
 

  

 

Antibacterial potential of bacterial cellulose composite with levofloxacin 

against pathogens from wounds and burns infections in Basrah, Iraq 

Fatima Salem Al-halfi  

Department of Biology, College of Science, University of Basrah, Basrah, Iraq 

Wijdan Hussein Al-Tamimi *   

Department of Biology, College of Science, University of Basrah, Basrah, Iraq 

 

*Corresponding author. E-mail: wijdan.abdulsahib@uobasrah.edu.iq 

Article Info 

https://doi.org/10.31018/

jans.v18i1.7151   
Received: September 03, 2025 

Revised: March 01, 2026 

Accepted: March 07, 2026 

 This work is licensed under Attribution-Non Commercial 4.0 International (CC BY-NC 4.0). © : Author (s). Publishing rights @ ANSF.    

511 - 526
ISSN : 0974-9411 (Print), 2231-5209 (Online) 

             journals.ansfoundation.org   

Research Article 

INTRODUCTION  

 

Chronic wounds are ulcers that do not heal and are 

often associated with bacterial infections. Because of 

compromised cellular responses and increased inflam-

mation, which are probably brought on by bacterial in-

fection and biofilm formation, these wounds evade the 

natural healing process (Chamoun and Matheus, 

2025). Wound infections remain an interprofessional 

and interdisciplinary challenge, particularly in patients 

with chronic wounds (Dissemond et al., 2025). In daily 

clinical practice, multidrug-resistant organisms 

(MDROs) present a significant challenge. This term 

describes a group of bacteria that exhibit strong antibi-

otic resistance. Approximately 1.2 million individuals 

worldwide die each year as a result of antibiotic re-

sistance (Murray et al., 2022). Gram-positive cocci 

(Staphylococcus aureus and Enterococcus faecalis) 

and gram-negative bacilli (Pseudomonas aeruginosa 

and Klebsiella pneumoniae) dominate wound infections 

(Bhujugade et al., 2024). Even though there are numer-

ous therapeutic approaches for treating wounds and 

burns, and significant advancements have been made 

in this field, there is still an opportunity for improvement 

because better ways to hasten wound healing and re-

covery are desperately needed, particularly for patients 
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who have suffered severe burns.Bacterial cellulose 

(BC), produced by bacteria, offer several benefits over 

vegetable cellulose. BC can be modified to confer anti-

bacterial activity and potential local drug-delivery prop-

erties (Portela et al., 2019). The exceptional properties 

of BC materials include high surface area and high 

crystallinity (8489%). It has superior mechanical quali-

ties and is more compatible with the degree of polymer-

ization. BC differs from other cellulose polymers due to 

its high water-holding capacity. This is because the ab-

sence of lignin and hemicellulose results in a high de-

gree of purity. Considered highly biocompatible, non-

cytotoxic, and non-genotoxic, it is the most effective 

material now used to heal complex wounds. The moist 

environment that the BC dressing provides, enhance 

the dressing's capacity to retain moisture making appli-

cation easier and resulting in a longer wear period that 

is more cost-effective (Sulaeva et al., 2020). Numerous 

bacteria from the genera Acetobacter, Achromobacter, 

Komagatasibacter, Agrobacterium, Bacillus, Azotobac-

ter, Sarcinia, Lactobacillus, and Gluconacetobacter pro-

duce BC (Avcioglu, 2022). Another popular area of 

study is the modification of BC to enhance its function-

ality (Cazón and Vázquez, 2021). Insitu modification is 

a desirable alteration technique that involves both fer-

mentation and the simultaneous performance of BC 

modification with additives (Stumpf et al., 2018). Chemi-

cal modification, enzymatic methods, and genetic engi-

neering can maximize the performance of BC. To date, 

numerous reviews have addressed the optimization and 

modification of BC-based composites (Ullah et al., 

2024). The creation of antimicrobial scaffolds that com-

bat bacteria and fungi utilizes a variety of materials, 

including glass, ceramics, biopolymers, polymers, and 

antimicrobial compounds such as peptides, antibiotics, 

and antiseptics, as well as combinatorial techniques, 

metals, and carbon nanomaterials (Serrano-Aroca et 

al., 2022). Over the past ten years, researchers have 

focused on enhancing the benefits and uses of BC 

through a variety of strategies (Malcı et al., 2024). Most 

of the bacteria that produced BC were isolated from 

natural sources. The present study aimed to produce 

BC from selected bacteria isolated from  harsh environ-

ments, Bacillus licheniformis obtained from oil reserves 

in Iraq, to develop a novel drug delivery composite that 

inhibits the growth of pathogens and is suitable for use 

as a wound dressing 

 

MATERIALS AND METHODS  

 

Samples collection and culturing of bacteria 

Thirty-two clinical samples were collected from patients 

with contaminated burns and wounds at Al-Sadr Teach-

ing Hospital in Basrah Governorate, Iraq, from May to 

July 2025. Samples were taken using sterile gel swabs 

and, immediately transported to the laboratory for fur-

ther microbiological analysis. All collected samples 

were cultured on blood agar and MacConkey agar 

plates, incubated at 37 °C for 24 hrs. The distinct colo-

nies were subcultured onto nutrient agar three times to 

ensure their purity. A microscopic investigation was 

conducted using the Gram stain procedure.    

 

Genetic identification and sequencing of bacterial 

isolates 

Genomic DNA was extracted from all bacterial isolates 

using the Geneaid Bacteriology Kit (Geneaid, USA), 

according to the manufacturer's protocol. To amplify the 

16S rRNA gene, polymerase chain reaction (PCR) was 

performed using the universal forward primer 27F (5' 

AGAGTTTGATCCTGGCTCAG-3') and the reverse 

primer 1492R (5' GGTTACCTTGTTACGACTT-3'). The 

PCR mixture contained primer solution prepared ac-

cording to the manufacturer's instructions; the reaction 

mixture was made with the AccuPower® PCR PreMix 

kit. The thermal cycle program was as follows: initial 

denaturation for 4 min at 96°C, followed by 28 cycles of 

denaturation at 94°C for 30 s, annealing at 56°C for 45 

s, extension at 72°C for 2 min, and a final elongation 

step at 72°C for 10 min. PCR products were electro-

phoresed on a 1.5 % (w/v) agarose gel using a 100-bp 

DNA ladder at 70 V and 120 mA for 60 min. The PCR-

generated 16S rRNA gene fragments were purified by 

Macrogen (South Korea) for sequencing using the 

same primers. The 16S rRNA gene sequences were 

compared with the nucleotide sequences in NCBI using 

the BLAST program (http://www.ncbi.nlm.nih.gov/

BLAST). The neighbor- joining method of phylogenetic 

analysis was used to infer evolutionary relationships 

among the examined taxa. Bootstrap analysis was 

used to assess the inferred tree's robustness using 

1000 replicates; only branches with bootstrap values 

greater than 50% are displayed. The amount of nucleo-

tide changes per site was used to compute evolutionary 

distances using the p-distance method. Twenty-five 

nucleotide sequences were included in the analysis. 

The total deletion option was used to eliminate all sites 

with gaps or missing data, leaving a final dataset with 

754 aligned nucleotide positions. MEGA version 11 

was used to create and analyze phylogenetic trees 

(Tamura et al., 2021).  

 

Production and extraction of bacterial cellulose 

(BC) by  Bacillus licheniformis  

B. licheniformis was provided by the Applied Microbiol-

ogy Laboratory, Department of Biology, College of Sci-

ence, University of Basrah. The primary (seed) inocu-

lum was prepared by growing B. licheniformis on agar, 

excising a 24 h-old culture, and transferring it aseptical-

ly with sterile forceps into 50 ml of nutrient broth in a 

100 ml flask. The culture was incubated at 35 °C for 24 

hrs. under shaking conditions. Subsequently, 10% (v/v) 
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of the activated inoculum (approximately 10⁶–10⁷ CFU/

ml) was used to inoculate 100 ml of BC production 

modified Hestrin and Schramm (MHS) medium in 250 

ml Erlenmeyer flasks, consisting of g/l: 50 g glucose, 5 

g yeast extract, and 12 g CaCO3. The medium pH was 

adjusted to 5.5 with 1 M NaOH. The flasks were incu-

bated under static conditions at 35°C for 14 days 

(Orlando et al., 2020). After incubation, the surface lay-

er was separated from the production medium and sub-

jected to a series of purification steps. Initially, it was 

rinsed repeatedly with distilled water to remove any 

residual components of the culture medium. Subse-

quently, the layer was treated with 1% (w/v) NaOH for 

10 min. Then, the layer was washed multiple times with 

distilled water to ensure complete elimination of any 

remaining alkaline residues, dried at room temperature, 

and autoclaved to eliminate residual bacteria and 

spores (Atta et al.,2021). 

 

In situ and ex situ fabrication of bacterial cellulose 

(BC) 

To create a drug-loaded composite meant for use as a 

dressing, BC was combined with gellan and sodium 

alginate, and then levofloxacin was added. First the 

BC/GW (bacterial cellulose/gellan whey) was fabricated 

in situ by combining 50 ml of whey with 50 ml of the 

modified Hestrin and Schramm medium supplemented 

with 0.04 g (w/v) of FeCl₃ and 0.025 g (w/v) of gellan 

gum. For ex situ fabrication, the BC/GW/SA/LEV com-

posites (bacterial cellulose/gellan whey/sodium algi-

nate/Levofloxacin) were prepared according to Saleh et 

al. (2022), with some modifications using solution mix-

ing and pouring methods. Initially, 50 g of wet BC was 

cut into small pieces and homogenized in 100 mL of 

deionized water (dH₃O) using a hand mixer for 10 min 

to obtain a homogeneous BC fibre suspension. Sodium 

alginate (SA) was separately dissolved in dH₃O at a 

concentration of 2 % (w/v) to form a viscous solution. 

The SA solution was then mixed with the BC suspen-

sion at a volume ratio, with continuous stirring to 

ensure homogeneity. For drug delivery, different con-

centrations of Levofloxacin (LEV) (7.5, 5.0, 2.5, 1.0, 

0.5, and 0.1 mg) were added to 25 ml of the BC/SA 

mixture, along with a few drops of glycerol. The result-

ing mixtures were homogenized ultrasonically for 5 min 

in an ice-cold water bath to prevent thermal decomposi-

tion. Finally, each mixture was poured into 6 cm petri 

dishes and dried in an oven at 35°C for 48 hrs. The 

formed films were carefully removed and stored in a 

vacuum desiccator until use. Control films (BC/GW/SA 

without LEV) were prepared under similar conditions. 

 

Characterization of BC films 

The water-holding capacity (WHC) of BC films was de-

termined according to (Machado et al., 2016). The fou-

rier transform infrared spectroscopy (FTIR) was con-

ducted using an FTIR spectrometer (FTIR alpha ll /

Germany, Bruker). The spectra were recorded in trans-

mittance mode in the range of 4,000–400 cm−1. The 

MIRA3 scanning electron microscopy (SEM) at Shiraz 

University in Iran was used to evaluate the surface 

morphology of BC, BC/GW, and BC/GW/SA/LEV films. 

Samples were analyzed at an accelerating voltage of 

20 kV after being thinly coated with gold by sputtering. 

At Taban Lab in Tehran, Iran, thermogravimetric analy-

sis (TGA) was performed using an SDT Q600 V20.9 

(DSC-TGA) thermogravimetric analyzer. About 2.655 ± 

1 mg of dried samples were heated under a continuous 

argon flow (40 ml/min) from 24°C to 1008.61°C at a 

steady rate of 20°C/min. 

 

Antimicrobial activity of composite film BC/GW/ 

SA/LEV 

The composite film of BC/GW/SA/LEV, fabricated with 

a specific antimicrobial agent, was tested against sev-

eral isolates of burn and wound infections. Testing was 

conducted using the disc diffusion method. Composite 

film pieces (5 mm × 4 mm) were placed on Mueller-

Hinton agar plates inoculated with 100 µl of activated 

bacterial suspension (10⁸ CFU/ml). BC/GW/SA/LEV 

films containing varying concentrations of LEV were 

applied to the agar and incubated for an additional 24 

hrs. at 37°C. Antibacterial activity was assessed by 

measuring the diameter of the inhibition zone around 

each sample. An LEV-free BC/GW/SA film served as 

the control. 

 

Statistical analysis 

Every experiment was carried out in triplicate as sepa-

rate biological replicates, including assays for antibac-

terial activity, BC production, and WHC determination. 

Results are presented as the mean ± standard devia-

tion (SD) of three experiments. Statistical significance 

was determined using ANOVA, the T-Test, and Dun-

can's multiple comparison test and analyzed with 

SPSS version 26 (2019). 

 

RESULTS AND DISCUSSION 

 

Isolation and genetic identification of bacteria 

This study investigated the prevalence and diversity of 

pathogenic bacteria responsible for infections in 

wounds and burns. The results showed that only 23 out 

of 32 samples exhibited bacterial growth. A total of 31 

isolates were obtained, Gram-positive isolates outnum-

bering Gram-negative at 26 (83.87%) compared to 5 

(16.13%). This finding aligns with previous research 

indicating that Gram-positive bacteria, including Staph-

ylococcus aureus and Enterococcus sp., are the pre-

dominant early colonizers in wounds. These bacteria 

are part of the normal skin flora and quickly invade un-

derlying tissue upon disruption of the skin barrier, mak-
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ing them key agents in early-stage wound infections 

(Devi et al., 2024). Gram-negative bacteria colonize 

wounds later, especially in chronic or hospital-acquired 

infections, and dominate after the second week post-

injury, while Gram-positive cocci are prevalent during 

the first 7-10 days (Devi et al., 2024). Thirty-one iso-

lates that proceeded with 16S rRNA sequencing had 

pure and clear extracted DNA, and a single amplifica-

tion of about 1500 bp for all isolates was obtained (Fig. 

1). This study's amplified 16S rRNA gene fragment 

(~1500 bp) is in line with other studies that described 

the molecular identification of different bacterial species 

isolated from clinical samples, oil-contaminated soils 

and water and petroleum reservoirs. (Hamzah et al., 

2020; Aboud et al., 2021; Alyousif et al., 2022; AL-Zaidi 

et al., 2023; AL-Shami et al., 2023; AL-assdy et 

al., 2025; Hamel  et al ., 2026).  

Only 25 isolates showed successful sequencing. A 

BLASTn analysis of 16S rRNA gene sequences from 

these isolates showed that the isolates belong to eight 

genera and 15 species, as indicated in (Table 1). 

These genera included Staphylococcus sp., Coryne-

bacterium sp., Enterobacter sp., Bacillota sp., Klebsiel-

la sp., Escherichia sp., Pseudomonas sp., and Bacillus 

sp. all isolates were identified with 100% similarity, with 

only six showing 99% these isolates were registered as 

new strains in the GenBank database under accession 

numbers as shown in (Table 2). The most prevalent 

genera were Staphylococcus sp. 13 (52%), and S. au-

reus showed the superiority in frequency among other 

species with a percentage of 5 (20%) (Fig. 2). Numer-

ous investigations have documented that pathogenic 

bacteria, namely Staphylococcus aureus, Pseudomo-

nas aeruginosa, Escherichia coli, and Klebsiella pneu-

moniae, are prevalent in burn and wound infections. 

These bacteria were identified from burn units in Bah-

rain and Iraq, as well as other African countries.(Rahim 

Hateet, 2021; AlHawaj et al., 2024; Monk et al., 2024). 

The frequent detection of S. aureus in such infections 

can be attributed to its ability to produce a wide array of 

virulence factors, including biofilm formation, hemoly-

sins (α, β, γ, δ), coagulases, and proteases (Touaitia et 

al., 2025), as well as a thick peptidoglycan layer, en-

zymes, toxins, penicillinase, and hyaluronidase, which 

altogether enhance their survival and persistence in the 

wound environment (Maitz et al., 2023). Similarly, the 

study's 16% prevalence of Escherichia coli is within the 

range of wound infection rates reported globally 

(MMasoud et al., 2020; Alsarhan and Çam, 2023). De-

spite variations observed elsewhere (Chaudhary et al., 

2019; Rahim Hateet, 2021), Enterobacter sp., such as 

E. hormaechei and E. cloacae, accounted for 8%, con-

sistent with findings from burn-related investigations in 

surrounding countries (Mosaffa et al., 2024). Notably, 

Fig.1. Polymerase chain reaction-amplified products of the 16S rRNA gene for bacterial isolates 

Fig. 2. Percentage of pathogenic bacteria isolated from wound and burn infections: a. Bacterial genera. b. Bacterial  

species. 
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the low prevalence of Pseudomonas aeruginosa con-

trasts with many Iraqi and global reports that identify it 

as a dominant pathogen in burn and chronic wound 

infections (Rahim Hateet, 2021; Ndikubwimana et al., 

2024). This disparity could result from variations in anti-

biotic use, sample collection schedules, or infection 

control strategies. Low frequencies of other Pseudomo-

nas sp. were found, indicating potential environmental 

or hospital-acquired origins (Barry, 2021). In burn set-

tings, the prevalence of Klebsiella pneumoniae (4%) 

reported in this study falls within the broad range docu-

mented in the literature, from low rates to notably high-

er prevalence (Khalid et al., 2024; Sun et al., 2025). 

Overall, these comparisons show that although the re-

sults mostly reflect local epidemiology, they are gener-

ally consistent with regional and global patterns, sug-

gesting cautious generalizability and highlighting the 

impact of clinical and geographic diversity on wound 

microbiology (Fig. 3). It illustrates a neighbour-joiningg 

phylogenetic tree generated with MEGA 11 using 16S 

rRNA gene sequences. The branch nodes display boot-

strap values (1,000 repetitions) ≥ 50%. The tree 

showed evolutionary relationships among closely relat-

ed type strains in the GenBank database and the bac-

terial samples used in this investigation. 

 

Production of bacterial cellulose by Bacillus lichen-

iformis     

The isolate of B. licheniformis was tested to produce 

BC, a positive result was indicated by brown leather-

like color, a highly flexible film with a spongy, gelati-

nous mat-like structure (BC pellicle) formed at the air-

liquid interface after 7 days of static growth conditions, 

and the thickness of the film was about 2 mm (Fig. 4). 

This finding agrees with a previous study (Saleh et al., 

2022). The abundance of Bacillus sp. gives them an 

advantage over other bacteria due to greater growth 

rates, even on inexpensive substrates and under harsh 

code    strains Ident.% Accession No. 

A09 Escherichia coli strain NF73_5 100.00% MT649839.1 

A10 Escherichia coli   strain R61 99.91% PP593544.1 

B09 Pseudomonas luteola strain 571 100.00% HQ173812.1 

B 10 Staphylococcus hominis strain BaAP2 100.00% JQ734768.1 

B11 Staphylococcus aureus strain IF6SW-P3A 100.00% KY218833.1 

B12 Staphylococcus aureus strain ABC17 100.00% ON631076.1 

C10 Escherichia coli strain EW1-48 99.89% PQ591621.1 

C11 Staphylococcus aureus strain SA05 100.00% PP292032.1 

C12 Bacillus tropicus strain AWMBI9 100.00% PP564409.1 

D09 Pseudomonas iranica   strain GH10 99.81% NR_178637.1 

D10 Escherichia coli strain TEM 113 100.00% MT912573.1 

D11 Staphylococcus haemolyticus strain yasmun69 100.00% OK632095.1 

E11 Klebsiella pneumoniae strain M2-2-2 100.00% MW375524.1 

E 12 Enterobacter cloacae strain ZG606 100.00% PQ781588.1 

F09 Bacillota bacterium strain ZHCPRcN32 100.00% PQ779998.1 

F10 Staphylococcus haemolyticus strain WS1-1 100.00% MN448415.1 

F11 Staphylococcus aureus strain fsznc-13 100.00% PQ269408.1 

F12 Staphylococcus arlettae strain MSH5-2 100.00% OM074002.1 

G09 
Enterobacter hormaechei strain Xiangfangensis LMG 
27195(T) 

100.00% PQ489478.1 

G10 Staphylococcus aureus strain SA04 99.77% PV147266.1 

G11 Staphylococcus gallinarum strain OOM34 99.90% MH542297.1 

G12 
Staphylococcus epidermidis strain 
45HB94_10020180_10020180, 

100.00% MT445232.1 

H09 
Staphylococcus hominis subsp. novobiosepticus strain 
HUC3_26b_K 

99.90% KT168275.1 

H10 Corynebacterium striatum strain 1910ICU141 100% MT225764.1 

H11 Staphylococcus haemolyticus IRQBAS113 100.00% LC647817.1 

Table 1. Genetic identification of pathogenic bacteria isolated from wound and burn infections 
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ecological conditions. So far, there are many ways to 

increase BC yield. One of them is isolating new bacteri-

al strains that efficiently produce BC from nature (Aydin 

and Aksoy, 2014). The isolate in the present study 

demonstrated relatively high BC production, with wet 

weights of 188.0 ± 1.0 g/l and dry weights of 10.7 ± 1.0 

g/l. These productivity levels put this isolate in a com-

petitive position among certified BC producers. Phong 

et al. (2017) reported that Acetobacter sp. showed 

213.87 g cellulose/300 ml of fermented mature coconut 

water. The Acetobacter senegalensis MA1 strain yield-

ed 469.83 g/L (wet weight) after improvement (Aswini 

et al., 2020). Compared to other strains of the same 

bacterial species, Bacillus licheniformis ZBT2 achieved 

a yield of 9.2 g/L (dry weight) after comprehensive im-

provement (Bagewadi et al., 2020). The Komaga-

taeibacter sp., considered the typical producer of BC, 

exhibits varying productivity: Komagataeibacter xylinus 

has yielded 1.6-1.9 g/l (Raiszadeh-Jahromi et al., 

2020), while other strains have achieved yields as high 

as 18.4 g/l (Bekatorou et al., 2019).  

 After the BC surface layer was successfully isolated 

from the production medium, a distinct, spongy, gelati-

nous membrane formed. Sequential rinsing with dis-

tilled water effectively reduced residual medium compo-

nents, which indicates efficient preliminary cleaning. 

The medium was treated with 1% (w/v) NaOH for 10 

min. The treatment visibly enhanced the clarity of the 

cellulose sheet, reflecting the removal of cellular debris 

and associated impurities. Final washes with distilled 

water yielded a neutral pH, confirming the complete 

elimination of alkaline residues (Fig. 4). 

 

In Situ fabrication of BC/GW  

   In the present study, BC was produced using an MHS 

medium supplemented with glucose, as this is consid-

ered the main source of BC production. Since it is a 

precursor for cellulose synthesis, all compounds that 

can be transformed into glucose are capable of forming 

BC (Parchaykina et al., 2025). To improve and modify 

BC yield and structure, the insitu fabrication was per-

formed by mixing 50 ml of MHS medium with 50 ml of 

New strains in GenBank Accession No. 

Escherichia coli strain WFatima Bas PX021951.1 

Staphylococcus aureus strain WFatima Bas PX021959.1 

Staphylococcus gallinarum strain WFatima Bas PX021960.1 

Pseudomonas iranica   strain WFatima Bas PX021964.1 

Escherichia coli strain WFatima Bas25 PX021970.1 

Staphylococcus hominis subsp. novobiosepticus strain WFatima Bas PX021961.1 

Table 2. New bacterial strains deposited in the NCBI GenBank database 

Fig. 3. Neighbor-Joining phylogenetic tree of 16S rRNA sequences showing relationships between bacterial isolates and 

GenBank reference strains (MEGA11, 1000 bootstrap replicates).  
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whey, 0.04% FeCl₃, and 0.025% gellan gum. Remarka-

bly, the modified medium demonstrated a clear en-

hancement of BC/GW production (Fig. 5). The appear-

ance of cellulose pellicles formed at the air-liquid inter-

face after only 1-2 days of static conditions, suggests 

accelerated bacterial activity and growth, more notably, 

the resulting pellicles exhibited a thicker, more cohe-

sive structure about 5 mm of thickness. The wet weight 

of BC/GW films increased significantly (p < 0.001) to 

289.0 ± 1.0 g/l, while the dry weight was 11.4 ± 1.0 g/l 

when compared to BC films. 

This result is consistent with that of Wu et al. (2021) 

who utilize Taonella mepensis  to synthesize bacterial 

cellulose (BC) from medicinal herb residues in China, 

where the addition of gellan gum significantly improved 

yields. The insitu fermentation technique is appealing 

for producing bacterial cellulose from inexpensive sub-

strates, with the most widely used additions being agar, 

carboxymethyl cellulose, glycerol, ethanol, sodium algi-

nate, and xanthan, all of which have a strong potential 

for BC production (Cheng et al., 2017). Whey, a dairy 

by-product rich in lactose and proteins, is known to 

have a high biological value due to its protein content, 

amino acids, vitamins, lactic and citric acids, minerals 

like calcium, magnesium, and phosphorus, and other 

secondary bioactive compounds (Revin et al., 2018). A 

study by Kolesovs et al. (2023) showed that suitable 

strains can effectively utilize whey to produce large 

quantities of BC. Additionally, adding elements like 

FeCl₃ to the culture medium enhanced bacterial growth, 

increasing BC yield, especially in bacteria isolated from 

environments rich in chemicals, such as oil reservoirs. 

 

Ex situ fabrication of BC/GW/SA/LEV 

The BC/GW/SA/LEV composite films, obtained after 

external processing and drying, exhibited highly desira-

ble physical properties: thin layers with a soft, pleasant 

surface texture and maintained structural integrity dur-

ing handling. They were flexible and foldable than the 

original BC and BC/GW films, which are typically stiff 

and brittle. Additionally, the films could be easily cut 

with basic tools, such as scissors or scalpels, reflecting 

their excellent workability and mechanical adaptability 

(Fig. 6). This result is consistent with previous studies 

(Saleh et al., 2022; Agustin et al., 2024). Ultrasonic 

treatment can reorganize BC nanofibers and reduce 

their crystallinity, resulting in softer, more flexible films. 

High-energy ultrasound has been shown to alter the 

fiber dimensions and nanostructure of BC, thereby pro-

moting a more flexible network (Ybañez and Camacho, 

2021). Furthermore, it has been reported that forming 

composites with polymers like alginate, gelatin, and 

glycerol significantly improves the softness and elastici-

ty of BC (Chiaoprakobkij et al., 2020). Glycerol can 

stretch polymer chains and break hydrogen bonds, in-

creasing the material's elasticity and decreasing its ten-

Fig. 4. Production of BC by isolates of Bacillus licheniformis: a. Control b. Medium with Bacillus licheniformis c. film be-

fore drying d. film after drying. 

Fig. 5. In Situ fabrication of BC/GW produce by B. licheniformis: a. Control. b. Medium with B. licheniformis. c. film be-

fore drying. d. film after drying. 
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sile strength. The glycerol molecules enter the polymer 

matrix and fill the spaces between molecules via hydro-

gen bonds. This likely changes the polymer's structure, 

transforming it into a more disordered, flexible form with 

greater mobility (Agustin et al., 2024). 

 

Water holding capacity (WHC) 

The WHC of spongy BC films was determined by 

measuring the difference between the wet and dry 

weights of the films before and after in situ fabrication. 

The results demonstrated that the modified medium not 

only affected BC yield but also its water-retention ca-

pacity. The BC/GW exhibited the highest WHC im-

provement at 96.0 ± 0.1 % compared to non-fabricated 

BC films at 93.94 ± 0.59 % (p=0.033). This increase in 

water retention suggests possible structural modifica-

tions within the BC matrix that could enhance its water- 

absorption capacity. These findings agreed with Al-

Hagar and Abol-Fotouh (2022). 

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR spectroscopy was used to assess the molecular 

bonding and functional groups of BC, BC/GW, BC/GW/

SA, and BC/GW/SA/LEV films (Fig. 7). For BC (Curve 

a), the native BC film's infrared spectrum revealed ab-

sorption peaks characteristic of this particular polymer. 

The peak of absorption in the one can be identified at 

3287.8 cm⁻¹, corresponding to the stretching vibrations 

of hydroxyl groups in cellulose engaged in hydrogen-

bond formation. The broader peak for BC indicated 

stronger OH bonding (Chen et al.,2024). The intense 

band at 2925 and 2865 cm⁻¹ corresponds to the 

stretching vibrations group of CH₃ and CH groups. The 

band at 1632.24 cm⁻¹ has been attributed to the -

COOH group, which corresponds to the glucose car-

bonyl (Saleh et al., 2020). Peaks at 1026.3 cm⁻¹ were 

formed by the C-O-C group and hydroxyl C-O-H func-

tional groups of the carbohydrate ring, consistent with 

earlier research (Qiu et al., 2016). Furthermore, maxi-

ma for the C=O bending vibrations were found at 1596 

cm-¹ and 1539 cm-¹ (Almihyawi et al., 2024). In contrast 

to BC/GW (curve b), only two new peaks were ob-

served at 1740.4 cm-¹ and 1096.57 cm-¹. The stretch 

has been attributed to C-O, indicating that the fabrica-

tion of the medium exerted an influence, as new func-

tional groups were observed. Furthermore, the band 

between 1644.88 cm-¹ and 1096.57 cm-¹ showed high 

intensities. In the case of BC/GW/SA (curve c), the in-

teraction between SA and BC could be identified by the 

carboxyl and carbonyl group bands present in the 

range of 1900-1500 cm²¹ (Saleh et al., 2022). The 

bandat 1600.68 showed high intensity, with two broad 

peaks at 1594.6 cm
-
¹ and 1547 cm

-
¹. The peak at 

3286.7 cm-¹ showed higher intensity than that in BC/

GW. This implies that there are more molecular bonds 

between BC, glycerol, and SA. The biocomposite, 

made from BC and chitosan with glycerol addition of 

0.25-0.75%, demonstrated a similar outcome (Paluch 

et al., 2022). The composite of BC/GW/SA/LEV (curve 

d) showed that many bands were shifted; for instance, 

in BC/GW/SA, the peak at 1600.6 cm-¹ was just a 

shoulder, while the peak at 1594.29 cm-¹ was easily 

observed in the composite loaded with the antibiotic. 

Two peaks centered at 1401.13 cm-¹ and 868 cm-¹ 

were shifted to 1405.22 cm-¹ and 862.71 cm-¹, and the 

intensity of the peaks became stronger. This indicates 

a clear interaction between the composite, amine, and 

carboxylate groups of LEV. These results agreed with 

the study by Fatahi et al. (2021),  who showed as 

levofloxacin was added to nanofibrous matrices, addi-

tional absorption peaks appeared in the 400–1000 cm-¹ 

range (762.82, 602.77, and 568.18 cm-¹), suggesting 

drug–matrix interactions. The peaks found indicated 

that the LEV molecules were successfully loaded into 

the BC/GW/SA/LEV composite. 

 

BC films morphological characteristics as  

determined by SEM 

Morphological analysis using SEM revealed gradual 

structural improvements resulting from the application 

Fig. 6. Ex situ fabrication of BC/GW/SA/LEV films: a. Before drying. b. After drying  
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of insitu and ex situ fabrication strategies to BC. Pure 

BC exhibited a homogeneous three-dimensional net-

work of randomly interconnected microfibers, charac-

terized by an irregular, rough surface reflecting the fi-

brous nature of cellulose. The fibres were relatively 

thick and large, with well-developed pores between 

them, forming a distinct porous structure (Fig. 8a, b). 

This morphology is consistent with the known proper-

ties of BC produced on glucose media (Fuller et al., 

2018; Bagewadi et al., 2020; Mohammad et al., 2023). 

The large surface area and numerous bonding sites in 

this porous structure provide an ideal platform for sub-

sequent fabrication and loading. Insitu fabrication by 

adding gellan gum, whey, and FeCl₃ to the production 

medium resulted in significant structural improvements. 

BC/GW analysis revealed a denser and more cohesive 

fibrous network compared to pure BC, exhibiting tighter 

inter-fiber bonding and a marked decrease in pore size 

and number of voids (Fig.8 c, d). This morphological 

improvement suggests that bacterial activity was en-

hanced by the addition of the supplements, resulting in 

denser fibres and greater BC synthesis. These results 

are consistent with those of Wang et al. (2021), who 

reported that gellan gum increased bacterial cellulose 

production by up to 59% and modified its crystalline 

properties. Furthermore, the structural interaction be-

tween the added supplements and the cellulose mole-

cules improved inter-bonding and internal cohesion, 

enhancing the mechanical strength and functional per-

formance of the material (Rukmanikrishnan et 

al.,2020). 

Ex situ fabrication with the addition of SA significantly 

altered the composite's surface properties (Fig. 8e, f). 

Examination of BC/GW/SA revealed an interwoven 

network structure with a more homogeneous surface, in 

which a clear alginate gel layer surrounded the cellu-

lose fibres. This interweaving reflects the strength of 

hydrogen bonds between the hydrophilic alginate and 

cellulose molecules, resulting in improved interfacial 

adhesion and reduced pore size and number. The high 

density and low porosity indicate the success of the 

external fabrication process in enhancing the stability of 

the composite and filling the visible voids in BC/GW. 

The interwoven fibre structure within the alginate matrix 

suggests the potential to create an ideal polymer for 

drug diffusion and retention (Shahriari-Khalaji et al., 

2020; Saleh et al., 2022; Munhoz et al., 2024). Ex situ 

fabrication with Levofloxacin loading revealed charac-

teristic morphological changes confirming successful 

drug incorporation. BC/GW/SA/LEV analysis revealed a 

branched, fibrous surface bearing shiny, radially orient-

ed crystalline aggregates distributed heterogeneously 

among the fibres, representing the deposition and ar-

rangement of levofloxacin molecules within the polymer 

matrix. These crystalline aggregates resulted in a 

marked increase in surface roughness, with density 

variations between regions, consistent with the molecu-

lar distribution of the drug across the polymer chains 

(Fig. 8 g, h). These observations are consistent with 

previous studies demonstrating similar morphological 

changes when drugs are loaded onto BC surfaces 

(Shao et al., 2016; Saleh et al., 2022; Kapourani et 

al.,2024). 

 

Thermogravimetric analysis (TGA ) 

Thermal analysis was performed on three filmsBC, BC/

GW, and BC/GW/SA (Fig. 9). The results revealed a 

gradual improvement in thermal stability with each 

stage of fabrication. The BC film exhibited predicted 

thermal behavior consistent with the scientific literature. 

An initial weight loss of 13.5% was recorded between 0

–200°C, primarily attributed to the evaporation of mois-

Fig. 7. FTIR analysis of the BC films: a. BC. b. BC/GW. c. BC/GW/SA. d. BC/GW/SA/LEV  
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ture trapped within the fibrous matrix (Sheykhnazari et 

al., 2018; Kim and kim., 2024). Major degradation oc-

curred between 200–400°C, with 64% weight loss, indi-

cating the dissociation of cellulose chains and rupture 

of glycosidic bonds (Dhar et al., 2019; Flores-

Hernández et al., 2021). Total weight loss reached 74% 

at 500°C, and a 50% loss was recorded at 324°C. At 

806°C, only 3.1% of the original mass remained, con-

firming the near-complete thermal degradation of the 

material. The addition of gellan gum and whey resulted 

in changes in the thermal properties. The moisture con-

tent increased to 19% in the 0–200°C range, attributed 

to the hydrophilic nature of gellan gum and its high 

moisture retention capacity (Abdl Aali and Al-Sahlany, 

    

     

Fig. 8. Scanning electron microscopy images showing the films that were prepared.(a–b) Pure BC at magnifications of 

111× and 160× reveals a dense fibrillar network formed by a randomly dispersed nanofibrous structure. The BC/GW 

composite at 250× and 529× magnifications shows a denser and more compact fibrous network with smaller pores (c–d) 

as a result of GW integration. (e–f) BC/GW/SA film with a more compact and uniform shape and enhanced structural 

integrity at 64× and 133× magnifications. (g–h) The BC/GW/SA/LEV film at 434× and 800× magnifications shows im-

proved surface roughness and drug-loaded areas, demonstrating the effective integration of LEV  

Fig. 9 . Thermogravimetric analysis (TGA) curves of bacterial cellulose (BC) and its composites (BC/GW and BC/GW/

SA) demonstrate weight loss behavior and thermal stability  
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2024). Despite this increase, the thermal decomposi-

tion pattern remained similar to that of pure BC, with a 

62% loss recorded between 200–400°C and 68% at 

500°C. The temperature at which 50% of the mass 

was lost decreased slightly to 306°C. The remaining 

mass at 805°C was 4.3%, which is almost identical to 

that of BC. These results confirm that internal fabrica-

tion did not negatively affect the basic structure of BC 

(Wu et al., 2021). The BC/GW/SA composite exhibited 

exceptionally improved thermal stability compared to 

previous films. Initial weight loss decreased significant-

ly to only 6% at 0–200°C, reflecting a substantial im-

provement in moisture retention. This improvement is 

attributed to the formation of a denser polymer network 

via hydrogen bonds between the hydroxyl groups in 

BC and the carboxyl groups in SA, thus limiting water 

evaporation (Agustin et al., 2021; Wai Chun et al., 

2021). Importantly, the degradation rate decreased 

significantly to only 29% in the 200–400°C range, com-

pared to 64% and 62% for previous films. This marked 

improvement is explained by the unique properties of 

SA, which exhibits three degradation phases at 103°C, 

212°C, and 426°C (Flores-Hernandez et al., 2021).  

The temperature at which 50% of the weight was lost 

rose to an exceptional 716°C, highlighting the com-

pound's superior thermal resistance (Agha and Kati, 

2025). Furthermore, the remaining mass at 805°C 

reached 32.8%, a remarkable increase attributed to the 

formation of thermally stable inorganic structures such 

as Na₃CO₃ from the decomposition of SA. This 

marked improvement in the thermal stability and struc-

tural integrity of the BC/GW/SA membrane makes it an 

ideal candidate for drug delivery applications. 

 

Antibacterial activity of BC/GW/SA/LEV 

The antibacterial efficacy of a BC/GW/SA/LEV compo-

site at varying concentrations of levofloxacin was as-

sessed by the disk diffusion technique. The BC and 

Bacterial strains 
Concentrations of levofloxacin/Inhibition zone diameter(mm) 

7.5mg 5.0mg 2.5mg 1.0mg 0.5mg 0.1mg 

Escherichia coli   strain R61 11.0±1.0 11.0±1.0 8.0±1.0 0.0±0.0 0.0±0.0 0.0±0.0 

Pseudomonas luteola strain 571 32.0±1.0 31.0±1.0 31.0±1.0 28.0±1.0 23.0±1.0 22.0±1.0 

Staphylococcus hominis strain BaAP2 33.0±1.0 30.0±1.0 29.0±1.0 28.0±1.0 28.0±1.0 25.0±1.0 

Staphylococcus aureus Strain IF6SW-
P3A 

33.0±1.0 32.0±1.0 30.0±1.0 20.0±1.0 19.0±1.0 17.0±1.0 

Staphylococcus aureus strain ABC17 32.0±1.0 31.0±1.0 30.0±1.0 25.0±1.0 20.0±1.0 18.0±1.0 

Escherichia coli strain EW1-48 12.0±1.0 12.0±1.0 8.0±1.0 0.0±0.0 0.0±0.0 0.0±0.0 

 Staphylococcus aureus strain SA05 20.0±1.0 15.0±1.0 8.0±1.0 0.0±0.0 0.0±0.0 0.0±0.0 

Bacillus tropicus strain AWMBI9 31.0±1.0 30.0±1.0 29.0±1.0 22.0±1.0 20.0±1.0 19.0±1.0 

Pseudomonas iranica   strain GH10 33.0±1.0 33.0±1.0 32.0±1.0 32.0±1.0 32.0±1.0 30.0±1.0 

Escherichia coli strain TEM 113 20.0±1.0 15.0±1.0 10.0±1.0 0.0±0.0 0.0±0.0 0.0±0.0 

Staphylococcus haemolyticus strain yas-
mun69 

12.0±1.0 12.0±1.0 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

Klebsiella pneumoniae strain M2-2-2 31.0±1.0 30.0±1.0 30.0±1.0 26.0±1.0 24.0±1.0 21.0±1.0 

Enterobacter cloacae strain ZG606 33.0±1.0 32.0±1.0 30.0±1.0 29.0±1.0 24.0±1.0 21.0±1.0 

Bacillota bacterium strain ZHCPRcN32 35.0±1.0 31.0±1.0 30.0±1.0 24.0±1.0 18.0±1.0 17.0±1.0 

Staphylococcus haemolyticus strain WS1
-1 

32.0±1.0 32.0±1.0 30.0±1.0 30.0±1.0 29.0±1.0 28.0±1.0 

Staphylococcus gallinarum strain 
OOM34 

31.0±1.0 29.0±1.0 28.0±1.0 18.0±1.0 17.0±1.0 13.0±1.0 

Staphylococcus haemolyticus 
IRQBAS113 

23.0±1.0 19.0±1.0 14.0±1.0 13.0±1.0 0.0±0.0 0.0±0.0 

*Mean ± SD, n=3, P ≤ 0.001 

Table 3. Antibacterial activity of BC/GW/SA/LEV on pathogenic bacterial isolates 
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BC/GW/SA composites showed no activity against 

pathogenic bacteria, as indicated in (Table 3) and (Fig. 

10). This result agrees with a previous investigation 

(Saleh et al., 2022). BC is inherently biologically inert 

and lacks intrinsic antimicrobial properties, as demon-

strated in previous studies (Lahiri et al., 2021; Swingler 

et al., 2021). Similarly, gellan gum is primarily used as 

a structural and carrier material without intrinsic antimi-

crobial properties (Guo et al., 2020). Other studies 

have also confirmed that SA is not inherently antimicro-

bial and requires chemical combination with antibiotics 

(Lee et al., 2023; Kalkan et al., 2025). Therefore, the 

lack of antibacterial activity in the base compounds 

(BC, BC/GW/SA) is consistent with the known proper-

ties of these components, and confirms that the ob-

served antimicrobial activity is entirely attributable to 

the presence of levofloxacin in the composite of BC/

GW/SA/LEV. The results demonstrate the successful 

incorporation of levofloxacin into the BC/GW/SA com-

posite matrix. According to these findings, the antibac-

terial efficacy of BC/GW/SA/LEV composites against 

pathogenic bacteria increased with increasing LEV con-

centration. The maximum inhibition zone of Bacillota 

bacterium strain ZHCPRcN32 was 35 mm at a 

concentration of 7.5 mg, while the lowest was against 

Escherichia coli at 11 mm in the same concentration. 

Many strains showed high susceptibility to antibiotics at 

different concentrations; antimicrobial activity may be 

due to varying susceptibilities of the microbes to the 

prepared composites. Levofloxacin belongs to the quin-

olone family, a class of bactericidal antibiotics that di-

rectly kill bacterial cells by inhibiting the vital enzymes 

topoisomerase II (DNA gyrase) and topoisomerase IV. 

This results in the conversion of these enzymes into 

toxic agents that cause permanent breaks in bacterial 

chromosomes, leading to cell death (Yefet et al., 2018). 

This finding is agreed with previous study (Gromovykh 

et al., 2017). A number of investigations documented 

that BC films were made using additional materials to 

improve their action, such as BC/SA/GM (Saleh et al., 

2022), BC/SA/silver nanoparticles (Yang et al., 2017), 

and BC/SA/chitosan/copper sulfate (Wichai et al., 

2019). The antibacterial efficacy of the compound was 

assessed using an in vitro disc diffusion assay, but this 

does not replicate the complexities of in vivo conditions, 

such as immune responses, fluid flow, sustained drug 

release, or biofilm penetration. Therefore, despite the 

encouraging in vitro results, in vivo studies are needed 

to confirm its therapeutic efficacy. 

 

Conclusion  

 

Staphylococcus sp. was the most frequently recovered 

genus from a variety of wound and burn infections. Ba-

cillus licheniformis was quite effective in BC production. 

With unique qualities that set it apart from other forms 

of cellulose, in situ and ex situ production enhances the 

functional properties and yields of BC. The incorpora-

tion of antibiotics into BC composites for the treatment 

of pathogenic bacteria provided efficient antibacterial 

activity and can serve as a promising platform for local-

ized support of antibiotic delivery. To improve long-term 

antibacterial activity and reduce the likelihood of re-

sistance development, more adjustments of antibiotic 

loading and release patterns are advised. 
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