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modified to increase its biological properties as a biomedi-
cal material. Many studies have modified BC. For example, 
Fernandes et al. (2013) modified antimicrobial BC mem-
branes by adding amino alkyl groups [5]. In other studies, 
BC nanoribbons were partially acetylated by catalysation 
with citric acid or hydrolysed using different acid concen-
trations (H2SO4 and HCl) and reaction times for nanocrys-
tal formation [6, 7]. Some researchers have modified BC 
by changing its surface charge using carboxyl groups [8]. 
Hyaluronic acid–BC composites, chitosan–BC composites, 
cactus/BC hydrogels and metallic nanoparticles combined 
with BC have also been obtained by numerous researchers to 
improve the biological properties of BC [9–11]. Moreover, 
researchers have reported that BC composites with pullu-
lan, chitosan, cactus and acrylic acid hydrogels increase 
the healing rate of burn wounds and may be used as wound 
dressing composites [11–15]. In addition, BC for skin 
wound treatment have antimicrobial efficacy. In this regard, 
antimicrobial peptides with quorum quenching enzymes, 
silver nanoparticles, zinc oxide nanoparticles, and carbon 
quantum dots–titanium dioxide (CQD–TiO2) nanoparticles 

Introduction

Bacterial cellulose (BC) is an ideal polymer for many appli-
cations in biomedical fields due to its non-toxic effect, high 
water retention capacity, biocompatibility and easy shap-
ing properties [1–4]. Moreover, its characteristic proper-
ties are important in antimicrobial agents and anti-cancer 
treatments. However, unmodified BC has been restricted 
for therapeutic applications [4]. Therefore, BC needs to be 

  Nazime Mercan Dogan
nmercan@pau.edu.tr

1 Department of Plant and Animal Production, Tavas 
Vocational High School, Pamukkale University, Denizli, 
Turkey

2 Faculty of Applied Sciences, Department of Organic 
Agricultural Management, Pamukkale University, Denizli, 
Turkey

3 Faculty of Science, Department of Biology, Pamukkale 
University, Denizli, Turkey

Abstract
Biofilms are a severe problem for public health because of the contributing recurrence of infections. Therefore, combating 
biofilms is a critical issue. In our study, we loaded zinc oxide (ZnO), zinc oxide borax (ZnOBorax), zinc copper oxide 
(ZnCuO2) nanoparticles and borax into bacterial cellulose (BC) to impart anti-biofilm and wound healing activity. The 
prepared BC loaded with nanoparticles (BC–NPs) was analysed via scanning electron microscopy. The nanoparticles’ 
geometric structure and placement in BC fibres were observed. We evaluated the biofilm inhibition and biofilm degra-
dation activities of the BC–NPs against some pathogens via a crystal violet (CV) assay and XTT (2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-2 H-tetrazolium-5-carboxanilide) reduction assay. The effects of BC–NPs on cell proliferation and 
wound-healing ability were analysed in L929 cell line. BC–NPs exhibited better biofilm degradation activity than biofilm 
inhibition activity. According to the results of the CV assay, BC–ZnONPs, BC–Borax and BC–ZnOBoraxNPs inhibited 
65.53%, 71.74% and 66.60% of biofilm formation of Staphylococcus aureus, respectively. BC–ZnCuO2NPs showed the 
most degradation activity on Pseudomonas aeruginosa and Listeria innocua biofilms. The XTT reduction assay results 
indicated a considerable reduction in the metabolic activity of the biofilms. Moreover, compared to the control group, BC 
loaded with borax and ZnO nanoparticle promoted cell migration without cytotoxicity.
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have been used to impart antibacterial and antimicrobial 
properties to BC [16–19]. Biofilm, produced by pathogenic 
bacteria, is a complex community of microbes adhering to 
natural or synthetic structures and firmly embedded in the 
extracellular matrix [20]. Pathogenic bacteria in biofilms 
exchange genetic material with each other, and the genetic 
modifications in pathogens cause them to develop resistance 
to antibiotics. Currently, antibiotic resistance has led to an 
increase in infectious diseases and epidemics. Additionally, 
biofilms play an essential role in the infection processes of 
pathogens. For example, the presence of biofilms in chronic 
wounds is one of the factors that impair the healing process 
[21, 22]. Therefore, there is a need for materials that can 
penetrate and disrupt bacterial biofilms in the health sector. 
Modified BC can also be used to prevent biofilm formation, 
which is a structure that increases the pathogenicity of bac-
teria and causes many treatments to fail in the clinic [23]. In 
this regard, BC nanoparticles inhibit bacterial biofilm pro-
duction, which is also being produced due to the anti-bio-
film effects of nanoparticles, such as Ag, Zn and boron [24]. 
These BC nanoparticles could serve as important biomedi-
cal materials, especially in wound dressing applications or 
to minimise biofilm growth. Some researchers have deter-
mined the antibacterial activities of metal oxide nanopar-
ticles, such as zinc oxide, copper oxide [25, 26] and boron 
[27, 28]. While these nanoparticles and boron show specific 
toxic properties on bacteria, they have little effect on human 
cells (25–28).

As previously mentioned, metal oxide (ZnO and CuO) 
nanoparticles and borax may be alternatives for limiting 
bacterial biofilm formation. According to the literature, 
antimicrobial agents, such as boron, silver, copper and zinc, 
have been incorporated to endow BC with antibacterial 
efficacy [19, 28–33]. Still, the anti-biofilm activities of syn-
thesised composites have yet to be reported. CuO and ZnO 
nanoparticles are nanoparticles that have many applications 
such as sensors, biomedical and antibacterial. In addition, 
the mentioned nanoparticles were preferred due to easy 
to obtain by green synthesis method, cheap and harmless 
to nature [25, 32]. Thus, we aimed to develop BC loaded 
with nanoparticles (BC-NPs) with anti-biofilm efficacy. BC 
formed from Gluconobacter xylinus S4 isolate was loaded 
with zinc oxide nanoparticles (ZnONPs), borax and a com-
bination (ZnOBoraxNPs and ZnCuO2NPs). The BC-NPs 
were analysed to determine their physicochemical proper-
ties by scanning electron microscopy (SEM). Moreover, 
we study their anti-biofilm, cytotoxic, and wound-healing 
properties.

Materials and Methods

Preparation of BC Loaded with Nanoparticles (BC-
NPs)

Copper oxide nanoparticles (CuONPs) and zinc oxide 
nanoparticles (ZnONPs) used in the experiment were syn-
thesised by the green synthesis method [34]. Borax pen-
tahydrate (analytical grade) was purchased from Merck. 
Composites prepared with BC were synthesised ex situ 
[1]. After that, four BCs ( 4 × 4 cm plates) were placed in 
200 mL of water that contain either ZnONPs (0.1 g), borax 
(0.1 g), ZnOBoraxNPs (0.05 g ZnONPs and 0.05 g borax) 
or ZnCuO2NPs (0.05 g ZnONPs and 0.05 g CuONPs). 
Then, they were agitated at 200 rpm at 50 °C for 48 h. The 
synthesised four different BC-NPs were dried and stored for 
analysis [35].

Analysis of the BC Loaded with Nanoparticles (BC-
NPs) by SEM

The morphologies and elemental compositions of the BC-
NPs were investigated by SEM (using a scanning electron 
microscope, Zeiss Supra 40 VP, Oberkochen, Germany) 
and energy dispersive X-ray spectroscopy (EDX), respec-
tively. The samples were sputter-coated with gold–palla-
dium particles (Quorum Q150R ES, Quorum Technologies 
Ltd, Lewes, UK), and the accelerator voltage was adjusted 
to 30 kV.

Determination of Biofilm Inhibition and Biofilm 
Degradation Activity of BC-NPs

Crystal Violet (CV) Assay

The activities of biofilm inhibition and degradation of the 
BC–NPs were determined via the CV assay method [36, 
37]. In this study, we used Listeria innocua ATCC 33090, 
Staphylococcus aureus ATCC 29213, Pseudomonas aerugi-
nosa PAO1, Escherichia coli ATCC 10536, Streptococcus 
parasanguinis ATCC 15909, Bacillus cereus RSKK 863, 
Enterococcus hirae ATCC 10541 and Candida albicans 
ATCC 64548 as human pathogens. Sabouraud Dextrose 
Broth (SDB, for Candida albicans), Todd Hewitt Broth (for 
Streptococcus strains) and Tryptic Soya Broth (for other 
bacteria) were used as growth media. Each cell culture 
(10% microbial inoculum/medium, 0.5 MacFarland) was 
added to wells containing the growth medium with BC–NPs 
(as sheet) and incubated at 37˚C for 48 h to determine the 
biofilm inhibition activity. Then, the samples were removed 
from the wells and the wells were washed with PBS 
(0.01 M, pH 7.4) to remove non-adherent cells. Each well in 
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the plate was stained with 0.1% CV for 15 min. Then, 33% 
glacial acetic acid for gram-positive bacteria and Candida 
albicans and 95% ethanol for gram-negative bacteria were 
added to the wells. The optical density of the wells was read 
at 570 nm in a microtitre plate spectrophotometer (Epoch, 
Biotech). All tests were performed in duplicate. The formula 
below was used to determine the activity percentage of the 
BC–NPs.

Anti-biofilm activity (%) = [(Control OD – Sample OD) 
/ Control OD] × 100.

To determine the biofilm degradation efficacy of the BC–
NPs, microbial biofilms were grown at 48 h, and then, non-
adherent cells were removed by washing with PBS. The 
BC–NPs were added to each well, and the plates were incu-
bated at 24 h. Finally, the biofilm degradation was deter-
mined using the above method [38].

XTT Assay

The viability of each microbial strains in the biofilm was 
evaluated via the XTT assay [39–42]. After incubation for 
48 h, the plates were washed with phosphate-buffered saline 
(PBS, 0.01 M, pH 7.2). Then, 100 µL of PBS and 50 µL of 
XTT reaction solution were loaded (Cell Proliferation Kit 
(XTT-based), Biological Industries, Israel). Then, the plates 
were incubated in a dark room at 37 °C for 5 h. Absorbance 
was measured at 450–630 nm. To determine the biofilm 
degradation effect of the BC–NPs, we added them to the 
wells containing pre-formed biofilms and incubated them 
for 12 and 24 h. At the end of the incubation period, all 
BC–NPs were removed, and each well was gently washed 
three times with PBS. A standard XTT reduction assay was 
performed to quantify the viability of the biofilm via bac-
terial metabolic activity. The decrease in metabolic activ-
ity compared to the control biofilm formed (100%) in the 
wells without BC–NPs is defined as the biofilm inhibition 
and degradation effect. The experiments involved two repli-
cates. The formula below was used to determine the activity 
percentage of the BC–NPs.

Anti-biofilm activity (%) = 100- [(Sample OD / Control 
OD) × 100]

Cell Culture and Treatment

Mouse fibroblast cell lines (L929) are typically used as 
model cells in biocompatibility studies of biomaterials [43]. 
The L929 cell line was purchased from the American Type 
Culture Collection (ATCC). It was grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Sigma) and enriched 
with 10% heat-inactivated foetal bovine serum (FBS, Cap-
ricorn) and 1% penicillin/streptomycin solution (100X, 
Capricorn), as described previously [44]. The cells were 

cultured in a 100-mm cell culture dish (Nest) and incubated 
at 37 °C and 5% CO2 in a humidified CO2 incubator. The 
viability of the L929 cells was examined using MTT (3-(4, 
5-dimethylthiazol2-yl)-2, 5-diphenyl tetrazolium bromide) 
reagent (Merck), as previously described [45]. For this, cells 
were harvested with 0.25% Trypsin-EDTA (Capricorn) at 
90% confluence and seeded at a density of 2 × 103 cells/well 
in a 96-well plate (Costar, Corning) in a complete medium. 
After 24 h, the medium was replaced with different con-
centrations (25, 50 and 100%) of the medium containing 
BC–NPs. For the extraction, The BC–NPs sheets were ster-
ilised by autoclaving at 121 °C for 15 min and placed on 
a six-well plate. The extraction conditions were based on 
ISO 10993-12 as described previously with slight modi-
fications [1]. Briefly, 2 × 3 cm cut BC–NPs sheets (6 cm2/
mL) was extracted at 37 °C for 24 h in culture media in a 
shaker. After 24 h, the medium was removed and filtered. 
An equal amount of fresh medium was added to untreated 
cells (negative control). After incubation period of the cells 
with BC-NPs (24 h) culture medium was removed, and 10 
µL of MTT (5 mg/mL) was added to each well and incu-
bated under culture conditions. Cell viability was calculated 
as decribed previsouly [45].

In Vitro Cell Migration Assay

The migration efficacy of BC–NPs was evaluated using 
the wound healing assay described previously [46]. In this 
study, the L929 mouse fibroblast cell line was selected. 
Fibroblast cells have been proposed to test wound healing 
capacity in in-vitro studies [47]. Briefly, 3 × 104 cells were 
plated into 6-well plates (Jet Biofil) and incubated under 
culture conditions. After 24 h, the cells were scraped with 
a 200-µL pipette tip [48] and washed with phosphate-buff-
ered saline (PBS, Bioshop) to discard detached cells. The 
medium containing the non-toxic concentrations of BC–
NPs was replaced for 24 h. The wound area in the treated 
cells was compared with the vehicle group. The wound size 
was captured (0, 24, 48 and 72 h) using an inverted micro-
scope (Oxion Inverso, Euromex) at 10× magnification, and 
the wound closure rate (%) was analysed using ImageJ soft-
ware 1.53e, as described previously [49].

Statistical Analysis

GraphPad Prism 9 (San Diego, CA, USA) was used for 
statistical analysis. The experiments were performed in 
triplicate, and the data are expressed as means ± SD. Two-
way ANOVA was used to analyse the statistical differences 
between the groups. Ns = not significant, * = p < 0.05, ** = 
p < 0.005, *** = p < 0005, **** = p < 0.0001.
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highest effect on S. aureus ATCC 29213, followed by BC–
ZnOBorax and BC–ZNONPs. The lowest biofilm inhibi-
tion effect was observed with BC–ZnOCuO2NPs (Table 1). 
The biofilm inhibition against P. aeruginosa PAO1 could 
not be observed for all BC–NPs, whereas BC–ZnONPs and 
BC–Borax had moderate inhibitory potential with 38.44 
and 39.97% on E. coli ATCC 10536, respectively. The BC–
NPs showed a more potent inhibitory capacity against S. 
aureus than E. coli and P. aeruginosa because the cell wall 
structure of gram-negative cells is more sophisticated than 
the cell structure of gram-positive cells that have a more 
substantial defence capability [53, 54]. BC–ZnONPs, BC–
Borax and BC–ZnCuO2NPs inhibited the biofilm formation 
of L. innocua ATCC 33090 at 44.79, 54.86 and 65.14%, 
respectively. BC–Borax showed the highest biofilm inhi-
bition activity at 57.12% in C. albicans ATCC 64548 as a 
eukaryotic microorganism. The biofilm inhibition effect of 
BC–NPs was lower on other tested bacteria, as shown in 
Table 1. BC loaded with ZnOCuO2 nanoparticles did not 
show any effect on both degradation and inhibition of P. 
aeruginosa PA01, S. parasanguinis ATCC 15909, B. cereus 
RSKK 863, E. hirae ATCC 10541 and C. albicans ATCC 
64548 biofilms. In comparing the 24-h biofilm degradation, 
BC–Borax was the most effective at reducing P. aerugi-
nosa PAO1, L. innocua ATCC 33090 and S. parasanguinis 
ATCC 15909 biofilms by 58.98, 62.40 and 54.26%, respec-
tively, BC–ZnOBoraxNPs degraded 64.02% (for S. aureus 
ATCC 29213) and 52.93% (for L. innocua ATCC 33090) of 
the bacterial biofilm. According to the CV assay, the biofilm 
degradation of BC–NPs was likely related to the biofilm 
degrading ability of ZnO, borax, and CuO. However, other 
BC–NPs had no significant degradation effect on the pre-
biofilm. Borax and nanoparticles, such as ZnO and CuO, 
have been reported to have inhibitory effects on bacterial 
biofilm formation [28, 32, 55].

To evaluate the biofilm inhibition and eradication activi-
ties of the BC–NPs by using the XTT reduction assay, we 
selected L. innocua ATCC 33090, S. aureus ATCC 29213, 
P. aeruginosa PAO1, E. coli ATCC 10536, S. parasanguinis 
ATCC 15909 and C. albicans ATCC 64548. The anti-bio-
film efficacy of BC–NPs was further confirmed by measur-
ing the metabolic activity of the cells in the biofilm. The 
results obtained from the CV assay were not correlated with 
the XTT reduction assay. In other words, the biofilm inhibi-
tion of BC–ZnCuO2NPs was determined by the XTT reduc-
tion assay despite no biofilm inhibition shown in the CV 
assay. Moreover, the biofilm inhibition activity of BC–ZnC-
uO2NPs had the highest effects against C. albicans  ATCC 
64548, S. aureus ATCC 29213, L. innocua ATCC 33090 
and E. coli ATCC 10536. Moreover, there was no significant 
inhibition effect for ZnONPs, Borax, and ZnOBoraxNPs 
against the tested microorganisms. The metabolic activities 

Results and Discussion

Bacterial Cellulose Loaded with Nanoparticles

As shown in Fig. 1, the morphology of BC loaded with 
nanoparticles was determined via SEM analysis. As shown 
in the electron microscope images, the nanoparticles on BC 
generally had an oval geometry. The nanoparticles likely 
penetrated deeply into the BC fibre networks. In other 
words, we speculated that nanoparticles bind strongly to BC 
fibrils owing to the hydroxyl groups in the chemical struc-
ture of native BC. This positively affects many biological 
properties of BC. Moreover, the quantitative analysis of BC 
modified with nanoparticles is shown in Fig. 1. Eventually, 
strong peaks in the EDX spectrum showed the formation of 
BC–NPs.

Determination of Biofilm Inhibition and Biofilm 
Degradation

Biofilms in chronic wounds delay their healing [50]. This is 
because the biofilm-forming feature of pathogens increases 
their infectivity and makes it difficult to combat them. 
Moreover, the bacteria in the biofilm structure escape the 
host defence more easily. For example, P. aeruginosa bio-
film delayed wound healing compared to a group without 
the biofilm because of its prolonged inflammatory phase of 
healing [51]. Because antibiotics cannot penetrate the bio-
film structure, the pathogens in a biofilm are almost always 
protected from the effects of drugs. Therefore, bacterial 
biofilms are a significant problem for human health. In our 
previous paper, the pure BC membrane did not exhibit any 
anti-biofilm activity, showing that non-modified BC did 
not have anti-biofilm activity against tested strains in the 
study, except S. aureus with a biofilm inhibition percentage 
of 22% [1]. However, BC–NP research is a recently devel-
oping field due to nanoparticles’ strong antimicrobial and 
anti-biofilm activities. In this study, we evaluated BC–NPs 
and their biofilm inhibition effect, biofilm degradation, and 
metabolic activity of microorganisms in the biofilm struc-
ture. Various human pathogenic microorganisms were used, 
and the activities of biofilm inhibition and degradation of 
BC–NPs were screened using a CV assay. According to 
the CV staining results, the effects on the biofilm growth 
and the development of a preformed biofilm were different 
(Table 1). It has been reported that different antimicrobial 
activities against different bacteria could lead to differ-
ent extents of biofilm inhibition by nanoparticles [52]. In 
this study, the S. aureus ATCC 29213 biofilm was reduced 
by 65.53% by BC–ZnONPs, 71.74% by BC–BoraxNPs, 
66.60% by BC–ZnOBoraxNPs and 28.27% by BC–ZnOC-
uO2NPs. Of the four BC–NPs, BC–BoraxNPs showed the 
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Fig. 1 Scanning electron microscopy (SEM) images at 50.00 kx magnification and energy dispersive X-ray spectrum of BC and the nanohybrids. 
a, b, c and d show ZnO, ZnOBorax, ZnCuO2 nanoparticles (NPs) and Borax, respectively
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of these cells continued in the presence of nanoparticles. 
During bacterial biofilm formation, the most resistant 
bacteria to nanoparticles were P. aeruginosa PAO1 and S. 
parasanguinis ATCC 15909. In other words, these bacte-
ria continued their metabolic activities in the presence of 
BC–NPs. There was no inhibition in bacterial biofilm for-
mation (Fig. 2). However, we still chose to test the degrada-
tion effect of BC–NPs due to the effects of these bacteria 
on public health. However, there was no inhibition against 
these two bacteria. Interestingly, BC–NPs were observed 
to have degradation abilities against the biofilm formed by 
these bacteria (Fig. 3).

According to the results, the biofilm degradation effi-
cacy of BC–NPs upon treatment for 24 h was higher than 
with treatment for 12 h (Fig. 3). Moreover, the biofilm 
degradation percentage increased, indicating the degra-
dation effectivity of some BC–NPs against pathogens. In 
particular, while all BC–NPs showed high degradation 
activity against S. parasanguinis ATCC 15909 at 24 h 
(BC–ZnONPs: 85.49 ± 3.24%, BC–Borax: 69.09 ± 0.00%, 
BC–ZnOBoraxNPs: 59.70 ± 0.00% and BC–ZnCu-
O2NPs: 69.04 ± 8.58%) (Fig. 4d), only BC–ZnOBoraxNPs 
(52.10 ± 1.84%) showed moderate degradation sensitivity 
at 12 h (Fig. 3b). For P. aeruginosa PAO1, BC–ZnONPs 
(77.21 ± 3.91%) and BC–Borax (76.40 ± 1.05%) showed a 
similar degradation percentage at 12 h. Still, this effect of 
BC–ZnONPs and BC–Borax decreased at 24 h. BC–ZnCu-
O2NPs interestingly degraded 87.740.61 ± 0.00% of the P. 
aeruginosa PAO1 biofilm in 24 h (Fig. 3c). Similarly, BC–
ZnCuO2NPs induced degradation of the biofilm against 
L. innocua ATCC 33090 by up to 87.72 ± 4.03% in 24 h 
(Fig. 3c). Moreover, a decrease in the metabolic activity of 
cells of the biofilm was observed with the BC–NPs. Not all 
BC–NPs showed degradation activity against C. albicans 
ATCC 64548 with high levels of metabolic activity (Fig. 3c 
and d).

Our modified BC–NPs showed degradation of the bacte-
rial biofilm. Similarly, BC loaded with chitosan nanopar-
ticles showed biofilm eradication activities (36.09–90.43%) 
against pre-existing bacterial biofilms [21]. According to 
Zhang and co-authors, a BC + tannic acid + Mg compos-
ite showed a strong antibacterial effect against S. aureus, 
E. coli and P. aeruginosa bacteria and reduced biofilm for-
mation of S. aureus (80%), and P. aeruginosa (87%) [56]. 
Moreover, a BC + chitosan nanocomposite showed antimi-
crobial activity against S. aureus, P. aeruginosa and C. albi-
cans and prevented biofilm formation on the nanocomposite 
surfaces [57]. Furthermore, our results indicated that the 
anti-biofilm activity of BC–NPs was related to the variety 
of nanoparticles and tested microorganisms. Previous stud-
ies indicated that nanoparticles, such as copper, zinc, and 
borax, had been used to inhibit biofilm formation [28, 58, 
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We also observed a cytotoxic effect as the concentration 
increased due to the nanoparticles remaining in the culture 
medium. Therefore, the highest non-cytotoxic doses of 
nanoparticles were selected for further studies.

Wound Healing Assay

A wound healing assay was performed to assess the effects 
of BC loaded with ZnONPs, ZnOBoraxNPs, Borax and 
ZnCuO2NPs (highest non-cytotoxic concentrations of 25, 
50, 50 and 25%, respectively) on the migration of L929 
cells (Fig. 5). Following 24 h of treatment, the medium con-
taining BC–NPs was removed from individual wells, the 
cells were washed with PBS twice, and the medium was 
refreshed. Note that the control group contained only cul-
ture medium.

BC and its different composites are considered suitable 
biomaterials for tissue engineering and regenerative medi-
cine, especially for their significant contribution to wound 
healing [62–64]. Czaja et al. (2006) suggested that the 
unique nanofibrillar structure of BC–based wound dressings 
contributes to their biocompatibility by providing an ideal 
environment for wound healing [65]. BC accelerates skin 
healing compared to traditional wound dressings, such as 
ointments and wet gauze [66, 67]. Research has shown that 

59]. In our study, the reduction in biofilm formation after 
treatment with BC–NPs may be related to the anti-biofilm 
effect of possibly damaging the cell membrane after the 
interaction of the nanoparticles with the bacteria or damag-
ing bacterial DNA, as Brahma and co-authors mentioned 
[60]. The mechanism of biofilm degradation is unclear. 
However, the rapid destruction of the biofilm may also be 
related to the interruption of bacterial cell signalling sys-
tems and degradation of the biofilm matrix [61]. Moreover, 
the biofilm inhibition and degradation results may be due 
to the differences in microorganism strains and the effect of 
nanoparticles in the BC modification. Finally, as expected, 
decreases in metabolic activity were noted where the anti-
biofilm effect was high.

MTT Assay

The in vitro compatibility of BC–NPs was determined on 
mouse fibroblast L929 cells by MTT assay. Three different 
concentrations of BC–NPs (25, 50 and 100%) were applied 
for cytocompatibility investigations for 24 h. Results from 
the MTT assay of the BC–NPs showed no significant effects 
on the cell viability at a concentration of 25% (Fig. 4). We 
did not observe any cytotoxic effect due to BC itself. We 
observed a cytotoxic effect as the concentration increased 
due to the nanoparticles remaining in the nutrient substitute. 

Fig. 2 Biofilm inhibition per-
centages of BC–NPs (a) and 
metabolic activities of the cells in 
the biofilm (b) compared to the 
control. The results shown are the 
means ± SD. Ns = not significant, 
* = p < 0.05, ** = p < 0.005, *** 
= p < 0005, **** = p < 0.0001
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BC–based coverings lower rates of wound infection and 
accelerate re-epithelization [65, 68, 69].

In our study, the migration of L929 cells was significantly 
induced by BC–Borax, and cell migration reached 99% 
(Fig. 6). The wound area in the BC–ZnONPs (5.2%) was 
better than in the control group (6.4%) at 72 h. However, the 
wound area of cells treated with ZnOBoraxNPs and ZnCu-
O2NPs was found to be 18.5 and 22.3%, respectively, after 
72 h. In other words, cell migration was restricted approxi-
mately three- and four-fold compared to the control cells in 
the same order. Similar to our findings, BC nanocomposites 
containing different nanoparticles showed wound-healing 
properties in prior studies [63, 70–72]. It is well estab-
lished that zinc oxide nanoparticles have many properties, 
including wound healing by changing cell migration, re-
epithelialization, and angiogenesis [73]. Similarly, BC has 
wound-healing activity due to its unique properties, includ-
ing a uniform nanofiber network, high crystallinity, high 

Fig. 4 Cytocompatibility of BC extracts on L929 mouse fibroblast 
cells for 24 h. The results are shown as means ± SD. Ns = not signifi-
cant, ** = p < 0.005, *** = p < 0005, **** = p < 0.0001

 

Fig. 3 Biofilm degradation and metabolic activity of cells with BC–NPs in the biofilm structure compared to the control. The results shown are 
means ± SD. Ns = not significant, * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.0001
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water absorption, and retention capacity [74]. Moreover, 
borax loading could increase wound healing activity [75]. In 
this regard, BC–ZnO and BC–Borax showed better wound-
healing properties. Additionally, our results showed for the 
first time that BC–Borax has potential wound-healing activ-
ity for L929 fibroblast cells.

Conclusion

In the present study, BC was successfully modified with 
ZnONPs, borax, ZnOBoraxNPs and ZnCuO2NPs, and they 
were confirmed by SEM analysis. The BC- ZnCuO2NPs 
showed good antibiofilm activity against C. albicans ATCC 
64548, E. coli ATCC 10536, S. aureus ATCC 29213 and 
L. innocua. Moreover, the biofilm degradation efficacy of 

Fig. 6 Percentage of wound area for treated cells compared to the con-
trol at 0, 24, 48, and 72 h. The data shown are the means ± SD. Con-
trol group wound areas were taken to be 100% and calculated using 
ImageJ software

 

Fig. 5 Microscope images from 
the in vitro wound healing assay 
of BC extracts. The photos were 
taken at 0, 24, 48, and 72 h
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Macromol 67:401–408
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cellulose membranes with dual-release of vitamin C and E for 
wound dressing applications. Int J Biol Macromol 218:760–774

13. Mohamad N et al (2019) In vivo evaluation of bacterial cellu-
lose/acrylic acid wound dressing hydrogel containing keratino-
cytes and fibroblasts for burn wounds. Drug Deliv Transl Res 
9(2):444–452

14. Stanescu PO et al (2021) Novel chitosan and bacterial cellulose 
biocomposites tailored with polymeric nanoparticles for modern 
wound dressing development. Drug Deliv 28(1):1932–1950

15. Prasathkumar M, Sadhasivam S (2021) Chitosan/Hyaluronic 
acid/Alginate and an assorted polymers loaded with honey, plant, 
and marine compounds for progressive wound healing-know-
how. Int J Biol Macromol 86:656–685

16. Aslanli A et al (2020) Bacterial cellulose containing combinations 
of antimicrobial peptides with various QQ enzymes as a proto-
type of an enhanced Antibacterial Dressing: in Silico and in Vitro 
Data. Pharmaceutics 12(12):1155

17. Malmir S et al (2020) Antibacterial properties of a bacterial cel-
lulose CQD-TiO2 nanocomposite. Carbohydr Polym 234:115835

18. Mocanu A et al (2019) Bacterial cellulose films with ZnO 
nanoparticles and propolis extracts: synergistic antimicrobial 
effect. Sci Rep 9(1):17687

19. Barud HS et al (2011) Antimicrobial bacterial cellulose-silver 
nanoparticles Composite membranes. J Nanomaterials 2011: 
Article ID 721631:8

20. Roy R et al (2018) Strategies for combating bacterial biofilms: 
a focus on anti-biofilm agents and their mechanisms of action. 
Virulance 9:522–554

21. Zmejkoski DZ et al (2021) Chronic wound dressings – patho-
genic bacteria anti-biofilm treatment with bacterial cellulose-
chitosan polymer or bacterial cellulose-chitosan dots composite 
hydrogels. Int J Biol Macromol 191:315–323

22. Salisbury AM et al (2018) Tolerance of biofilms to antimicrobials 
and significance to antibiotic resistance in wounds. Surg Technol 
Int 33:59–66

23. Soumya S et al (2016) Review on bacterial biofilm: an universal 
cause of contamination. Biocatal Agric Biotechnol 7:56–66

24. Hasanzadeh A et al (2023) Biosynthesis of MCC/IL/Ag-AgCl 
NPs by cellulose-based Nanocomposite for Medical Antibiofilm 
Applications. Ind Eng Chem Res 62(11):4729–4737

25. Doğan SŞ, Kocabaş A (2020) Green synthesis of ZnO nanopar-
ticles with Veronica Multifida and their antibiofilm activity. Hum 
Exp Toxicol 39(3):319–327

26. Khalaji AD et al (2020) CuO nanoparticles: preparation, charac-
terization, optical properties, and antibacterial activities. J Mater 
Sci: Mater Electron 31:11949–11954

BC–ZnONPs, BC–Borax, and BC–ZnCuO2NPs towards 
preformed biofilms of P. aeruginosa and L. innocua were 
significant. Also, BC–Borax and BC–ZnONPs have showed 
wound healing activity. All of these results suggest that BC-
NPs can be considered for use in wound-healing dressings 
and other biomedical applications by restricting and inhibit-
ing biofilm formation towards different bacteria in wounds.
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