
International Journal of Biological Macromolecules 269 (2024) 131951

Available online 6 May 2024
0141-8130/© 2024 Published by Elsevier B.V.

Effect of the ex situ physical and in situ chemical modification of bacterial 
nanocellulose on mechanical properties in the context of its potential 
applications in heart valve design 

Alicja Stanisławska a,*, Marek Szkodo a, Hanna Staroszczyk b, Kinga Dawidowska d, 
Magdalena Kołaczkowska c, Piotr Siondalski c 
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A B S T R A C T   

Bacterial nanocellulose (BNC) is a promising material for heart valve prostheses. However, its low strength 
properties limit its applicability in cardiovascular surgery. To overcome these limitations, the mechanical 
properties of BNC can be improved through modifications. The aim of the research was to investigate the extent 
to which the mechanical properties of BNC can be altered by modifying its structure during its production and 
after synthesis. The study presents the results of various analyses, including tensile tests, nanoindentation tests, 
X-ray diffraction (XRD) tests, scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy 
(FTIR) and Raman spectroscopy, conducted on BNC chemically modified in situ with hyaluronic acid (BNC/HA) 
and physically modified ex situ through a dehydration/rehydration process (BNC 25DR, BNC105DR, BNC FDR 
and BNC/HA 25DR, BNC/HA 105DR, BNC/HA FDR). The results demonstrate that both chemical and physical 
modifications can effectively shape the mechanical properties of BNC. These modifications induce changes in the 
crystalline structure, pore size and distribution, and residual stresses of BNC. Results show the effect of the 
crystalline structure of BNC on its mechanical properties. There is correlation between hardness and Young’s 
modulus and Iα/Iβ index for BNC/HA and between creep rate of BNC/HA, and Young’s modulus for BNC vs Iα/Iβ 
index.   

1. Introduction 

According to estimates from the American Heart Association (AHA), 
approximately 5 million individuals in the United States are diagnosed 
with heart valve disease, and this condition is responsible for tens of 
thousands of deaths annually. However, these figures may not reflect the 
global burden of the disease. The World Health Organization (WHO) 
identifies rheumatic heart disease as a leading cause of heart valve 
problems, particularly in low-income and middle-income countries. 
Additionally, degenerative valve diseases, such as calcific aortic valve 
stenosis, are becoming increasingly prevalent, particularly in aging 
populations. Therefore, efforts are constantly being made to find solu-
tions for the development of new alternative materials and constructions 
that would allow for the design of a new innovative heart valve, free 

from the shortcomings of mechanical and biological valves currently 
used by the healthcare service. One of these materials could be bacterial 
nanocellulose (BNC). 

Cellulose, a polysaccharide derived from D-glucose units, exists 
naturally and can be produced by bacteria, notably Komagataeibacter 
xylinus [1,2]. BNC offers unique properties making it valuable for 
various applications in medicine and technology, such as dressing ma-
terials, blood vessel implants, and artificial skin [3–6]. However, BNC’s 
mechanical strength is relatively low, due to its high water content 
[7,8]. To address this limitation, physical or chemical modification 
techniques can be employed [9]. Physical modification through drying 
methods [10–12], including ex situ dehydration and rehydration, en-
hances BNC’s tensile strength without compromising its elasticity [13]. 
These modifications are crucial, especially in the development of 
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personalized artificial heart valves [12,14]. 
Chemical modification methods offer possibilities to enhance the 

structure and properties of bacterial nanocellulose (BNC). In situ syn-
thesis enables the integration of various compounds like chitosan, so-
dium alginate, or potato starch during BNC production, improving its 
characteristics [15–17]. Surface modification techniques, such as cross- 
linking reactions or treatments like acetylation, phosphorylation, or 

boiling in sodium hydroxide solution, can enhance specific properties of 
BNC [18–21]. Incorporating hyaluronic acid (HA) into the cellulose 
matrix can also improve BNC’s mechanical and functional properties, 
potentially enhancing its biocompatibility [22]. In situ modification with 
HA during BNC synthesis can lead to copolymerization, potentially 
improving its strength properties. While studies have focused on the 
physicochemical and structural properties of HA-modified BNC, it is 

Fig. 1. The SEM images of: a) BNC b) BNC 25DR, c) BNC 105DR d) BNC FDR. a′), b′), c′), d′) binary images of pores in structures.  
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Fig. 2. The SEM images of: a) BNC/HA; b) BNC/HA 25DR, c) BNC/HA 105DR d) BNC/HA FDR. a′), b′), c′), d′) binary images of pores in structures.  
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believed that HA presence can positively influence the mechanical 
performance of the composite [23–25]. Hyaluronic acid also accelerates 
the healing process of chronic wounds and acts as an anti-inflammatory 
agent [26]. Ex situ modification involves blending bacterial nano-
cellulose (BNC) and hyaluronic acid (HA) to create composite materials, 
known to exhibit higher tensile strength compared to BNC alone due to 
strong hydrogen bond formation [24,27]. However, this method is 
costly and labor-intensive. Alternatively, in situ modification of BNC/HA 
can be achieved by adding HA to the bacterial medium during synthesis, 
followed by drying and rehydration [22]. 

The proper selection of appropriate chemical and physical modifi-
cations for bacterial nanocellulose (BNC) can greatly improve its me-
chanical properties, such as tensile strength and creep resistance. These 

properties are crucial for cardiovascular implants, including aortic heart 
valves, which are subjected to varying stress conditions [28]. In addition 
to enhancing mechanical performance, the chosen modifications can 
also increase the biocompatibility of BNC [29]. This is important for 
ensuring the safety and longevity of valve prostheses made from BNC. By 
improving the material’s biocompatibility, the risk of adverse reactions 
or complications can be minimized. 

This article presents a study on the mechanical properties of bacterial 
cellulose (BNC) and its in situ modification by adding hyaluronic acid 
(HA) to the bacterial medium. Additionally, both forms of BNC were 
further modified ex situ through different drying methods: water soaking 
with convection drying at 25 ◦C and 105 ◦C, as well as freeze-drying. 

The aim of the study was to investigate whether chemically modified 
bacterial nanocellulose, modified in situ using HA and then subjected to 
dehydration and rehydration processes, meets the requirements for 
mechanical properties for use in artificial heart valves. In order to ach-
ieve this goal, a tensile test was conducted (to determine tensile strength 
and elongation at break), as well as instrumental indentation technique 
(to determine hardness, longitudinal modulus of elasticity, and creep 
velocity), and X-ray diffraction analysis, which allowed for the appli-
cation of the Williamson-Hall method to determine the intrinsic stresses 
present in each modification applied. The findings of the study 
contribute to a better understanding of the factors influencing changes 
in the mechanical properties of BNC when modifications are applied. By 
elucidating the relationship between modifications, structural alter-
ations, and mechanical performance, the study highlights the potential 
of BNC as a biomaterial for aortic artificial heart valves. 

2. Materials and methods 

2.1. Materials 

Samples for testing the mechanical properties of BNC were produced 
by the biotechnology company BOWIL Biotech Ltd. The process of cel-
lulose production is extensively described in the patents PL 171952B1 
(1993) and PL 212003B1 (2003). The complete details of producing 
native BNC are presented in the research conducted by [12]. 

The production of BNC involved using a strain of Komagataeibacter 
xylinus E25 and a standard Schramma and Hestrina (SH) solution, which 
consisted 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 mag-
nesium sulfate, as well as 5 g/L aminobak. The solution consisted of 
5–10 % inoculum, which constituted 1/3 of the total volume. The syn-
thesis temperature ranged from 30 ± 2 ◦C, and the pH of the medium 
was maintained at 5.75 ± 0.03. The standard culture lasted for 3 days 
and was conducted in a horizontal reactor with an area of 0.05 m2 

Fig. 3. Percentage of pores and their distribution for BNC - a) and BNC/HA - b). 
Pores were counted from an area of 114.8 μm2. 

Fig. 4. Raman spectrum for BNC and BNC/HA.  

A. Stanisławska et al.                                                                                                                                                                                                                          

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


International Journal of Biological Macromolecules 269 (2024) 131951

5

Fig. 5. FTIR spectrum for native BNC and BNC/HA – a), ex situ modified BNC – b), ex situ modified BNC/HA – c).  
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placed in a tray with openings to facilitate oxygen flow. The tray con-
tained the HS solution with the addition of aminobak and was incubated 
with a 5–10 % (v/v) suspension of the bacterium G. xylinus E25. After 7 
days of surface culturing, a highly hydrated BNC membrane was formed. 
After the synthesis process, the membranes were purified, compressed, 
rinsed with water, and boiled four times for 1 h at 80 ◦C. The first boiling 
was performed in 1 % sodium hydroxide (NaOH), followed by subse-
quent boiling in acetic acid, tap water, and deionized water, respec-
tively. After each cellulose boiling process, excess water was removed by 
applying a pressure of 345 kPa. In the subsequent step of the synthesis, 
the cellulose was sterilized in an autoclave at a temperature of 120 ◦C for 
20 min. The resulting cellulose had a thickness of 2 mm, was wet, and 
could not be used for XRD tests, Raman spectroscopy, SEM, and 

nanoindentation. To enable these tests, the cellulose was dried at 20 ◦C 
for 48 h. However, wet cellulose was utilized for tensile testing. 

To produce chemically modified BNC, the production process was 
carried out in SH medium containing 2 % glucose and 1 % HA (Hyal-
uronic Acid) added during the tray casting stage, which allowed for in 
situ modification. 

Following the modification stage, the same steps as those used for 
native BNC synthesis were followed. The resulting material was then cut 
into smaller pieces and sterilized in an autoclave at 120 ◦C for 20 min. 
This material was intended for testing in a tensile test. For XRD, Raman 
spectroscopy, SEM, and nanoindentation tests, separate samples were 
dried at 20 ◦C for 48 h. These samples represented the modified mate-
rial, specifically native BNC/HA, and had a thickness of 2 mm. 

To create physical modifications, both the native BNC and BNC/HA 
materials were subjected to dehydration and subsequent rehydration 
processes. For dehydration, convection drying was performed at 
different temperatures: 25 ◦C (25DR), 105 ◦C (105DR), and freeze- 
drying (FDR). After the dehydration process, the materials were rehy-
drated by soaking them in demineralized water at 25 ◦C for 2 h. This 
rehydration step is known as ex situ modification. The resulting samples 
had different thicknesses depending on the dehydration method used. 
For 25DR and 105DR, the samples had a thickness of 0.5 mm. For FDR, 
both BNC and BNC/HA samples had a thickness of 2 mm. 

2.2. Methods 

2.2.1. Scanning electron microscopy analysis (SEM) 
The morphology of the modified BNC samples was examined using a 

scanning electron microscope (SEM) model JSM 7800-F, manufactured 
in Tokyo, Japan. To observe the non-conducting cellulose effectively, 
the microscope operated at a low electron beam accelerating voltage of 
0.5 and 1 kV. The electron gun current used during the study was set at 
65 pA. 

The examination of BNC morphology was conducted at magnifica-
tions of 10,000× and 25,000×, respectively. By capturing images of the 
BNC microstructure after various modification methods, the porosity of 
the material was calculated. This involved binarizing the mono-
chromatic images and analyzing the quantity and distribution of pores 
using the MultiScan software, which is an Advanced Image Input and 
Analysis System developed by CSS-Ltd. in Warsaw, Poland. 

2.2.2. Raman spectroscopy analysis 
The Raman system employed in the study was equipped with a 

continuous-mode laser with a wavelength of 360 nm and a power output 
of 1000 mW. To excite the sample, a laser beam with a power of 500 mW 

Fig. 6. X-ray diffraction images for native ex situ and physically modified BNC 
for native - a), and ex situ physically modified BNC/HA - b). 

Table 1 
Results of XRD diffraction pattern analysis for BNC and BNC/HA after various modification processes. B - half peak broadening, A - area under the peak, ± standard 
error.   

(100) (010) (110) or (200) Iα/Iβ Cr.I. Z 

2θ B A 2θ B A 2θ B A 

BNC 
14.85 
±0.01 

1.39 
±0.02 

793.01 
±8.91 

16.75 
±0.04 

2.21 
±0.11 

317.54 
±4.55 

22.96 
±0.00 

1.19 
±0.01 

1553.00 
±7.71 

0.51 
±0.0063 

91.00 
±0.42  − 16.64 

BNC 25DR 
14.60 
±0.01 

1.43 
±0.03 

683.58 
±9.40 

16.90 
±0.03 

2.00 
±0.09 

277.99 
±6.18 

22.81 
±0.00 

1.20 
±0.01 

1752.00 
±7.84 

0.39 
±0.0056 

90.30 
±0.38  4.75 

BNC 105DR 15.32 
±0.01 

1.04 
±0.04 

130.51 
± 3.34 

17.74 
±0.04 

1.08 
±0.10 

28.07 
±1.79 

23.56 
±0.01 

1.12 
±0.02 

323.00 
±3.44 

0.40 
±0.0112 

51.13 
±0.51  

− 21.00 

BNC 
FDR 

14.90 
±0.01 

1.28 
±0.03 

547.97 
± 9.37 

17.12 
±0.03 

1.40 
±0.10 

96.93 
±3.15 

23.13 
±0.00 

1.10 
±0.01 

1414.00 
±8.66 

0.39 
±0.0070 

89.00 
±0.51  

− 9.77 

BNC/HA 
14.47 
±0.01 

1.45 
±0.03 

294.70 
±5.09 

16.80 
±0.03 

1.45 
±0.10 

70.63 
±2.72 

22.68 
±0.00 

1.20 
±0.01 

800.00 
±4.37 

0.37 
±0.0067 

78.86 
±0.40  11.13 

BNC/HA 25DR 
14.77 
±0.02 

1.50 
±0.09 

107.30 
±4.80 

17.28 
±0.07 

1.49 
±0.21 

37.55 
±3.53 

22.99 
±0.01 

1.27 
±0.02 

347.00 
±3.93 

0.31 
±0.0143 

48.38 
±0.51  

3.33 

BNC/HA 105DR 14.53 
±0.01 

1.16 
±0.03 

324.84 
±6.89 

16.96 
±0.05 

1.17 
±0.14 

51.24 
±3.51 

22.76 
±0.00 

1.13 
±0.01 

993.00  
±6.68 

0.33 
±0.0073 

83.90 
±0.53  

11.33 

BNC/HA 
FDR 

14.61 
±0.01 

±1.34 
±0.03 

312.55 
±4.94 

17.00 
±0.04 

1.25 
±0.12 

75.60 
±2.85 

22.81 
±0.00 

1.15 
±0.01 

855.00 
±4.33 

0.37 
±0.0061 

80.93 
±0.38  

6.81  
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was utilized. The laser beam fell on the sample at a 90-degree angle. The 
Raman scattering collection time for each measurement was set at 30 s. 
Raman spectra were collected for both the BNC and BNC/HA samples 
under identical experimental conditions. This ensures consistency in the 
measurements and allows for direct comparison of the Raman spectra 
obtained from the two investigated samples. 

2.2.3. Fourier-transform infrared spectroscopy analysis (FTIR) 
The spectra were recorded on a Nicolet 8700 spectrometer in the 

range of 400 to 4000 cm-1. Measurements were conducted using a 
Golden Gate ATR accessory with a single reflection on a diamond 
crystal. The temperature during measurements was maintained at 25 ±
0.1 ◦C. Each spectrum consisted of 128 scans at a resolution of 4 cm− 1. 
Turbo mode lighting was used during measurements. Prior to analysis, 
both the spectrometer and the ATR accessory were flushed with dry 
nitrogen, and all samples were placed in a desiccator with P2O5 for a 
week. Three measurements were taken for each sample. 

2.2.4. X-ray diffraction (XRD) analysis 
An X’Pert Pro diffractometer, manufactured by Philips in Eindhoven, 

the Netherlands, was utilized for XRD (X-ray diffraction) studies. The 
operating parameters of the diffractometer were set as follows: voltage 

at 40 kV, current at 30 mA, and scanning speed at 0.02◦/s. CuKα radi-
ation with a wavelength of 0.15405 nm was used for the diffraction 
experiments. The range of the diffraction spectrum obtained was from 
10◦ to 40◦. Before testing, the cellulose samples were dried using com-
pressed air. The obtained diffractograms were analyzed to determine the 
degree of cellulose crystallinity (crystallinity index, Cr.I.), as well as the 
size of the crystallites and the residual stresses present in the crystallites. 
To calculate the degree of cellulose crystallinity, the following formula 
[30] was used: 

Cr.I. = [(I200 − Iam)/I200 ] × 100 (1) 

In the formula, I200 represents the intensity of the peak in the dif-
fractogram at an angle 2θ approximately 23◦, and Iam denotes the in-
tensity for amorphous cellulose at an angle between 2θ of 18◦ to 19◦

(considered as the baseline). For this study, the intensity of Iam was 
assumed to be equal to the background intensity at an angle 2θ = 18.5◦. 

To determine Iα/Iβ ratio, the surface area under the peak corre-
sponding to the crystallographic plane (100) was divided by the surface 
area under the peak corresponding to the (200) plane. These results 
compare to Iα/Iβ ratio that were determined by M. Wada et.al [31] 
which is shown below. To determine the Iα/Iβ ratio the following for-
mulas were used: 

d1 = 0, 613*0, 1x+ 0, 602*0, 1y (2)  

d2 = 0, 535*0, 1y+ 0, 529*0, 1x (3)  

where: d1, d2 – d-spacing from two phases. The above formula is true 
when Iα/Iβ ratio is x/y and x + y = 10. 

To determine the dominant allomorph the following formula was 
used: 

Z = 1693*d1 − 902*d2 − 549 (4) 

If Z > 0 means that BNC is Iα-rich. 
To determine the residual stresses in the crystallites and the size of 

the crystallites, Williamson-Hall analysis was performed. The widths of 
each of the three peaks at half peak height were determined. The peaks 
were approximated using the Lorentz function in the Origin program, 
employing the nonlinear least squares method. The total half-width of 
the peaks (B), expressed in radians, is considered as the result of the 
deformation of the crystal lattice (ε) caused by the residual stress (σR) 
and the size of the crystallites (L), as well as the instrumental broadening 
of the test device. This relationship can be written as follows [32]: 

Bsinθ = (as⋅λ)/L+ 4ε⋅sinθ+Bl⋅sinθ (5) 

In the equation, as represents Sherrer’s constant, which depends on 
the shape and distribution of the crystallites. For an ideal set of 1D linear 
crystals, Scherrer’s constant is typically assumed to be as = 0.88 [33]. BI 
represents the instrumental broadening, which was evaluated using a 
silicon standard. For this analysis, the instrumental broadening was 
assumed to be 10 % of the total peak broadening. 

2.2.5. Nanoindentation test 
The Nano Test Vantage nanoindenter, manufactured by Micro Ma-

terials in the UK, was utilized for nanohardness testing. The testing 

Fig. 7. Williamson-Hall analysis for native BNC and its modifications - a), and 
for BNC/HA and its modifications - b). 

Table 2 
Results of ANOVA statistical analysis.   

Sum of squares SS df Average square F Significance level 

H E έ  H E έ H E έ  

BNC Among groups  0.118  34.56  4E− 05  3  0.039  11.52  1.30E− 05  8.56  20.54  13.96  0.01 
Within groups  0.17  20.75  3E− 05  37  0.005  0.56  9.34E− 07 
Total  0.288  55.31  7E− 05  40    

BNC/HA Among groups  0.363  52.63  0.033  3  0.121  17.54  0.011  11.1  15.49  154.1  0.01 
Within groups  0.405  41.91  0.003  37  0.011  1.133  7.0E− 05 
Total  0.768  94.54  0.036  40     
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involved the use of a diamond indenter in the shape of a three-sided 
Berkovich pyramid. The maximum load applied during the test was 1 
mN, and both the loading and unloading rates were set at 0.02 μN/s. To 
determine the strain rate (cellulose creep), the maximum load was 
maintained for a dwell time of 10 s. The creep rate (ε̇= dε/dt) was 
calculated as the slope of the straight line representing the relative 
indenter displacement ε plotted against time t, during the period of 
stabilized creep (constant creep rate). The hardness and stiffness of 
cellulose (reduced Young’s modulus) were determined using the nano-
indentation test, employing the Oliver-Pharr method. According to this 
method, the hardness (H) is calculated as the ratio of the maximum load 
(Pmax), applied during the nanoindentation test to the area of the imprint 
(Ac), formed in the material in contact with the indenter (H = Pmax/Ac). 
The stiffness (E) is proportional to the slope of the tangent to the stress 
relief curve at the point of maximum load (dP/dh), and can be expressed 
as E = 0.5(dP/dh)(π/Ac)0.5. Each measurement was repeated 10 times, 
and the mean values and standard deviations were calculated. 

2.2.6. Tensile strength test 
The tensile tests were conducted using an Instron C universal tensile 

machine (Canton, MA, USA). The ASTM modified method D882-00 
(ASTM, 2001) was followed to determine the tensile strength (TS) and 
elongation at break (A) of the specimens. During the tensile tests, the 
cross-head speed was set to 10 mm/min, and the initial grip separation 
was maintained at 50 ± 5 mm. The elongation at break (A) was calcu-
lated as the ratio of the elongation at the point of sample rupture to the 
initial length of the sample. The tensile strength (TS) was calculated by 
dividing the maximum load obtained during the test by the initial cross- 
sectional area of the sample. The samples used in the tests were strips 
with dimensions of 15 × 100 mm. For each modified BNC, five tensile 
tests were performed, and the mean values of TS and A, as well as the 
standard deviation, were calculated. 

2.2.7. Statistical analysis 
The average results of mechanical tests were calculated based on at 

least 5 replications. The obtained data underwent statistical analysis 
using one-way analysis of variance (ANOVA) to determine significant 
differences among BNC samples. Significance was accepted at p < 0.01. 

3. Results and discussion 

3.1. BNC characterization by SEM analysis 

Surface observations, without the use of a microscope, indicate that 
both native BNC and freeze-dried BNC have the same thickness and 
width. These samples exhibit a typical gel and cryo-gel structure. 
However, SEM observations revealed that during the freezing process 
preceding freeze-drying, ice crystals formed inside the material, which 
then expanded and influenced the structure of the resulting cryo-gel. As 
a result, both BNC and BNC/HA had a higher percentage of pores in their 
structures after freeze-drying compared to native cellulose. These pores 
were also larger in size compared to those formed during convection 
drying. In the study, no additives were used during freezing, resulting in 
the formation of an open aerogel structure. This structure is likely to 
possess good water retention properties and exhibits significant swelling 
capabilities [34] [35]. Convection drying at 25 ◦C led to a decrease in 
the width of the samples due to an increase in material thickness. 
Application of heat at this temperature resulted in the reduction of the 
outer surface area, pore closure, shrinkage, and the formation of internal 
hydrogen bonds [11]. Consequently, the dimensions of the pores 
decreased, as did the area occupied by the pores (Figs. 1–3). Increasing 
the convection drying temperature to 105 ◦C further reduced the per-
centage of pores and their dimensions in the case of BNC. However, in 
the case of BNC/HA, raising the convection drying temperature to 

Fig. 8. Load - displacement curves determined for physically modified BNC - 
9a) and BNC HA - 9b). The curves shown are the median of 10 measurements. 

Fig. 9. Average hardness results – a), and average Young’s modulus – b). Re-
sults obtained in ten measurements in the nanoindentation test. Error bars 
indicate ± average standard deviation. η2 - power factor of significance of 
differences. 
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105 ◦C resulted in an increased pore content, albeit with smaller sizes 
(Fig. 3b). The analysis of XRD images conducted in Section 3.3 reveals a 
correlation between the porosity of bacterial cellulose and the magni-
tude of residual stresses. In the case of the BNC/HA composite, there is a 
clear relationship between the percentage of pores in the structure and 
the magnitude of residual stresses. High tensile stresses tend to close the 
pores, resulting in a reduction in cellulose volume. Conversely, 
decreasing tensile stresses lead to an increase in porosity within the 
structure. When compressive stresses are present, such as in the case of 
BNC 105DR cellulose, pore closure is even more effective than under 
high tensile stress conditions. 

3.2. Characteristics of BNC and BNC/HA by Raman spectroscopy 

Fig. 4 illustrates the Raman spectra obtained for native BNC and 
BNC/HA. The Raman spectrum of BNC showed no significant differences 
due to in situ modification with HA. However, a band observed at 3580 
cm− 1 in the BNC spectrum exhibited a shift towards lower wave 
numbers in the spectrum of BNC/HA. This shift could be interpreted as 
the formation of new hydrogen bonds between functional groups of BNC 
and HA. Additionally, a band at 955 cm− 1 in the BNC spectrum exhibited 
decreased intensity and broadening in the BNC/HA spectrum, indicating 
a change in the degree of crystallinity and the size of crystallites [36]. 

3.3. Characteristic of BNC and BNC/HA by Fourier Transform Infrared 
Spectroscopy 

Differences in the FTIR spectrum between BNC and BNC/HA indicate 
a higher number of hydrogen bonds in BNC/HA. These differences are 
observed as increased intensity of the absorption band of the hydroxyl 
(OH) group in BNC/HA, compared to BNC in the region from 3600 to 
3000 cm− 1. Addition of hyaluronan also affects the absorption band of 
the carbonyl (C=O) group at 1645 cm− 1 in cellulose. Increased intensity 
of the band and its shift towards lower wavenumbers may suggest the 
formation of additional hydrogen bonds between the carbonyl groups of 
hyaluronan and the hydroxyl groups of cellulose. In the case of BNC/HA, 
changes in absorption bands associated with C-O-C bonds at 1162 cm− 1, 
which are characteristic of cellulose, are also observed. These bands 
undergo shifts and changes in intensity in the presence of hyaluronan, 
which may be related to additional hydrogen bonding interactions. 
Additionally, the appearance of an absorption band associated with 
amino groups of hyaluronan (NH) at 1544 cm− 1 suggests the presence of 
new hydrogen bonds or other interactions between hyaluronan and 
cellulose (Fig. 5). 
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Fig. 10. Examples of creep curves (the median of 10 measurements) deter-
mined by the nanoindentation test for BNC - a) and for BNC/HA - b). 

Fig. 11. Average creep rate for BNC and BNC/HA determined from ten tests. 
Error bars indicate ± standard deviation. η2 - power factor of significance of 
differences. 

Fig. 12. Tensile strength of BNC and BNC HA – a) and elongation at break of 
BNC and BNC/HA – b). Error bars indicate ± standard deviation. η2 - power 
factor of significance of differences. 
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3.4. Characteristics of BNC and BNC/HA by XRD 

Fig. 6 presents the XRD diffraction patterns for BNC (Fig. 6a) and 
BNC/HA (Fig. 6b). Both patterns exhibit two distinct peaks at approxi-
mately 2θ angles of 14.7◦ and 22.7◦, as well as a faint peak at a 2θ angle 
of around 16.8◦. The presence of these distinct peaks indicates the 
crystalline structure of cellulose. According to [37] BNC produced by the 
Komagataeibacter xylinus strain possesses a crystalline structure corre-
sponding to the Iα and Iβ phases. The peak at a 2θ angle of 14.7◦ cor-
responds to the Iα phase with a crystallographic direction of (100), while 
the peak at a 2θ angle of 22.7◦ corresponds to the Iβ phase with a 
crystallographic direction of (200) or if the cellulose is Iα phase rich 
22.7◦ corresponds to (110). Using formula (4), the value of Z was 
calculated, and it was found that the following modifications are rich in 
the Iα phase: BNC 25DR, BNC/HA native, BNC/HA 25DR, BNC/HA 
105DR and BNC/HA FDR. Crystallographic planes for Iα rich cellulose 
are marked in the Fig. 6 and the results of the Z values are presented in 
Table 1. 

Table 1 contains the results of the XRD analysis, specifically the 
calculated Iα/Iβ ratios for both BNC and BNC/HA samples. The Iα/Iβ 

ratio represents the relative abundance of the Iα and Iβ phases in the 
cellulose structure. It can provide insights into the degree of crystallinity 
and the polymorphic composition of the cellulose material. The infor-
mation provided suggests that the drying temperature has an impact on 
the crystalline structure of bacterial cellulose, and the presence of HA 
molecules further influences this behavior. At low drying temperatures 
(25DR), the degree of cellulose crystallinity remains constant, suggest-
ing no significant changes in the number of hydrogen bonds between 
cellulose chains and water molecules. Increasing the drying temperature 
to 105 ◦C leads to the breaking of bonds between cellulose chains and 
water molecules, resulting in a decrease in the spatial ordering of cel-
lulose chains. In the case of the BNC/HA composite, the presence of HA 
molecules embedded in the cellulose chains allows for the breaking of 
hydrogen bonds between water molecules and cellulose chains even at a 
temperature of 25 ◦C. Consequently, this leads to a reduction in the 
degree of cellulose crystallinity. However, increasing the drying tem-
perature to 105 ◦C leads to the breaking of hydrogen bonds between 
cellulose chains at the sites of embedded hyaluronic acid, allowing for 
spatial ordering of the chains, and thus increasing the degree of cellulose 
crystallinity. It is worth noting that in the absence of HA molecules 
embedded in the cellulose chains, the temperature at which hydrogen 
bonds between cellulose chains are broken may be higher than 105 ◦C, 
making it impossible to increase the degree of crystallinity. As a result, 
no significant increase in the degree of crystallinity is observed in this 
case. These observations highlight the influence of drying temperature 
and the presence of HA molecules on the degree of crystallinity in 
bacterial cellulose. 

The data in Table 1 was used to perform a Williamson-Hall analysis, 
and the results are presented in Fig. 7. The analysis allowed for the 
determination of the size of the crystallites (L) and the lattice strain in 
the crystals (ε). By examining the straight lines in Fig. 7, it is possible to 
determine the size of the crystallites and the magnitude of residual 
stresses. In general, BNC produced with the addition of HA exhibits 
larger crystallite sizes and lower tensile residual stresses compared to 
native BNC. However, an exception to this trend is observed in BNC 
convection dried at 105 ◦C. Increasing the temperature of convection 
drying leads to larger crystallite sizes, reduced residual stresses, and a 
shift from tensile to compressive stresses in the case of BNC/HA. Freeze- 
drying produces crystallites of intermediate size, larger than those 
produced by convection drying at 25 ◦C but smaller than those produced 
after convection drying at 105 ◦C. Drying at 25 ◦C does not significantly 
change the size of the crystallites compared to native BNC but results in 
an increase in residual stresses of more than twofold. The calculated 
crystallite sizes are summarized in Table 2. Fig. 7 shows that the re-
lationships Bsinθ = (as⋅λ)/L + 4ε⋅sinθ are linear decreasing functions, 
indicating the presence of tensile residual stresses in the micro-areas of 
the crystals. The only exception is the BNC 105DR sample, where 
compressive residual stresses are observed in the crystals. To accurately 
determine the value of residual stresses, the knowledge of the longitu-
dinal modulus of elasticity of the crystals is necessary. This information, 
along with other mechanical properties of BNC and its various modifi-
cations, was determined through a nanoindentation test. 

Fig. 13. Effect of the crystalline structure of BNC on its mechanical properties. 
Correlation between hardness and Young’s modulus and Iα/Iβ index for BNC/ 
HA - a), and creep rate of BNC/HA, and Young’s modulus for BNC vs Iα/Iβ index 
- b). 

Table 3 
Effect of ex situ and in situ modification of BNC and BNC/HA on the mechanical properties.  

Modification L 
[nm] 

σR 

[MPa] 
ε̇ × 10− 4 

[s− 1] 
E* 
[GPa] 

H 
[MPa] 

TS 
[MPa] 

A 
[%] 

BNC 25DR  3.08  − 76.8  70 ± 7  3.99 ± 0.97  0.7 ± 0.08 9.11 ± 0.56  6.43 ± 0.15 
BNC 105DR  9.41  10.0  81 ± 10  2.87 ± 0.76  0.22 ± 0.06 11.04 ± 0.98  6.22 ± 0.42 
BNC FDR  4.88  − 44.9  99 ± 9  3.45 ± 0.82  0.25 ± 0.07 7.40 ± 0.68  7.25 ± 0.32 
BNC  2.99  − 30.5  90 ± 11  1.5 ± 0.31  0.13 ± 0.04 3.51 ± 0.69  10.73 ± 0.35 
BNC/HA 25DR  4.33  − 63.9  94 ± 20  4.39 ± 1.51  0.33 ± 0.16 8.24 ± 1.1  7.9 ± 0.34 
BNC/HA 105DR  6.99  − 7.8  78 ± 3  3.24 ± 0.96  0.23 ± 0.09 7.00 ± 0.25  6.54 ± 0.83 
BNC/HA FDR  5.23  − 17.5  55 ± 24  1.67 ± 0.16  0.14 ± 0.01 7.32 ± 0.78  8.82 ± 0.21 
BNC/HA  4.39  − 26.1  73 ± 16  1.67 ± 1.18  0.081 ± 0.09 2.4 ± 0.45  12.22 ± 0.11  
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3.5. Characteristics of BNC and BNC/HA by nanoindentation test 

Fig. 8 displays the load-unload curves obtained for physically 
modified BNC (Fig. 8a) and BNC/HA (Fig. 8b). The graphs represent the 
median of 10 measurements. The curves shown in Fig. 8 exhibit typical 
behavior for elastically plastic materials. In the unloading curves, drift 
corrections can be observed at 10 % of force. From these curves, Young’s 
modulus, hardness, and creep rate were calculated. Fig. 9 illustrates the 
results of the calculations. It can be observed that ex situ modification of 
BNC leads to an increase in hardness ranging from 69 % to 115 %, 
depending on the modification method used. Conversely, double 
modification of BNC, first in situ by adding HA to the medium, and then 
ex situ through soaking in water and convection or freezing drying, al-
lows for a hardness increase ranging from 73 % (in the case of freezing 
drying) to 407 % (in the case of convection drying at 25 ◦C). The same 
trend is observed for the rigidity of BNC (Fig. 9b). Ex situ modification 
increases its stiffness. However, unlike hardness, the addition of HA to 
the medium enhances the stiffness of BNC. The presence of a significant 
amount of water in native BNC and BNC/HA likely contributes to a 
reduction in the modulus of longitudinal elasticity, as observed in the 
nanoindentation test for physically modified BNC. Only BNC/HA sub-
jected to freeze-drying (FDR BNC/HA) exhibits similar values of Young’s 
modulus (E) and hardness (H) to native BNC and BNC/HA. This outcome 
is attributed to the size and distribution of pores in the structure of BNC/ 
HA and BNC after freeze-drying, as shown in Fig. 3. Freeze-drying results 
in the highest percentage of pores and larger pore sizes, compared to 
other drying methods. It should be noted that due to the application of 
small forces (1 mN), the obtained results exhibit a large dispersion. The 
indenter may come into contact with individual filaments, fiber ag-
glomerates, or hit a pore, resulting in calculated hardness values that can 
be very low or close to zero. However, the results indicate a general 
trend of increased strength, hardness, and Young’s modulus of BNC and 
BNC/HA after physical modification, compared to the native material. 
In the case of convection drying of BNC at 25 ◦C and BNC freeze-drying, 
a close relationship is observed between the magnitude of residual 
stresses and high hardness and stiffness, despite the fact that the stresses 
are tensile in nature. The same correlation is observed for BNC/HA dried 
at 25 ◦C. This phenomenon may be attributed to the formation of 
additional hydrogen bonds, which generate residual tensile stresses. 
However, no correlation is observed between the degree of crystallinity, 
size of crystallites, and the hardness and stiffness of BNC. 

An important property of BNC, particularly for its use in cardiovas-
cular implants, is its creep resistance. Due to the high stability of cel-
lulose under dynamic loading conditions [38], it was decided to conduct 
creep tests on BNC only under static loading conditions with a value of 1 
mN. Creep resistance is inversely related to the creep rate ε̇ during the 
steady-state period of dwell time. Fig. 10 illustrates the change in strain 
ε for modified BNC (Fig. 10a) and BNC/HA (Fig. 10b) during maximum 
indenter loading. It can be observed that the creep rate decreases for the 
first 6 s and then stabilizes at a constant level. 

Fig. 11 presents the arithmetic mean value of the creep rate calcu-
lated from 10 trials. As depicted in Fig. 11, the lowest creep rate is 
observed for BNC/HA and freeze-dried BNC/HA, while the highest creep 
rate is recorded for BNC after freeze-drying. These results indicate a 
relationship between creep resistance and the porosity of BNC. The low 
number of pores in the structure of BNC/HA and BNC/HA FDR con-
tributes to their favorable creep resistance. Conversely, the high number 
of pores in BNC FDR cellulose results in low creep resistance. The sta-
tistical analysis using one-way analysis of variance (ANOVA) indicates 
that the obtained results of hardness (H), Young’s modulus (E), and 
creep rate (ε̇) are statistically significant. For all analyzed cases of BNC 
modification, significant differences were observed between groups 
with a p-value of <0.01. The strength of these effects was further eval-
uated using the η2 coefficient, which is calculated as the ratio of the sum 
of squares (SS) among groups to the total SS. The η2 coefficient values for 
both groups of BNC and BNC/HA cellulose were not <0.41, 0.56, and 

0.57 for hardness, Young’s modulus, and creep rate, respectively. As the 
η2 values exceeded 0.14, it can be concluded that there is a strong dif-
ferentiation effect between the BNC groups. 

3.6. BNC characterization by tensile strength test 

Fig. 12 presents the results of the effect of in situ chemical and ex-situ 
physical modification (dehydration/rehydration) on the tensile strength 
(TS) and elongation (A) of BNC and BNC/HA. Comparing BNC and BNC/ 
HA, it can be observed that the tensile strength is higher for BNC, both in 
its native form and after ex situ modification. Several explanations can 
be considered for this phenomenon:  

1. After the addition of HA to the culture medium, the fibrils may 
adhere to each other, possibly through the incorporation of HA be-
tween them.  

2. HA penetration inside the cellulose network may fill the space and 
maintain close interaction between the nanofibrils [39].  

3. HA, being a natural substance, may not possess adequate mechanical 
properties, and its addition to the nutrient medium could weaken the 
resulting structure. 

In addition to the above factors, TS is influenced by residual stresses 
and the size, number, and dimensions of pores in the cellulose micro-
structure. The highest TS was demonstrated by BNC without HA after 
convection drying at 105 ◦C, where the residual stresses were 
compressive. BNC 25DR also exhibited high TS, which can be attributed 
to the low porosity of the structure and small pore dimensions. In the 
case of in situ HA-modified BNC, convection-dried BNC at 25 ◦C showed 
the highest TS, despite the presence of the highest residual tensile 
stresses. In this case, the low porosity and absence of larger-sized pores 
played a significant role. The decrease in drying temperature also 
contributed to the increase in TS of BNC and BNC/HA, possibly due to 
the formation of more hydrogen bonds within the BNC fibers and 
changes in the spatial structure of the BNC polysaccharide chains [40]. 
The strong packing of fibers reinforced with hydrogen bonds limits the 
mobility of the polymer chains and consequently increases the strength 
of BNC [41]. Fig. 11 demonstrates that BNC without added HA, 
conventionally dried at 25 ◦C and 105 ◦C, exhibited the lowest creep 
rate, indicating lower mobility of polysaccharide chains and higher 
strength. Slightly lower TS values were observed for FDR BNC and FDR 
BNC/HA, which may be associated with larger pore sizes (Fig. 3). 
However, the elongation (A) was slightly higher for these modifications, 
suggesting better water absorption and swelling properties of FDR BNC/ 
HA [35]. The obtained tensile strength (TS) values for both ex situ 
modified BNC and BNC/HA are generally above 7 MPa, which is 
considered a sufficient value for the potential use of BNC or BNC/HA as a 
biomaterial for the aortic valve. This is noteworthy since the TS of aortic 
petals and the aorta itself does not exceed 5 MPa [42]. 

The statistical analysis using one-way analysis of variance (ANOVA) 
indicates that the significance level of the results for each BNC group is 
higher than 0.01, suggesting that the observed differences in TS and 
elongation (A) values between the groups are statistically significant. 
Moreover, the η2 coefficient values, which represent the effect size, are 
>0.93, indicating a strong differentiation effect between the BNC 
groups. This reinforces the conclusion that the modifications applied to 
BNC have a significant impact on its mechanical properties, particularly 
in terms of TS and A. Table 2 below presents the details of the statistical 
analysis. 

3.7. Relationship between the mechanical properties of BNC and its 
crystal structure 

The analysis reveals that in some cases of ex situ modification of BNC, 
there is a linear correlation between mechanical properties (hardness, 
stiffness) and the crystal structure represented by the Iα/Iβ index. 
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Fig. 13a demonstrates that the hardness and stiffness of ex situ-modified 
BNC/HA show linear relationships with the Iα/Iβ index. A higher 
number of type Iβ crystals in the BNC structure corresponds to increased 
strength properties. Similarly, Fig. 13b shows a correlation between the 
creep rate and crystal structure, indicating that an increased number of 
Iβ crystals leads to a lower creep rate in BNC/HA cellulose. This can be 
attributed to the denser packing of Iβ crystals, which reduces chains 
mobility and enhances resistance to creep. It is observed that ex situ 
modified BNC/HA generally has fewer Iβ crystals compared to BNC, 
resulting in lower strength properties. However, it is important to note 
that the mechanical properties are influenced by various factors, 
including crystal structure, pore size and distribution, and residual 
stress. The influence of crystallite size on the mechanical properties of 
BNC was not observed. Table 3 summarizes all the properties of in situ 
and ex situ modified BNC, including crystallite size and residual stresses. 
The lack of a simple relationship between crystallite size and residual 
stresses suggests that crystallite type, pore distribution and size, and 
other factors play a more significant role in determining the mechanical 
properties of BNC. 

Based on the obtained results, one particular modification approach 
(BNC dried at 25 ◦C and rehydration) was selected for further bioassays. 
These subsequent tests assessed the biodegradability of the modified 
bacterial cellulose in the presence of S. aureus, C. albicans, and 
A. fumigatus [43]. The six-month tests demonstrated the favorable 
resistance of bacterial biocellulose, and additional evaluations such as 
Shima’s test indicated its low hemolysis index and low thrombogenicity 
[14]. 

4. Limitations and future perspectives 

The presented research results should be subjected to critical eval-
uation. The analysis of porosity was determined using the principles of 
quantitative metallography, which state that the volumetric, surface, 
linear, and point fractions are equal. Consequently, the SEM image was 
represented as a binary image of pores. To obtain the actual pore dis-
tribution throughout the sample, it would be necessary to conduct ex-
aminations using techniques such as computer tomography or the 
Brunauer-Emmett-Teller (BET) method. The Williamson-Hall analysis, 
presented to obtain second-order stress quantities and crystallite sizes, 
relies on the full width at half maximum (FWHM), which, depending on 
the chosen peak distribution function (Gaussian, Lorentzian, pseudo- 
Voigt, or Voigt), may take different values. Also, the shapes of the 
crystallites are not fully known; not all necessarily assume the same 
form. Depending on their shapes, the Sherrer constant is selected for 
calculations. 

The obtained modifications of BNC and BNC/HA meet the re-
quirements of mechanical properties obtained in the tensile test. The 
next step is to design the heart valve, sew it, and perform in vitro testing 
on a measuring station where it will be possible to determine the 
effective opening area of the valve and to conduct fatigue tests. And the 
final step will involve conducting in vivo studies on animals. 

5. Conclusion 

The obtained results indicate that the addition of hyaluronic acid 
decreases the degree of crystallinity and increases crystal size in BNC. 
Moreover, HA promotes the formation of hydrogen bonds between 
cellulose and hyaluronic acid chains, resulting in increased hardness, 
stiffness, and resistance to creep of the modified bacterial cellulose. 

Chemical modification also leads to a reduction in residual stresses 
within the crystal lattice of the modified BNC. On the other hand, ex situ 
modification of both BNC and BNC/HA increases hardness, stiffness, and 
tensile strength while reducing elongation at break in tensile tests. The 
obtained modifications of BNC meet the requirements of mechanical 
properties obtained in the tensile test. 
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