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A B S T R A C T   

Bacterial nanocellulose (BNC) is a natural biomaterial with a wide range of medical applications. However, it 
cannot be used as a biological implant of the circulatory system without checking whether it is biodegradable 
under human plasma conditions. This work aimed to investigate the BNC biodegradation by selected pathogens 
under conditions simulating human plasma. The BNC was incubated in simulated biological fluids with or 
without Staphylococcus aureus, Candida albicans and Aspergillus fumigatus, and its physicochemical properties 
were studied. The results showed that the incubation of BNC in simulated body fluid with A. fumigatus con-
tributes more to its degradation than that under other conditions tested. The rearrangement of the hydrogen- 
bond network in this case resulted in a more compact structure, with an increased crystallinity index, reduced 
thermal stability and looser cross-linking. Therefore, although BNC shows great potential as a cardiovascular 
implant material, before use for this purpose its biodegradability should be limited.   

1. Introduction 

Bacterial nanocellulose (BNC) is a polysaccharide produced by 
Gram-negative bacteria species: Gluconacetobacter or Acetobacter, Ach-
romobacter, Aerobacter, Agrobacterium, Azotobacter, Pseudomonas, 
Rhizobium, and Gram-positive bacteria species such as Sarcina ventriculi 
(Wang et al., 2019). It was demonstrated that the most productive BNC- 
producers come from genera Acetobacter and Komagataeibacter (He et al., 
2020). Due to unique properties including high chemical purity (no 
lignin and hemicelluloses), high mechanical strength and the ability to 
form any shape and size, BNC can be an alternative to the current ma-
terials used for cardiac-related applications, such as synthetic protheses 
made of polypropylene and biological protheses made of animal mate-
rials. Compared to the cost of obtaining synthetic polymers materials, 
BNC membrane preparation is relatively inexpensive, and unlike the 
biological tissues, BNC membranes are readily available. Moreover, 
synthetic and biological protheses are not always well tolerated by host 
tissues, while BNC meets biomaterials requirements: it is non- 

mutagenic, non-toxic and non-teratogenic (Wang et al., 2019). Also, it 
shows good blood compatibility when tested in vitro and in vivo (Malm 
et al., 2012). However, a question arises about the degradation of BNC- 
based material, as current research data shows that all polymer mate-
rials under human conditions are susceptible to biodegradation (Fran-
ceschini, 2019; Kidane et al., 2009). Cellulosic materials can be 
degraded by the action of various microorganisms. Most of them belong 
to eubacteria and fungi, although some anaerobic protozoa and slime 
molds capable of degrading cellulose have also been described (Pérez 
et al., 2002). 

A biological implant is generally not exposed to microbiological in-
fections for a long time after implantation because it is surrounded by 
tissue immediately after implantation. The highest risk of infection is 
associated with surgical procedure, i.e. with a surgical site infection 
(SSI) (Meakins, 2008). SSI is a type of nosocomial infection that can 
develop within a one-year surgery if artificial materials are used. It is 
estimated that such infections constitute 2–7% of all surgical procedures 
(Meakins, 2008). These can affect not only the skin or muscles at the 
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incision site (Siondalski, Keita, et al., 2005; Siondalski, Roszak, et al., 
2005) but, unfortunately, the operated organ too (Meakins, 2008). In the 
case of cardiovascular surgery procedures, SSI is the most severe 
complication with an incidence of up to 30% (5% of which are media-
stinitis) (Borowiec, 2010; Gualis et al., 2009; Le Guillou et al., 2011). 
Additional risk factors for the occurrence of SSIs in cardiac surgery pa-
tients are comorbidities causing difficult wound healing, such as dia-
betes, respiratory or circulatory failure (Cheadle, 2006), and the use of 
immunosuppressants peri-implantation period. Other infections that can 
spread to tissue at the surgery site may be further risk factor (Kowalik 
et al., 2018; Le Guillou et al., 2011). Endocarditis is one such compli-
cation (Siondalski et al., 2003; Siondalski, Keita, et al., 2005). In turn, 
PCR tests allowed to detect temporary bacteraemia among the patients 
after the cardiosurgical operations connected with extracorporeal blood 
circulation (Siondalski et al., 2004). While coagulase-negative staphy-
lococci are predominant in all of these infections, Staphylococcus aureus, 
Candida albicans, and Aspergillus are also prevalent with superinfection. 
Bacteria that most often infect the surgical wound itself in cardiac sur-
gery procedures are S. aureus, often those constituting the physiological 
bacterial flora of the skin, which during the procedure are transferred to 
deeper tissues (Borowiec, 2010). Due to such a high risk of microbio-
logical infections in cardiosurgical procedures, it is essential to check the 
influence of these microorganisms on the implant itself, whether these 
microorganisms will not cause its structure degradation, thus not dis-
turbing its proper functioning after implantation. 

The study aimed to determine the in vitro biodegradability of BNC in 
an environment simulating blood plasma in terms of its use as a material 
for cardiac implants production. As the in vivo biodegradation process 
can accelerate the growth of pathogenic microorganisms, their effect on 
biodegradation was also studied. The BNC before and after its incuba-
tion in simulated biological fluids in the presence or absence of S. aureus, 
C. albicans and A. fumigatus was characterized based on its morphology, 
crystallinity, and its chemical structure. The effect of incubation on the 
BC thermal stability was also evaluated. The presented results can 
answer the question whether the native BNC can be recommended for 
use as a non-biodegradable material in cardiovascular implants. 

2. Experimental procedure 

2.1. Materials 

Bacterial nanocellulose (BNC), obtained according to the method 
described in patents: PL 171952 B1(Gałas & Krystynowicz, 1993), PL 
212003 B1 (Krystynowicz et al., 2003) and US 6429002 (Ben-Bassad 
et al., 2002) was supplied by Bowil Biotech Ltd. (Władysławowo, 
Poland). A phosphate buffered saline (PBS, No. 524650) was purchased 
from Merck Ltd. Bacteria S. aureus PCM 2054 came from the Polish 
Collection of Microorganisms in the Institute of Immunology and 
Experimental Therapy (Polish Academy of Sciences in Wroclaw). Yeast 
C. albicans ATCC 10231 and mould A. fumigatus var. fumigatus ATCC 
96918 were purchased from the American Type Culture Collection. 

2.2. Methods 

2.2.1. Preparation of phosphate buffered saline and a simulated body fluid 
A PBS was prepared in accordance with the producer's instructions 

and sterilized in an autoclave at 115 ◦C for 20 min. A simulated body 
fluid (SBF) was prepared by dissolving the mineral components in 
distilled water, according to Chavan et al. (2010). The resulting solution 
was adjusted to pH 7.4 with 6 M HCl and then filtered through the filters 
with a 45 μm pore size using a Millipore vacuum filtration kit. To obtain 
a sterile SBF fluid, it was subjected to tyndallization after filtration, i.e. 
three times pasteurization at 100 ◦C for 30 min, at 24-hour intervals. No 
microbial growth during storage at 37 ◦C for 6 months was observed in 
the SBF prepared in this way. 

2.2.2. Culture and growth conditions of microorganisms 
Cultures of microorganisms by inoculating 100 mL of Tryptic Soy 

Broth, pH 7.0 (S. aureus), or 100 mL of Maltose Soy Broth, pH 5.6 
(C. albicans and A. fumigatus) with 0.1 mL of liquid culture (at stationary 
phase of growth) and incubating it with shaking at 37 ◦C for 24 h 
(bacteria and yeast) or 72 h (mould) were prepared. 

2.2.3. Susceptibility to biodegradation assay of BNC 
The susceptibility of BNC to biodegradation in the absence and in the 

presence of microorganisms was carried out. In the first case, never dried 
samples of sterile BNC membrane cut into square shape (25 × 25 mm) 
were stored for six months at 37 ◦C in 150 mL of sterile PBS and 62.5 mL 
of sterile SBF. In the second case, cultures of S. aureus, C. albicans and 
A. fumigatus, in the stationary phase of growth, were added to SBF, with 
or without BNC, to a final concentration of about 103 CFU/mL (CFU – 
colony-forming unit). Such a high concentration of the microorganisms 
was applied to accelerate their effect on the material under study. All 
samples were incubated for six months at 37 ◦C with at least four of each 
sample tested. 

Changes in the BNC samples' structural and thermal properties and 
surface morphology were determined at selected time intervals. All 
samples were freeze-dried and conditioned before analysis for seven 
days in a P2O5. 

2.2.4. Scanning electron microscopy (SEM) 
Surface morphology changes in incubated BNC samples was exam-

ined by means of a Dual Beam Versa 3D (FEI Company, Eidhoven, The 
Netherlands) instrument equipped with a field emission gun (FEG). The 
instrument, set for 5 kV accelerating voltage and 1,6 pA or 3,3 pA beam 
current. The instrument was operated at high vacuum. The magnifica-
tion range changed from 15,000 to 25,000 times. 

2.2.5. X-ray diffractometry (XRD) 
The measurements using Cu Kα radiation of wavelength 0.154 nm on 

a Phillips type X'pert diffractometer were carried out. The operation 
setting for the diffractometer was 30 mA and 40 kV. The spectra over the 
range of 4.0–40.0◦ 2θ were recorded at a scan rate of 0.02◦ 2 θ /s. 

The crystallinity index (CrI) of BNC samples was calculated based on 
the equation proposed by Segal et al. (1959). 

CrI =
(I200 − Iam)

I200
× 100  

where I200 and Iam are the maximum intensities of diffraction at 2θ =
22,7 and 18◦, respectively. 

2.2.6. Thermogravimetric analysis (TGA) 
The analyses on 10–20 mg samples were performed. They were 

heated in the open corundum crucibles in a nitrogen atmosphere over a 
temperature range of 30–700 ◦C. The 10 ◦C/min rate of the temperature 
increase was applied. The instrument of SDT Q600 (TA Instruments- 
Water LLC, New Castle, DE) was used. 

2.2.7. Fourier transformation infrared spectroscopy (FT-IR) 
FT-IR spectra of BNC samples were recorded in the range of 

4000–500 cm− 1 with 32 scans at a resolution of 4 cm− 1. A Nicolet 8700 
spectrometer (Thermo Electron Scientific Inc) equipped with a diamond 
crystal Golden Gate (Specac) ATR accessory to collect spectra was used. 
The reflectance element was a diamond crystal. To assess precision and 
ensure the reproducibility of each sample, three to five replicate spectra 
for each sample aliquot were recorded. 

The second derivatives of the spectra were calculated by using the 
Savitzky-Golay algorithm (27 data points, ca. 25 cm− 1, and a 3rd degree 
polynomial) in order to resolve the overlapping bands of individual vi-
brations in the region 3600–3000 cm− 1. 

To study the crystallinity changes, total crystallinity index (TCI) 

P. Dederko-Kantowicz et al.                                                                                                                                                                                                                  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Carbohydrate Polymers 266 (2021) 118153

3

SU
RF
AC

E
CR

O
SS

SE
CT

IO
N

Native BNC                       BNC incubated in PBS for 1month                                   BNC incubated in SBF for 1 month 

A 

5 m 20,000 x 5 m 5 m 

5 m 5 m 5 m 

20,000 x 20,000 x 

20,000 x 20,000 x 20,000 x 

SU
R

FA
C

E 
C

R
O

SS
-S

EC
TI

O
N

 

BNC incubated in SBF with S.aureus for 1 month      BNC incubated in SBF with C.albicans for 1month     BNC incubated in SBF with A.fumigatus for 1 month 

B 

20,000 x 20,000 x 20,000 x 

20,000 x 35,000 x 20,000 x 

5 m 5 m 5 m 

5 m 4 m 5 m 

SU
R

FA
C

E 
C

R
O

SS
-S

EC
TI

O
N

 

BNC incubated in SBF with A.fumigatus for 2 months  BNC incubated in SBF with A.fumigatus for 5 months  BNC incubated in SBF with A.fumigatus for 6 months

C 

20,000 x 20,000 x 20,000 x 

20,000 x 20,000 x 35,000 x 

5 m 5 m 5 m 

5 m 5 m 3 m 

Fig. 1. The scanning electron micrographs of the surface and the cross-section of the native BNC and the BNC incubated in the sterile PBF and SBF for one month (A), 
in the SBF with all microorganisms tested for one month (B), and in the SBF with A. fumigatus for 2, 5 and 6 months. 
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(Nelson & O'Connor, 1964), lateral order index (LOI) (Hurtubise & 
Krassig, 1960; Nelson & O'Connor, 1964), and hydrogen bond intensity 
(HBI) (Nada et al., 2000), calculated from the absorbance ratios A1372/ 
A2897 (2892?), A1430 (1429?)/A893, and A3336/A1336, respectively, were 
used. 

2.3. Statistical analysis 

All data obtained were statistically analyzed by one-way analysis of 
variance to determine significant differences among BNC samples, using 
SigmaPlot 11.0 (Softonic International 170 S.L.). Significance at p <
0.05 was accepted. 
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Fig. 2. XRD diffractograms of the native BNC (unincubated) and the BNC incubated for selected time intervals in the sterile PBS (A) and SBF (B), and in the SBF with 
S. aureus (C), C. albicans (D), and A. fumigatus (E). 
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3. Results and discussion 

3.1. BNC characterization by analysis of SEM images 

The SEM revealed a homogeneous structure on the surface of native 
BNC with a clearly visible, single fibers and with irregularly spaced 
pores (Fig. 1A). In the SEM image of the cross-section of native BNC, 3D, 
well-organized structure with parallel arranged layers was observed. 
Such a bacterial cellulose structure has already been reported and 
described before (Moon et al., 2011 and references therein). According 
to Gama et al. (2017), cellulose fibers interact with each other and are 
kept separate by adsorbed water layers due to hydrogen bonding and 
van der Waals forces. 

BNC's surface morphology did not change significantly after its 
membranes were incubated in sterile PBS and SBF for both one month 
(Fig. 1A) and six months (images not presented), only a slight relaxation 
of the structure was observed. After a month incubation of membranes 
in SBF in the presence of S. aureus, C. albicans and A. fumigatus, the 
surface became less homogeneous (Fig. 1B) compared to that of the non- 
incubated sample (Fig. 1A), with fewer individual fibers visible between 
the cellulose layers in the cross-section. Prolonged incubation led to a 
reduction of the distances between these fibers, which, in turn, led to the 
more compact structure, the most pronounced in the case of BNC 
incubated in the SBF with of A. fumigatus, (1C). It can be assumed that 
the observed changes, especially in the latter case, were due to degra-
dation of the BNC by the microorganisms tested. 

3.2. BNC characterization by analysis of XRD diffractograms 

The physicochemical analysis confirmed that there were changes in 
BNC structure due to the incubation of its membranes under conditions 
simulating human plasma. While the XRD diffractogram of native BNC 
was characterized by two sharp, intense peaks at 14,6◦ and 22,7◦ 2θ 
angle, the diffractograms of BNC incubated under all studied conditions 
showed a decrease in the intensity of the former, and an increase in the 
latter peak as the incubation time increased (Fig. 2). As with the 
morphological changes observed in the SEM images, also these changes 
were the most visible in the diffractograms of BNC incubated in SBF with 
A. fumigatus. Since the peaks located at 14.6◦ and 22.6◦ 2θ are assigned 
to Iα and Iβ crystalline form, respectively, in which polysaccharide chains 
are similar in parallel configurations, but for differences in the 
arrangement of the hydrogen-bond network (Oh et al., 2005), the 
changes observed indicate that the rearrangement of the hydrogen-bond 
network in the BC structure occurred. 

The crystallinity index (CrI) of native BNC amounted to 94.7% 
(Table 1). Upon the month incubation of the membranes in sterile PBS 
and SBF, and in SBF with S. aureus and C. albicans, the CrI remained 
virtually unchanged. After the two-months incubation, it was increased, 
and after the five- and six-months incubation it was gradually decreased; 
however, to the value not less than that of the CrI of native BNC. In the 
BNC incubated in SBF with A. fumigatus, the gradually increase of the CrI 
was observed, from 95% for the BNC incubated for one month to 97.4% 
for the BNC incubated for six months. Shi et al. (2014) demonstrated a 
reduction of crystallinity degree of BNC incubated in PBS buffer for two 

months. According to the authors, the crystallinity degree is reduced by 
ca. 30% due to the swelling of the polymer under these conditions and a 
penetration of water into its crystalline regions, which lead to a change 
in the arrangement of the polysaccharide chains and an expansion of 
amorphous regions. In turn, Wang et al. (2016) observed ca. 70% 
decrease in the crystallinity degree of the BNC incubated for eight weeks 
in the presence of cellulases. According to these authors, the cellulases 
cause the fragmentation of polysaccharide chains. BNC crystalline re-
gions gradually turn into amorphous ones, leading to a reduction in the 
crystallinity degree. The cellulases used by the authors were commercial 
enzyme preparations, being a mixture of endo- and exoglucanase and 
β-glucosidase. Ljungdahl and Eriksson (1985) proved that endo-β-1,4- 
glucanases randomly cleave β-(1 → 4)-glycosidic bonds along the cel-
lulose chain, exo-β-1,4-glucanases cleave cellobiosis or glucose from the 
non-reducing end of cellulose, and β-1,4-glucosidases hydrolyze cello-
biosis to two glucose molecules. According to the authors, amorphous 
cellulose regions can be degraded by both endo- and exoglucanases, 
while degradation of crystal regions requires synergic action of both 
types of enzymes. It seems therefore that the microorganisms used in the 
presented studies, S. aureus, C. albicans and A. fumigatus, were not able to 
produce all enzymes necessary to degrade cellulose to the same extent, 
and therefore the CrI of BNC incubated in the presence of each of them 
was different. According to Chandra and Rustgi (1998), A. fumigatus can 
produce cellulose hydrolyzing enzymes, while bacteria and yeasts can 
periodically make endo- and exoenzymes only when they have no access 
to other carbon sources. The gradually increasing crystallinity degree of 
the BNC after the incubation its membranes in the SBF with A. fumigatus 
over one to six months (Table 1) could be the result of the action of 
cellulolytic enzymes produced by them capable of degrading the 
amorphous regions of the BNC. It made the BNC more crystalline and 
therefore its further degradation was difficult. These findings confirm 
the previous reports (Norkrans, 1950; Walseth, 1957). 

3.3. BNC characterization by analysis of TGA thermograms 

Thermogram of native BNC (Fig. 3) revealed the one step 

Table 1 
Changes in the crystallinity index (CrI)a of the BNC incubated over one to six 
months.  

BNC 
incubated 

sterile 
PBS 

sterile 
SBF 

SBF with 
S. aureus 

SBF with 
C. albicans 

SBF with 
A. fumigatus 

1 month  95.4  94.8  94.3  94.3  95.0 
2 months  97.0  98.1  97.4  97.5  96.3 
5 months  95.5  97.4  96.6  96.3  96.6 
6 months  94.7  96.3  94.8  95.2  97.4  

a CrI of the native BNC was 94.7%. 
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Fig. 3. Thermogram of native BNC.  

Table 2 
Thermogravimetric characteristics of the native BNC.  

Temperature range (◦C) Weight loss (%)a DTG (◦C) 

35–200  4  
200–400  85  365 
400–700  11   

a Percentage of weight loss during the special temperature ranges. 

P. Dederko-Kantowicz et al.                                                                                                                                                                                                                  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Carbohydrate Polymers 266 (2021) 118153

6

decomposition of that cellulose at 365 ◦C with the weight loss of 85% 
within the range of 200–400 ◦C (Table 2). Saska et al. (2011) and Halib 
et al. (2012) showed a lower decomposition temperature of native BNC, 
which was 333, 342 and 352 ◦C, respectively. The difference in the 

decomposition temperature of BNC could result from the different 
strains used to the culture of BNC and the other culturing conditions. 
Unfortunately, the authors did not provide either names of used bacte-
rial strains nor their culture conditions. 

The thermogram patterns of all samples tested remained essentially 
the same as that of native BNC, but they showed different decomposition 
temperatures (Table 3). 

Upon the one-month incubation in the sterile PBS and SBF, and in the 
SBF with S. aureus and C. albicans, the decomposition temperature of 
BNC maintained at the level of that of native BNC, after the two-months 
incubation it was increased several degrees, and after the five- and six- 
months incubation it was gradually decreased to the temperature 
characteristic of native BNC. On the other hand, the degradation tem-
perature of BNC incubated in the SBF with A. fumigatus was reduced by 
ca. 10 ◦C already after the first month and remained at that level for the 
next months of incubation. Such changes in the thermal properties of the 
BNC incubated in the SBF with A. fumigatus reflect a decrease in its 
degree of cross-linking with hydrogen bonds. As a result of the action of 
cellulolytic enzymes produced by these microorganisms, the BNC 
become less cross-linked and thus less thermally stable. 

All BNC samples incubated for six months in the SBF with microor-
ganisms showed an additional decomposition step at temperature 
ca.167 ◦C, losing ca. 6% more of their weight within the 35–200 ◦C 
range than the native BNC and the BNC incubated for a shorter time. The 
higher water content in the BNC after the six-months of incubation was 
probably the result of its progressive degradation. As shown in our 
previous studies, the BNC membranes, after such time of incubation in 
the SBF with microorganisms, were swelled, and their wet mass was 
increased (Dederko et al., 2018). Shi et al. (2014) noted a swelling of 
BNC membranes immersed in a PBS buffer. According to the authors, the 
strength of hydrogen bonds between OH groups of polymer chains de-
creases after its immersion, which leads to their breaking. The breaking 
of the hydrogen bonds between the chains, in turn, allows the formation 
of new hydrogen bonds between the OH groups polysaccharide and 
water molecules. 

3.4. BNC characterization by analysis of FTIR spectra 

Table 4 lists the band assignment in the FT-IR spectrum of native 
BNC. As Halib et al. (2012) reported, the strain used to the culture of 
BNC and the measurement conditions can result in subtle changes in the 
position and the intensity of the bands in the FTIR spectra of bacterial 
cellulose. 

No significant differences in the FTIR spectrum of BNC after its 

Table 3 
Thermogravimetric characteristics of BNC incubated in the sterile PBS and SBF, and SBF with S. aureus, C. albicans and A. fumigatus.  

BNC 
incubated 

Temperature range 
(◦C) 

PBS SBF SBF with S. aureus SBF with C. albicans SBF with A. fumigatus 

Weight loss 
(%)a 

DTG 
(◦C) 

Weight loss 
(%)a 

DTG 
(◦C) 

Weight loss 
(%)a 

DTG 
(◦C) 

Weight loss 
(%)a 

DTG 
(◦C) 

Weight loss 
(%)a 

DTG 
(◦C) 

1 month 

35–200  3   3   2   3   4  
200–400  88  366  85  365  87  364  89  366  85  356 
400–700  7   12   10   8   11  
Total  98   100   99   100   100  

2 months 

35–200  4   4   4   3   4  
200–400  95  372  91  366  92  370  93  369  90  359 
400–700  1   5   4   4   5  
Total  100   100   100   100   99  

5 months 

35–200  2   2   2   2   2  
200–400  85  365  89  373  85  366  87  368  83  354 
400–700  13   9   13   11   15  
Total  100   100   100   100   100  

6 months 

35–200  5   6   6  169  6  166  7  167 
200–400  82  364  82  366  84  365  83  367  78  355 
400–700  13   12   10   11   15  
Total  100   100   100   100   100   

a Percentage of weight loss during the special temperature ranges. 

Table 4 
Band assignment in the FT-IR spectra of native BNC.  

Band position 
(cm− 1) and 
intensitya 

Band assignment References 

3405 sh 
νOH intramolecular H- 
bonds for 3O…H–O5 and 
2O…H–O6 

Carrilo et al., 2004; Goswami & 
Das, 2019; Sugiyama et al., 1991 

3344 vs 
νOH intramolecular H- 
bonds for 3O…H–O5 

Abidi et al., 2010; Carrilo et al., 
2004; Halib et al., 2012; Misra 
et al., 2020 

3310 sh 
νOH intermolecular H- 
bonds Sugiyama et al., 1991 

3244 m 
νOH intermolecular H- 
bonds for 6O…H–O3’ 

Abidi et al., 2010 

2897 m νCH, νCH2 

Abidi et al., 2010; Goh et al., 
2012; Goswami & Das, 2019; Oh 
et al., 2005; Halib et al., 2012;  
Shi et al., 2014 

1635 w δOH polymer bound water 
Abidi et al., 2010; Goswami & 
Das, 2019; Misra et al., 2020 

1427 m δOH, δCH Oh et al., 2005; Misra et al., 2020 

1369 w δOH, δCH 

Carrilo et al., 2004; Goh et al., 
2012; Hishikawa et al., 2017;  
Misra et al., 2020 

1336 w δOH Oh et al., 2005 

1315 m δCH2 
Halib et al., 2012; Kacuráková 
et al., 2002 

1281 w δCH Carrilo et al., 2004 

1161 m δC–O–C of C1–O–C4 
Abidi et al., 2010; Oh et al., 
2005; Halib et al., 2012 

1107 s δC–OH of C2–OH Kacuráková et al., 2002 

1055 vs δC–OH of C3–OH Halib et al., 2012; Kacuráková 
et al., 2002 

1032 vs δC–OH of C6–OH 
Halib et al., 2012; Kacuráková 
et al., 2002 

1003 vs νC–O Kacuráková et al., 2002 
985 s νC–O Abidi et al., 2010 

899 m β-glycosidic linkage Kacuráková et al., 2002; Misra 
et al., 2020 

750 w Iα, δOH out-of-plane Liu et al., 2010; Sugiyama et al., 
1991 

710 w Iβ, δOH out-of-plane 
Abidi et al., 2010; Liu et al., 
2010; Sugiyama et al., 1991  

a vs – very strong; s – strong; m – medium; w – weak; sh - shoulder. 
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incubation for one-six months in the sterile PBS and SBF, and in SBF in 
the presence of microorganisms tested were observed (Fig. 4). However, 
the band intensity with the maximum at 1635 cm− 1 gradually decreased 
as the incubation period increased, showing the water content changes 
in the samples tested (Table 4). 

Moreover, the second-derivative procedure used, which allows more 
specific identification of the band at the 3600–3000 cm− 1 region, 
enabled to resolve of this band into its four components, located at 3410, 

3349, 3296, and 3235 cm− 1 in the spectrum of the native BNC (Fig. 5). 
While in the spectra of the BNC incubated in sterile PBS and SBF, and in 
the BNC incubated in SBF with S. aureus and C. albicans, the maxima of 
these bands remained at the same wavenumbers or shifted only slightly, 
in the spectra of the BNC incubated in SBF with A. fumigatus clear shifts 
by 3–9 cm− 1 towards lower wavenumbers were observed. As the former 
pair of peaks is assigned to intra-, and the latter to intermolecular 
hydrogen bonds (Hishikawa et al., 2017; Oh et al., 2005), the observed 
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BNC incubated in SBF
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BNC incubated in SBF
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BNC incubated in SBF
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2 months

1 month1 month

1 month 1 month

1 month
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unincubated

unincubated

A B
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E

Fig. 4. FT-IR spectra of the native BNC (unincubated) and the BNC incubated for selected time intervals in the sterile PBS (A) and SBF (B), and in the SBF with 
S. aureus (C), C. albicans (D), and A. fumigatus (E). 
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Fig. 5. Absorbance (—) and second-derivative (———) spectra of the native BNC and the BNC incubated for selected time intervals in the sterile PBS and SBF, and in the SBF with microorganisms tested.  
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changes seem to confirm the results of the thermal analysis, and it 
indicate the scission of these bonds in the BNC due to the incubation of 
its membranes in these conditions. Since loose cross-linked membranes 
are less resistant to media penetration in the network than those of 
densely cross-linked, their degradation is increasing. Additionally, the 
3600–3000 cm− 1 band has been described as indicative of water- 
mediated hydrogen bonding (Yakimets et al., 2007). The breaking of 
these bonds probably released water molecules and hence in thermo-
grams of the BNC incubated for six months the higher water content was 
noted. 

In order to estimate qualitative changes in the crystallinity of cel-
lulose, HBI, LOI and TCI indexes were calculated. An insight in the 
Table 5 confirmed that the number of hydrogen bonds (HBI index) in the 
BNC decreased with increasing time of the incubation of its membrane in 
the SBF with A. fumigatus, while LOI and TCI indexes increased. This 
means that due to the incubation of BNC in these conditions its crys-
tallinity increased. The observed trend is in line with previous findings 
(Kljun et al., 2011) and designed indexes were strongly correlated with 
those observed from XRD and TGA measurements. 

4. Conclusions 

The in-vitro biodegradability of BNC under conditions simulating 
human plasma both in the presence and absence of S. aureus, C. albicans 
and A. fumigatus was checked. The incubation under conditions tested, 
especially in SBF with of A. fumigatus, led to the more compact structure, 
what was the result of the rearrangement of the hydrogen-bond network 
in the BC structure. The increasing crystallinity degree of the BNC after 
the incubation in SBF with A. fumigatus resulted from the action of 
cellulolytic enzymes produced by them capable of degrading the 
amorphous regions of the BNC. As a result of the action of these en-
zymes, BNC has become less cross-linked and therefore less thermally 
stable. Since loose cross-linked membranes are less resistant to media 
penetration in the network than those of densely cross-linked, their 
degradation was increasing. 

The presented studies, together with previous experimental data 
(Kołaczkowska et al., 2019; Stanisławska et al., 2020), indicate the po-
tential of BNC for the production of cardiovascular implants. However, it 
has been shown that its biodegradability should be reduced. Further 
research is therefore necessary. 
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Technology (Gdańsk, Poland), Medical University of Gdańsk (Gdańsk, 
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