The R, value of such
modified BNC was about 15 times higher than that of BNC not subjected
to drying, with only a slightly lower value of A compared to A measured
for non-dried BNC. Moreover, the R, of 25 °C convection-dried BNC
was at least three times higher than the R, of natural porcine
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circulatory tissues as determined in the authors’ previous research
(Dawidowska & Stanistawska, 2015; Kotaczkowska et al., 2019). That
research showed that the R, of left coronary petal, right coronary petal,
coronaryless petal, and lobe of aorta were in the range 2.25-3.05 MPa,
3.93-4,27 MPa, 2.78-1.92 MPa, and 1.50-1.75 MPa, respectively.

4. Conclusions

BNC dehydrated by convection-drying at 25°C and then hydrated
by soaking in distilled water for 2h yields a final product with the re-
duced thickness, similar to that of natural tissues, and with improved
mechanical properties, i.e. with tensile strength of 17.4 MPa and elon-
gation at break of 11.04 %. These properties result from the modified
structure of BNC. BNC convection-dried at 25 °C is characterized by the
lower water content and the higher dry mass content than that con-
vection-dried at 105 °C and that freeze-dried, and by the higher number
of hydrogen bonds in its structure. These features affect the higher I,/Ig
ratio and the higher thermal stability of BNC convection-dried at 25 °C
than at 105 °C and then BNC freeze dried. Therefore, from among all
studied samples, 25 °C convection-dried BNC followed by its soaking in
water is the material which can be recommended for further research to
examine if it fulfils the requirements for artificial heart valves.
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