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Abstract  Bacterial cellulose (BC) is a biomate-
rial extensively studied in tissue engineering due 
to its favorable properties. Porosity, biocompatibil-
ity, biodegradability and mechanical durability are 
essential material properties for scaffold use in tis-
sue engineering. This study aims to fabricate porous 
scaffolds using a moldable and degradable BC-HAp 
composite for bone tissue engineering. BC was pro-
duced by Komagataeibacter sucrofermentans under 
static culture conditions. The harvested BC mem-
branes were purified and then mechanically shredded. 
BC oxidation was performed using different sodium 
periodate concentrations (0.05–0.5 M) and treatment 
times (0.5–12 h). Oxidized BCs (oxBC) were modi-
fied with hydroxyapatite (HAp), then were moulded, 

lyophilized, and characterized. The degradability 
of the scaffolds was determined for 45  days. Cyto-
toxic analysis of oxBC scaffolds was carried out for 
7  days using the L929 fibroblast cell line. The oxi-
dation degrees of the shredded BC samples were 
between 6.75 and 81%, which increased in line with 
the increasing concentration and application time 
of periodate. The scaffolds prepared using oxidized 
cellulose for 30 and 60  min (oxBC30 and oxBC60) 
preserved their integrity, These scaffolds showed a 
weight loss of 9% and 14% in 45 days, respectively. 
The pore distribution was between 50 and 450  µm 
and concentrated in the 50–150 µm range. The com-
pression moduli were 88.72 kPa and 138.88 kPa for 
oxBC30-HAp and oxBC60-HAp, respectively. It was 
determined that oxBC did not show a significant 
difference in cell viability compared to the control 
groups and was not cytotoxic. In conclusion, degra-
dable and more porous bone scaffolds were fabricated 
using mouldable oxBC.

Keywords  Bacterial cellulose · Oxidation · 
Mouldable · Bone scaffolds · Degradation

Introduction

BC is a highly pure exopolysaccharide that can be 
produced by some microorganisms (Emre Oz et  al. 
2021; Hou et al. 2018). It is used in wound dressing, 
drug delivery systems, biosensors, food supplements, 
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packaging, electronic devices, cosmetics, and tissue 
engineering applications (Bingül et  al. 2022; Mare-
stoni et al. 2021). Although it has the same molecular 
formula as plant-derived cellulose, BC is an alterna-
tive biomaterial that has been extensively studied in 
tissue engineering in recent years for its properties 
such as high purity, high mechanical strength, bio-
compatibility, high crystallinity, nanofiber structure, 
porosity, and high water-holding capacity (Emre Oz 
et  al. 2021; Yang et  al. 2016). Purity, porosity, bio-
compatibility, biodegradability, and mechanical 
strength are important properties of materials used for 
scaffolds in tissue engineering (Pan et al. 2023). Indi-
vidual BC chains have robust nanofibril architecture 
similar to collagen, with a structure much finer than 
plant cellulose fibres. In addition, since BC does not 
exhibit any immunological reactivity, it is success-
fully used in biomedical applications (Manan et  al. 
2022).

BC has been used in many tissue engineering stud-
ies because it can be easily modified in situ or ex situ 
(Emre Oz et al. 2021). However, it is not biodegrad-
able, or its degradability is quite low as no enzy-
matic reaction in the human body can break the β 
1–4 glucose bonds of cellulose (Stilwell et al. 1998; 
Wang et  al. 2016a). While non-biodegradable scaf-
folds help initiate tissue regeneration, they may cause 
adverse reactions in the long term, and require further 
patient surgery for removal (Madaghiele et al. 2014). 
BC can be converted to degradable form by oxida-
tion using periodate, nitrogen dioxide, metaperiodate 
and hypochlorite (Hou et al. 2018; Solomevich et al. 
2020). Among these cellulose chemical modification 
pathways, only periodate oxidation selectively opens 
glucose rings. Periodate oxidation cleaves bonds 
between neighbouring diols and converts primary 
alcohols to formaldehyde and secondary alcohols to 
aldehyde groups (Hou et  al. 2018; Luz et  al. 2020; 
Peng et  al. 2012). This changes the chemical struc-
ture of cellulose, and the presence of aldehyde groups 
increases its reactivity. The presence of aldehyde 
groups can change the surface chemistry of cellulose, 
providing better wettability (Isogai et al. 2011). These 
aldehyde groups can form chemical bonds with other 
reactive molecules. This allows cellulose to be modi-
fied easier with other materials. Aldehyde groups 
can form bonds with polymers bearing amine groups 
(Mudedla et  al. 2021; Zhang et  al. 2018; Hou et  al. 
2018).

Bone tissue engineering applications offer alterna-
tives for treating bone disorders due to the increasing 
elderly population, obesity, and poor physical activ-
ity (Amini et al. 2012). Hydroxyapatite (HAp), which 
is chemically similar to inorganic bone matrix com-
ponents and can bind to human tissues, is frequently 
used in bone tissue engineering research (Amini 
et  al. 2012; Zhou and Lee 2011). HAp is a highly 
biologically active, osteoconductive, and biocompat-
ible calcium phosphate (Sathiyavimal et  al. 2020). 
In addition, HAp, which has a brittle structure and 
low bending strength, can be used as an additive to 
various polymers such as BC, chitosan, and collagen, 
making it suitable for bone tissue engineering (Bayır 
et al. 2019; Kane et al. 2015; Wilson and Hull 2008).

This study aimed to fabricate bone scaffolds with 
increased pore diameter using degradable BC in 
mouldable form. With shredded BC membranes, 
degradability and HAp modification were achieved 
homogeneously, and then the production of scaffolds 
in the desired thickness and shape was realized thanks 
to mouldability.

Materials and methods

Cultivation of microorganisms

Cultivation of Komagataeibacter sucrofermentans 
ATCC 700178 (formerly known as Gluconacetobac-
ter xylinus) was carried out for 24–48 h at 30 °C in 
agitated (150  rpm) culture in Hestrin & Schramm 
(HS) medium with an initial pH of 5.5, containing 2.5 
D( +) glucose (% w/v) (Merck, 50–99-7, Germany), 
0.5 (% w/v) bacteriological peptone (LabM, MC024, 
UK), 0.5 (% w/v) yeast extract (Merck, 8013–01-
2, USA), 0.27 (% w/v) Na2HPO4.2H2O (Merck, 
1028–24-7, Germany) and 0.115 (% w/v) citric acid 
monohydrate (Merck, 5949–29-1, Germany) (Hestrin 
and Schramm 1954).

BC production, purification, and shredding

In BC production, active culture was inoculated 
(2% v/v) into HS medium in at least triplicate and 
incubated at 30 °C for seven days under static cul-
ture conditions. The harvested BC membranes were 
rinsed in distilled water to remove the medium and 
bacterial residues, and then purified with a slightly 
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modified alkaline purification method (Bilgi et  al. 
2016). For this, BC samples were boiled in 0.1  M 
NaOH (Merck, 106,462, USA) for one hour (If the 
BC membrane did not whiten, the procedure was 
repeated). Afterwards, the samples were placed in 
fresh distilled water and boiled thrice for total of 
20  min. BC samples were then boiled in ultrapure 
water for 10  min and mechanically shredded by a 
blender (10,000  rpm, 10  min). Finally, the pellets 
were filtered to remove free water after shredding, 
then centrifuged at 6000  rpm for 15  min, and BC 
pellets were stored at 4 °C until use.

BC oxidation

BC oxidation was carried out with sodium periodate 
(NaIO4), according to Hou et al. (2018). Preliminary 
test results of scaffolds fabricated using BC samples 
oxidized by different concentrations (0.05–0.5 M) of 
sodium periodate for different durations (0.5–12  h) 
showed that the integrity of the scaffold was pre-
served when sodium periodate at 0.05 M concentra-
tion was used. Therefore, optimization of applica-
tion time was carried out in triplicate using 0.05  M 
of sodium periodate for 30, 60, 90, 180, and 360 min 
at 40 °C in the dark, under agitated conditions. Then, 
the oxidation reaction was stopped by 1% (v/v) eth-
ylene glycol, and the oxidized BC (oxBC) samples 
were washed three times by distilled water to remove 
sodium periodate. Then, as in the shredding process, 
the free water of the BC pellet was removed by filtra-
tion and centrifugation.

HAp modification of oxBC

Hydroxyapatite (HAp) modification was performed 
according to Huang et al. (2017). Oxidized and unox-
idized shredded BC samples were incubated in 0.1 M 
CaCl2 in triplicate at 37  °C for three days, and the 
CaCl2 solution was changed daily. Next, the samples 
were washed three times with distilled water, trans-
ferred to 1.5 × simulated body fluid (SBF) (Sasikumar 
et  al. 2017) and incubated at 37  °C for seven days, 
changing SBF daily. After that, the samples were 
washed three times with ultrapure water and filtered, 
and then the BC pellets were separated by centrifuga-
tion at 6000 rpm for 15 min.

Scaffold production

Our preliminary studies showed that the scaffold’s 
porosity fabricated with BC pellets, which were 
degraded and their free water was removed, increased 
compared to the BC membranes. When BC pellets 
were diluted with distilled water, the scaffolds failed to 
retain their shape after freeze-drying and rapidly dis-
persed in water. For these reasons, this study used frag-
mented, oxidized, HAp-modified BC pellets directly in 
scaffold production without dilution. For this 0.2 g of 
wet BC pellets were transferred to a 96-well plate (0.4 g 
and 48 well plate for mechanical characterization) and 
freeze-dried.

Characterization of oxBC

Oxidation degree

Oxidation degrees of the samples were determined in 
triplicate by the Cannizzaro method. Specifically, 0.1 g 
of BC sample was incubated with 20  mL of 0.05  M 
NaOH at 70 °C for 25 min with stirring, then the sus-
pension was cooled to room temperature, and 10  mL 
of 0.1 M HCl (Carlo Erba 302,626) was added. Finally, 
excess acid was titrated with 0.1 M NaOH until the pH 
of the solution became neutral pH, and the oxidation 
degree (OD) was determined with the following Eq. (1) 
(Hou et al. 2018).

where V1 is the amount (L) of NaOH used for titra-
tion in the cellulose sample, V2 is the amount (L) of 
NaOH used for titration in the cellulose-free sample, 
N is the NaOH concentration used for titration, and M 
is the weight (g) of oxidized cellulose.

Water holding capacity

The water holding capacity was determined by divid-
ing the mass of removed water by the dry weight of BC 
(Schrecker and Gostomski 2005). For this, 3 one-gram 
oxidized BC samples were dried at 70  °C until their 
weight did not change, and the water-holding capacity 
was calculated according to the following Eq. (2).

(1)OD = ((V1 − V2)xNx162∕M)x100∕2

(2)Water holding capacity = (WW − DW)∕DW
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WW is the wet weight of BC (g), and DW is the dry 
weight of BC (g).

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy provides structural, compo-
sitional, and functional information arising from 
vibrations of the bonds and functional groups of the 
samples. FTIR analyses of scaffolds were performed 
with a resolution of 4  cm−1 in the band range of 
400–4500 cm−1 (Jasim et al. 2017).

Scanning electron microscopy (SEM)

SEM analysis of the samples was performed to deter-
mine the surface morphology of oxBC, examine the 
effect of oxidation on BC and determine the pore 
sizes of moulded BC. Lyophilized samples were 
coated with gold–palladium of about 8 nm thickness. 
SEM–EDS (Energy dispersive spectrometry) analysis 
was performed to determine the surface components 
of the scaffold. SEM (Thermo Scientific Apreo S 
device) in Ege University Central Research, Test and 
Analysis Laboratories was used.

Mechanical characterization

Bone tissue scaffold samples of 10.7  mm diameter, 
10  mm height were subjected to a static compres-
sion test with a Dynamic Mechanical Analysis (DMA 
Q800) device to determine the mechanical compres-
sion moduli after freeze-drying. The analysis was 
performed at 37˚C, and 1 N/min loading rate in Ege 
University Central Research, Test and Analysis Labo-
ratories. The moduli were calculated from the slope 
of the elastic range of stress–strain curves.

In vitro degradability test

The degradability of oxBC-HAp scaffolds was deter-
mined in phosphate-buffered saline (PBS) (pH 7.4) at 
37 °C for 45 days in static conditions. Samples were 
weighed and placed in PBS, and the solution was 
refreshed daily throughout the test. Samples taken at 
4, 8, 12, 24, 72, 168, 360, 504, 720, and 1080 h were 
washed with distilled water, lyophilized, weighed, 
and the degradation was determined using the Eq. (3) 
given below (Li et al. 2009). All measurements were 
done in 3 repetitions.

where C0 is the initial weight, and C is the final 
weight.

In vitro cell viability

Mouse fibroblast cells (L929) (ATCC) is one of the 
cell lines recommended by ISO 10993–12 standard 
for cytotoxicity testing, which is suitable to repre-
sent the mammalian system. L929 cells were cul-
tured in high glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Capricorn) containing 10% 
heat-inactivated fetal bovine serum (FBS) (Capri-
corn), 1% L-glutamine (Capricorn) and 100 µU/mL 
penicillin/streptomycin (Capricorn) culture medium 
at 37 °C in 5% CO2 atmosphere incubator.

Ethylene oxide was used to sterilize the scaf-
folds of 5  mm diameter, 7  mm height; then, they 
were incubated in a cell culture medium overnight 
for conditioning. Cells were seeded in triplicate in 
sterilized and conditioned scaffolds at a concentra-
tion of 105 cells/mL, and cultured in 48-well cul-
ture plates in complete culture medium at 37 °C in 
a CO2 incubator. Cell viability on days 1, 4, and 7 
was analyzed by AlamarBlue assay.

For AlamarBlue analysis, a serum-free medium 
containing 10% dye solution (10x) was prepared 
and homogenized. The medium on the scaffolds was 
removed, and the medium containing 300 µL of dye 
was added. Cells were incubated for 4 h at 37 °C in 
a CO2 incubator. After the incubation, 100 µL sam-
ples taken from the dyed medium were transferred 
to a 96-well spectrophotometric reading plate. The 
absorbance of the samples was measured in a spec-
trophotometer at wavelengths of 570 and 600  nm. 
Unoxidized BC scaffolds were used as control.

Statistical analysis

Statistical analyses were performed using GraphPad 
Prism 10 (GraphPad Software, USA). All quantita-
tive experiments were performed in triplicate. Data 
represent mean values with standard deviations. 
Statistically significant differences (p < 0.05) in the 
samples were assesed by Dunnett’s multiple com-
parison test.

(3)Degradation = (C0 − C)∕Cx100
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Results

BC production, purification and shredding

BC membranes were produced at the liquid–air inter-
face in static culture. After the purification, white 
semi-opaque BC membranes were mechanically 
shredded, and free water was removed (Fig. 1).

BC oxidation

The oxidation degree of the samples increased in par-
allel with the increasing sodium periodate concentra-
tion and the treatment time. The degree of oxidation 
(p < 0.0001) varied widely, from 6.75 to 81% (Fig. 1). 
It was observed that scaffolds fabricated using oxBC 
samples with higher oxidation degrees could not 
maintain their integrity in water and disintegrated. 
Thus, it was concluded that in optimizing the BC oxi-
dation degree, the oxidation level should be at a level 
that does not compromise the integrity of the scaf-
fold. For this reason, not only achieving high oxida-
tion but also preserving the integrity of the scaffolds 
was considered (Fig. 2).

Therefore, oxidation was performed again 
by applying the lowest concentration of sodium 
periodate (0.05  M) for shorter treatment times 
(30–360  min). The scaffolds were named by the 
time period they were exposed to treatment, e.g. 
oxBC60 denoting the scaffold oxidized for 60 min. 
The oxidation degree of BC samples exposed 
to oxidation in five time periods varied between 
2.81 and 8.31% (p < 0.0001) (Fig.  3). Then, each 

sample (n = 3) was transferred (wet weight = 0.2 g, 
dry weight = 4,52  mg) to a 96-well plate and 
lyophilized.

FTIR analysis

In the FTIR plot of the BC scaffolds (Fig.  4), the 
hydroxyl group corresponds to the stretching 

Fig. 1   a BC membrane production in static culture, b Appearance of purified BC membrane, c BC that is shredded and free water 
removed (Scale bar = 2 cm). A homogenous pellet structure was observed in the shredded samples

Fig. 2   Effect of sodium periodate concentration and treatment 
time on the oxidation degree of BC (n = 3)

Fig. 3   Oxidation degree of BC samples (0.05  M NaIO4) 
(n = 3) and the appearance of the scaffolds fabricated with 
oxBC30 (Scale bar = 1 mm)



2926	 Cellulose (2024) 31:2921–2935

1 3
Vol:. (1234567890)

vibration frequency in the 3400 cm−1 band for both 
HAp and BC. BC appears to have a typical peak at 
a wavelength of about 2900 cm−1, corresponding to 
the absorption spectrum of the C-H bond of cellu-
lose type I. Correlation data shows peak formation 
is observed for the asymmetric deformation vibra-
tion of methyl and methylene in the 1430  cm−1 
band of the BC scaffold and the CH2 bending 
vibration in the 1367  cm−1 band. In the BC-HAp 
scaffold, the two weak bands at 1420  cm−1 and 
875  cm−1 correspond to the stretching mode of 
CO3

−2 ions. The peaks in the 1730–1741 (1730 for 
oxBC30, 1735 for oxBC90 and oxBC180 and 1741 
for oxBC60) and 880  cm−1 bands in the oxidized 
scaffolds indicate the motion in the C = O stretch-
ing mode and the formation of hemiacetal bonds 
between the newly obtained aldehyde and the 
hydrated groups.

In vitro degradation of oxBC scaffolds

The degradation experiment was completed with 
scaffolds fabricated with oxidized BC for 30 and 
60 min (oxBC30 and oxBC60). BC scaffolds exposed 
to longer oxidation times (90, 180 and 360  min) 
lost their integrity before the end of the degradation 
experiment (Fig.  5a). The degradability of oxBC30 
and oxBC60 scaffolds was 9% and 14%, respectively, 

after 45 days in phosphate-buffered saline (Fig.  5b). 
Specifically, the scaffolds produced oxBC90 lost 
their integrity on the 21st day, whereas the scaffolds 
oxBC180 and oxBC360 lost their integrity on the sev-
enth day.

SEM analysis

Biomimetic HAp synthesis was performed on oxi-
dized BC fibres, then moulded and lyophilized. SEM 
images of the scaffolds fabricated using BCs exposed 
to four different oxidation times showed that they 
were similar to each other and similar to those fab-
ricated with unoxidized BC. Figure 6(a–e) shows the 
porous structure of the 3D oxBC-HAp scaffold, and 
Fig. 6f and g show HAp crystals synthesized on BC 
fibres and the Ca content of the crystals, respectively. 
Elemental composition analysis of EDX results indi-
cate that the precipitated crystals have an approxi-
mate Ca/P elemental ratio of 1.6, which is close to the 
stoichiometric ratio of bone HAp (1.67).

Figure  7 shows the pore size distribution of the 
scaffolds fabricated by moulding and lyophilizing the 
shredded BC. It is seen that the pore diameter of the 
scaffolds is distributed in the range of 50–450  µm. 
Additionally, it was determined that the pore diameter 
distribution in the scaffolds produced with unoxidized 
BC was relatively lower (p < 0.001 and p < 0.0001).

Fig. 4   FTIR spectrum of the samples
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than that of oxidized ones. However, it was deter-
mined that increasing oxidation times did not have a 
significant effect on pore diameter formation.

Mechanical characterization

The mechanical compression test results for of 
BC, BC-HAp, oxBC30, oxBC60, oxBC30-HAp and 
oxBC60-HAp tissue scaffolds are shown in Fig.  8. 
Compression modulus values were calculated as 
190  kPa, 840  kPa, 265  kPa, 312.5  kPa, 745  kPa, 
and, 865  kPa for BC, BC-HAp oxBC30, oxBC60, 
oxBC30-HAp and oxBC60-HAp, respectively. There 
was a significant increase in the compression moduli 
of the scaffolds when HAp precipitation was applied. 
There was also a more modest increase in the com-
pression moduli with oxidation.

Cell viability on oxBC‑HAp scaffolds

It was determined that there was no statistically sig-
nificant difference between oxBC scaffolds and con-
trol BC scaffolds in terms of cell viability (Fig.  9). 

Also, it is seen that the increase in cell viability on 
the 4th and 7th days between the groups also showed 
a similar trend, indicating that there is no cytotoxicity 
due to oxidation of BC.

Discussion

BC, with its unique properties that increase cell adhe-
sion and promote cell proliferation, migration and 
subsequent differentiation (Swingler et al. 2021), has 
been improved with varied components and meth-
ods in scaffolding studies in recent years. Since BC 
is produced at the liquid–air interface in static cul-
ture, its size and shape (round, square, triangle) take 
the form of the culture container (Leitao et al. 2016). 
However, studies show that the thickness is increased 
by extending the incubation time or the pore size and 
porosity is increased by adding agar pieces or paraf-
fin to the medium (Bayır et al. 2019; Yin et al. 2015). 
Additionally, various studies are being carried out to 
increase its degradability, but it does not seem easy 
to provide all these features together. In this study, 

Fig. 5   a Appearance of scaffolds (n = 3) fabricated with BC exposed to different oxidation times (30–360 min) on the 45th day, b 
Mass loss of oxBC30 and oxBC60 scaffolds (n = 3) (Scale bar = 2 mm)
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the hypothesis that a more degradable, porous BC 
scaffold of the desired shape and size for bone tis-
sue engineering can be produced by post-fragmented 
oxidation and HAp synthesis followed by moulding 
was investigated. For this purpose, BC produced as 
a membrane was mechanically fragmented, its oxida-
tion was optimized with sodium periodate, HAp pre-
cipitation onto BC was carried out, and finally, it was 
placed in moulds and freeze-dried.

Periodate oxidation aims to convert 1,2-dihydroxy 
groups to dialdehyde and is often used in the struc-
tural analysis of carbohydrates and derivatization 
of polysaccharides. When this reaction is applied to 
1,4-glucans, it cleaves the C2-C3 bond in the glu-
copyranose ring, and the emerging hydroxyl groups 
are then oxidized to dialdehyde. It has been reported 
that dialdehyde-containing cellulose can be degraded 
by hydrolysis under physiological conditions (Hou 
et  al. 2018). Cellulose, which has a high dialdehyde 
content, can become biodegradable by hydrolysis (Li 
et al. 2009). In addition to more homogeneous HAp 
synthesis on BC by the fragmentation of BC, BC 
oxidation can also improve the ability of BC to form 
composites with different polymers, including HAp. 
The oxidation degree of BC oxidized with sodium 
periodate were measured between 6.75 and 81%. The 
high degree of oxidation accelerates the degradation 
time of the scaffold. Hou et al. (2018) reported high 
degradation in short periods (about 50% in 7 days) at 
high oxidation degrees using a BC membrane with 
tight nanofibers (Hou et  al. 2018). In this study, in 
addition to achieving more homogeneous oxidation 
using fragmented BC, it was also essential to main-
tain the integrity of the moulded scaffolds. However, 
this also allowed the production of a more porous BC 
scaffold. Results showed that oxidant concentration 
and oxidation time are critical parameters for produc-
ing BC-based scaffolds that maintain their integrity.

On the other hand, a particular time is required for 
the cells to adhere to the scaffolds, differentiate and 
form integrity with the tissue. In addition, conditions 
such as nutrition, age, gender and diseases affect the 
healing process in humans (Tajvar et  al. 2023). For 
these reasons, it may be possible to choose scaffolds 

that maintain their integrity but have a longer degra-
dation time. Alternatively, it seems possible to pro-
duce scaffolds that maintain their integrity and have 
a shorter degradation time by modification of more 
oxidized BC with different polymers.

BC contains many polar hydroxyl groups (-OH). 
Therefore, molecular chains interact with intramo-
lecular and intermolecular hydrogen bonds (Maréchal 
and Chanzy 2000). In the FTIR spectrum, the band 
at 1055  cm−1 represents the sugar ring’s C-O-C and 
C-O-H stretching vibrations (Nelson et. al. 1964; Park 
et al. 2003). 1420 cm−1 and 875 cm−1 peaks indicate 
that the PO4 regions of the HAp structure are partially 
replaced by carbonate ions (Wan et  al. 2007). The 
peaks of 1097 cm−1, 1041 cm−1, 957 cm−1, 604 cm−1 
and 565 cm−1 correspond to the P–O stretching mode, 
indicating the presence of HAp (Wan et  al. 2011). 
1740 and 880 cm−1 peaks mean that the C2-C3 bond 
of the glucopyranoside ring of BC is cleaved, and 
two aldehyde groups are formed per glucose during 
oxidation (Hou et al. 2018; Kim et al. 2004). Further-
more, it is seen that the size of these peaks increases 
in proportion to the increase in the oxidation time.

BC is not biodegradable in the human body as 
there is no cellulase to hydrolyze cellulose (Wang 
et  al. 2016b). In this study, as expected, no degra-
dation was detected in the scaffolds produced using 
unoxidized BC. However, BC scaffolds with 30 and 
60 min oxidation time using 0.05 M sodium periodate 
preserved their integrity and showed 9% and 13.8% 
degradation on the 45th day, respectively (Fig.  5). 
Therefore, oxBC30 and oxBC60 scaffolds were used 
for further testing.

In tissue engineering, scaffolds are generally fab-
ricated by combining different materials. Because a 
single material cannot adequately provide cell adhe-
sion, proliferation and differentiation, as well as the 
mechanical properties expected from a scaffold. BC 
provides adhesion and living space to cells thanks 
to its three-dimensional nanofiber network struc-
ture. The high surface area of nanofibers can pro-
vide better adhesion of cells. In addition, nanofibers’ 
rough or micropatterned surfaces can help cells find 
more spots for attachment, thereby creating a suit-
able environment for cells to grow and spread (Yan 
et  al. 2011). However, it has properties that need to 
be improved, such as pore structure, degradability 
and similarity to the extracellular cell matrix. Vari-
ous materials such as PVA (Aki et al. 2020), collagen 

Fig. 6   The porous structure of oxBC-HAp scaffolds a 
oxBC30-HAp, b oxBC60-HAp, c oxBC90-HAp, d oxBC180-HAp 
e unoxidized BC scaffold, f Hydroxyapatite crystals on the 
oxBC-HAp scaffold, g SEM–EDS results of HAp crystals

◂
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Fig. 7   Pore size distribution histogram of oxBC scaffolds (250 pores from 5 SEM images for each sample)

Fig. 8   Compression moduli 
of BC, BC-HAp, oxBC30, 
oxBC60, oxBC30-HAp and 
oxBC60-Hap

Fig. 9   Cell viability of L929 cells on BC scaffolds (Days 1, 4 and 7). (n = 3)
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(Saska et al. 2012), chitosan (Zhu et al. 2023), PLA/
PEG (Ghalia et al. 2017) and HAp are used in bone 
tissue engineering studies with BC. As a result of 
modifications with these materials, better cell prolif-
eration and differentiation results expected from the 
scaffold can be achieved. In this study, an attempt was 
made to develop a scaffolding material that is more 
porous, degradable and flexible. The results showed 
that high oxidation degrees prevented the BC scaffold 
from maintaining its integrity.

Degradable oxBC can further be modified by add-
ing different polymers to maintain its integrity. Thus, 
BC-based materials with higher degradability can be 
developed. Since BC naturally has a nanofiber struc-
ture, it provides an advantage for cell attachment. In 
addition, thanks to the -OH groups on its surface, BC 
also allows the synthesis of nanoparticles (Hutchens 
et  al. 2006). Biomimetic HAp synthesis using frag-
mented BC provided more homogeneous HAp syn-
thesis than membrane BC. During the synthesis of 
biomimetic HAp with fragmented and oxidized BC, a 
homogeneous and effective HAp formation occurred 
due to the increased surface area interaction and dial-
dehyte content. The nano-sized HAp crystals pro-
duced on BC fibres and the nanofiber structure of BC 
will provide an advantage for cell adhesion and dif-
ferentiation (Yu et al. 2020).

The pore diameters of native BC produced as a 
membrane under static culture conditions are not 
large enough for cell migration (Emre Oz et al. 2021). 
In tissue engineering applications, it is seen that the 
cells adhere to the BC membrane from the surface 
and do not penetrate the material. For this reason, 
studies have been carried out to increase the BC pore 
diameter using different methods (Bayır et  al. 2019; 
Yin et al. 2015; Zaborowska et al. 2010). In another 
study, a composite of printable BC with gelatin was 
produced by maleic acid treatment and its effect on 
bone tissue regeneration was evaluated in vitro (Wang 
et  al. 2023). Osteoblasts average 20–50 microns 
in diameter (Qiu et  al. 2019), and bone marrow-
derived mesenchymal stem cells (BMSCs) average 
26 microns (Ge et al. 2014). Materials with pore sizes 
of 20–1500 microns are used in bone tissue engineer-
ing studies (Murphy and O’Brien 2010). However, 
the literature has stated that the minimum pore size 
for bone growth should be 75–100  µm. It has been 
reported that pores larger than 300 microns increase 
vascularization and bone growth, while pores smaller 

than 300 microns increase ossification (formation of 
bone tissue) (Murphy and O’Brien 2010). It is seen 
that the pore sizes in oxBC scaffolds are distributed 
in the range of 50–450 µm (Fig. 6). It can be said that 
the pore size distribution of oxBC-fabricated scaf-
folds can support ossification, vascularization and 
bone growth for osteoblasts and BMSCs.

Most bone scaffolds cannot meet the required 
mechanical properties (Zhao et  al. 2018). In cancel-
lous bones, Young’s modulus is relatively high (0.1-
2GPa), while the compressive modulus has lower 
values (2–20  MPa) (Olszta et  al. 2007). In case of 
minor damage to the bone, a scaffold that is not in 
the range of 2–20  MPa, with the help of surround-
ing tissues, may not cause any problems in tissue 
healing. BC may exhibit different properties depend-
ing on the medium and the producer microorganism. 
The mechanical properties of BC, reported with dif-
ferent compression modulus values in the literature, 
can be improved with various modifications. A com-
pression modulus of approximately 12 kPa for mem-
branous BC and approximately 20  kPa for spongy 
BC scaffold formed with gelatin and HAp has been 
reported (Zhao et  al. 2017). In this study, while the 
compression modulus was 190  kPa for BC, it was 
calculated as 265 kPa for oxBC30 and 312.5 kPa for 
oxBC60, increasing in direct proportion to the oxida-
tion time in oxidized samples. This increase in modu-
lus is attributable to increased number of cites for 
cross-linking on the cellulose fibrils due to oxidation 
(Syverud et  al. 2015) A more pronounced increase 
was determined in the HAp-containing scaffolds 
(745 kPa for oxBC30-HAp and 865 kPa for oxBC60-
HAp), as the presence of HAp further increased the 
compressive modulus (Fig.  8). HAp reinforcement 
is commonly applied for over 30 years to bone tissue 
engineering scaffolds as an osteoconductive compos-
ite filler to improve mechanical properties (Sasaki 
et al. 1989; Kane and Roeder 2012). The use of shred-
ded BC for oxidation and HAp precipitation is effec-
tive. Compression moduli of scaffolds increased after 
biomimetic HAp precipitation was applied on these 
samples. The mechanical properties of oxBC scaf-
folds (oxBC30-HAp and oxBC60-HAp) are considered 
applicable for cancellous bone tissue engineering. A 
compressive modulus of articular cartilage typically 
ranges from 320 to 810 kPa (Pei et al. 2023). There-
fore, oxBC60 scaffolds also have potential to be used 
for cartilage tissue engineering.
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As a result of the cell viability assay, it is seen that 
oxidation is not toxic to cells when compared to the 
control groups (Fig. 9). Therefore, it was determined 
that the bone scaffolds prepared with oxBC30-HAp 
and oxBC60-HAp did not harm cell viability, and the 
cell viability was 87% ± 0,13 and 94% ± 0,24, respec-
tively, on the 7th day. However, oxidation causes 
changes in the surface properties of cellulose. There-
fore, cell viability may be adversely affected in scaf-
folds produced with BC with high oxidation degrees. 
In this study, no adverse effects of oxidation on cell 
viability were observed, as reported in other studies 
(Hou et al. 2018; Kai and Xuesong 2020; Luz et al. 
2022).

Conclusion

Due to the lack of degradability of BC in the human 
body and the tight nanofiber network structure not 
allowing cell migration, various studies are available 
in the literature to increase the degradability and pore 
size of BC membranes. However, in  situ production 
of BC membranes with increasing pore size, biode-
gradable and desired size, shape and thickness seems 
complicated. In this study, BC membranes were 
mechanically fragmented to achieve homogeneous 
oxidation, production flexibility through the mould-
ing process, and increase the pore diameter. This 
approach performed BC oxidation and biomimetic 
HAp synthesis more effectively than native membrane 
BC. However, high oxidation prevented the scaffolds 
from maintaining their integrity in water. Therefore, 
maintaining scaffold integrity was determined as a 
constraint on the degree of oxidation. Apart from this, 
scaffolds with larger pore diameters than the natural 
BC membrane can be produced since the BC concen-
tration can be adjusted during the moulding process. 
However, here too, using low concentrations of BC 
will be a limitation in maintaining the integrity of the 
scaffolds. As a result, since oxidation constitutes a 
limitation in maintaining scaffold integrity, it seems 
possible that this limitation can be overcome by mod-
ification of more oxidized BC with another polymer. 
Thus, more degradable, moldable BC-based scaffolds 
with increased porosity can be produced.
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