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A B S T R A C T

In this study, we developed an innovative natural antibacterial medical bandage composed of electrospun 
nanofibres derived from alginate (SAg) and oregano essential oil (OEO). The nanofibre deposition process was 
systematically optimised, achieving a controlled evolution of fibre formation at intervals of 1, 2, 3, 4, and 8 h. 
Over time, fibre morphology has changed from a dispersed network to a densely packed, homogeneous, fibrous, 
fully embedding cotton gauze nanofibre. Scanning Electron Microscopy (SEM) revealed nanofibres with di
ameters ranging from 100 to 300 nm, 46 % measuring 100–200 nm, 37 % at 200–300 nm, and 14 % between 300 
and 400 nm. Thermogravimetric Analysis (TGA) confirmed improved thermal stability in cross-linked samples. 
At the same time, Fourier Transform Infrared Spectroscopy (FTIR) shows the incorporation of OEO into the 
nanofibres shows OEO carvacrol, and thymol. Antibacterial efficacy tested inhibition zone assays against 
Methicillin-resistant Staphylococcus aureus (MRSA) and Listeria monocytogenes on double-layered bandages is 15 
mm and 10 mm, respectively. Statistical analysis results from ANOVA confirmed that multi-layered bandages 
(TL-BSS) had significantly enhanced antibacterial activity compared to single-layered (SSS) and both-sided spun 
(BSS) configurations. Unlike conventional wound dressings, this study introduces a bioactive, nanofibre- 
integrated gauze with sustained antibacterial efficacy.

1. Introduction

The global increase in demand for advanced wound dressing mate
rials has led to considerable research in developing more effective and 
sustainable wound healing treatments [1–3]. The World Health Orga
nisation (WHO) reports that approximately 5 million of the 58 million 
people injured annually die from fatal wound injuries, while millions 
more suffer due to inadequate wound care, highlighting the urgent need 
for innovative wound-dressing technologies in biomedical engineering 
[4–6]. Non-healing wounds are a problem area that affects millions of 
people's quality of life and has caused significant clinical challenges that 
need to be addressed [7,8]. The skin is also an essential part of the body 
with multiple roles, including protection, [9] sensation [10], immunity, 
communication [10], and many other functions [11]. In recent years, 

traditional skin wound healing treatments have gained global interest. 
Studies have demonstrated that natural and extracted products, such as 
aloe vera [12], turmeric and curcumin [13], garlic [14], moringa leaves, 
seeds, and their oil, and oregano oil [15–17] are popular and have been 
proven effective in wound healing.

However, traditional wound healing methods face challenges such as 
a lack of standardisation, scientific validation, contamination risks, 
allergic reactions, medication interactions, and poor regulatory over
sight. Addressing these through improved designs of bandages, sponges, 
films, and nano-/microfibres is key to advancing therapeutic technolo
gies. [18,19]. Notably, recent studies have demonstrated the potential of 
electrospun nanofibres functionalised with bioactive agents for 
improved wound healing [20,21]. Advances in polymeric nanofibre- 
based wound dressings focus on materials like polyurethane, 
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polycaprolactone, and polyvinyl alcohol for their tunable mechanics and 
drug release; however, These systems often rely on synthetic polymers, 
which, although advantageous for their tunable mechanical strength 
and controlled drug release, inherently lack the hydrophilicity, 
biocompatibility, and biodegradability characteristic of natural 
polysaccharide-based alternatives [22–24] Studies show that traditional 
dressings often cause dehydration and wound adhesion, leading to pain 
and delayed healing [24] While current dressings are absorbent and help 
prevent infection, they play a passive role in healing. However, incor
porating novel composites can enhance antimicrobial activity and 
localised antisepsis, improving healing outcomes [4].

Electrospinning has continued to gain popularity due to its innova
tive and advanced engineering and manufacturing processes, which 
enable the formation of micro- and nano-structured composites from 
polymer solutions, provide tunable morphology, offer high surface area, 
facilitate drug delivery, and allow manufacturing control. [16,25]. 
Electrospinning enables the production of low-toxicity materials 
through easy control of process parameters [26]. They are used for 
Polymer-based nanocomposites and have found diverse applications in 
modern technology, ranging from energy storage [27,28] to biomedical 
systems. This versatility underscores their potential as platforms for 
multifunctional applications, including antimicrobial wound dressings, 
making it suitable for modifying existing and newly developed products. 
The unique properties of electrospun nanofibers can improve localised, 
controlled drug delivery at the wound site, achieving antimicrobial 
compound release during the wound healing process [29]. Abedi et al. 
[30] reported that electrospun chitosan-based scaffolds containing 
conductive polymers such as PEDOT: PSS exhibited improved mechan
ical properties and biocompatibility, making them suitable for tissue 
engineering applications.

Integrating bioactive compounds into electrospun nanofibers has 
been studied to enhance their antimicrobial and wound-healing poten
tial. For instance, Lamei and Hasanzadeh [31] successfully incorporated 
metal-organic frameworks (MOFs) into electrospun nanofibres, signifi
cantly improving their wettability, haemostatic efficiency, and anti
bacterial activity. This approach aligns with fabricating electrospun 
materials for wound healing through controlled antimicrobial release. 
The use of naturally-derived materials such as alginate [32], chitosan 
[33], collagen [34], fibrinogen [35], fibrin [36], cellulose [37], and 
gelatine [38]. They have been widely used, and their composites are 
emerging for several medical applications. Studies have highlighted that 
functionalising these biomaterials with bioactive agents can signifi
cantly improve their wound-healing efficacy [39]. Lamei and Hasanza
deh [33] demonstrated that chitosan-PVA nanofibrous scaffolds 
modified with tannic acid and metal-organic frameworks exhibited 
enhanced antibacterial activity, improved mechanical strength, and 
superior haemostatic properties. Inspired by this strategy, the present 
study investigates the integration of oregano oil within electrospun 
alginate nanofibers to develop an advanced bioactive wound dressing 
with prolonged antimicrobial effectiveness.

Among these materials, alginate is one of the primary sources of 
sustainable and renewable materials, and it is widely available and low- 
cost [15]. Alginate is one of the most prevalent naturally biodegradable 
polysaccharides derived from seaweed or brown Algae. Alginate has 
advantageous properties and is an antimicrobial when used in coatings, 
particularly for delaying microbial spoilage in food and reducing 
contamination from neuropathogenic microorganisms. It can also be 
blended with other antimicrobial agents to enhance efficacy [40,41]. 
Essential oils contain complex, volatile compounds synthesised by plants 
for protection and signalling, exhibiting physical, biological, and 
chemical properties beneficial as natural antimicrobials, anti- 
inflammatory, and antidiabetic agents, and for treating various medi
cal conditions [42]. Among these essential oils is oregano essential oil 
(OEO), Carvacrol with smaller percentages of thymol, p-cymene, 
gamma-terpinene, and other trace compounds known for their prom
ising and effective natural and sustainable antimicrobial activity [15].

The innovative approach in this study involves integrating electro
spun sodium alginate (SAlg) and OEO nanofibres onto a cotton gauze 
bandage. Despite extensive studies on alginate and OEO separately, their 
electrospun integration onto cotton gauze bandages as a bioactive 
dressing remains unexplored [43]. Several works have been done to 
examine the potential biomedical applications of alginate, the antimi
crobial properties of OEO, and the use of electrospinning for improving 
bandage functionality [44,45]. However, the integration of alginate, 
OEO, electrospinning, and bandages into a single functional wound 
dressing has not been extensively studied. This is the critical research 
gap in this field. Conventional cotton gauze dressings function passively, 
primarily offering wound coverage and absorbency, and often lack 
bioactive properties [46]. By incorporating electrospun alginate-OEO 
nanofibres onto gauze, this hybrid dressing enhances antimicrobial ef
ficacy, ensures sustained drug release, and optimises wound healing. 
Encapsulation of OEO within alginate nanofibres improves its stability, 
mitigating the rapid degradation and volatility limitations associated 
with free-used essential oils [47]. Accordingly, this study seeks to 
address the identified research gap by evaluating the performance of 
electrospun alginate-OEO nanofibre-coated gauze bandages as an 
advanced wound dressing system.

Alginate and oregano essential oils (OEO) are widely accessible and 
cost-effective materials [48]. While cotton gauze remains highly 
affordable, particularly in low- and middle-income countries, it serves as 
a low-cost antimicrobial dressing that could enhance accessibility to 
wound care and provide a clinically relevant, cost-effective, and scalable 
solution across Africa and Asia, where access to quality wound care is 
limited [49]. The hybrid electrospun alginate-OEO nanofibres on gauze 
could offer positive moisture retention, improved bacterial inhibition, 
and controlled drug release, potentially reducing infection risks and 
fostering faster wound healing.

This study aims to develop a potential antibacterial wound dressing 
by integrating electrospun SAg and OEO nanofibres onto a cotton gauze 
bandage and evaluating its structural, thermal, and antibacterial prop
erties. Specifically, this research aims to optimise the electrospinning 
process to achieve a controlled evolution of nanofibre formation on the 
cotton gauze, ensuring uniform deposition and enhanced surface inter
action. Investigate the morphological, chemical, and thermal charac
teristics of the electrospun SAg-OEO nanofibers to assess their stability 
and functional properties using SEM, AFM, FTIR, and TGA. Evaluate the 
antibacterial efficacy of the electrospun bandages against MRSA and 
Listeria monocytogenes using inhibition zone assays and statistical ana
lyses to determine their effectiveness. Compare nanofibre deposition 
configurations (SSS, BSS, and TL-BSS) to assess their impact on anti
microbial performance and wound-healing potential.

2. Experimental section

2.1. Materials

Sodium alginate (SAg), (SIGMA A2033, 9005-38-3, M/G ratio =
2.12, the viscosity of 1 % solution at 25 ◦C ~ 4–12 cP, ignition residue 
<30 %, molecular weight, 21,900 g mol−1, loss on drying <15 %), 
(Procured from Sigma-Aldrich, MO, USA), Poly(ethylene oxide) Powder 
(CN 043678.14,-25322-68-3 Viscosity: 400 to 800 cps (2 % aq. solution, 
25 deg. C), M.W. 1,000,000 Alfa Aesar, Procured from Thermo Fisher 
Scientific, Haverhill, MA, USA), Pluronic® F-127 powder (PL, SIGMA 
P2443, product of Sigma-Aldrich, MO, USA), calcium chloride (Cacl2) 
(procured from Fisher Scientific, Loughborough, UK), The oregano oil 
used in this study is (100 %) essential oregano oil Origanum vulgare, 
obtained from Athina Greece, with its primary constituents comprised of 
carvacrol, 80 %; thymol, 4.2 %; p-cymol, 4.2 %; gamma-terpinen, 1.6 %; 
limonen, 0.22 %; sabinen, 0.25 %; and linalool, 0.12 %; the rest of the 
components were <0.1 %. Reported from previous studies [15] (10 mL). 
For electrospinning deposition experiments, a non-elastic woven cotton 
gauze bandage (medical grade) was used. The bandage was obtained 
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from a trusted supplier in the UK.

2.2. Preparation of OEO/SAg and PEO solution

Solutions of Sodium Alginate (SAg) 3.5 wt% and Poly (ethylene 
oxide) Powder (PEO) 4 wt% were each prepared separately using 
deionised water. These were stirred at 200 rpm on a digital hotplate 
magnetic stirrer for 24 h at a temperature range (18–25 ◦C). The alginate 
and PEO solutions were mixed in an 80:20 weight ratio. The resulting 
solution was mixed with 1 % of Pluronic® F-127 as a surfactant, and the 
OEO content was carefully adjusted during the solution preparation 
process. The content was controlled to a specific weight percentage 
relative to the dissolved alginate polymer during solution preparation, 2 
wt%, determined through preliminary experimental investigations to 
enhance compatibility within the nanocomposite matrix [15]. This 
mixture was stirred at 200 rpm for approximately 12 h until it was 
entirely homogeneous (uniform dissolution), a slightly yellowish, 
observable solution. The solution was transferred into a 10 mL syringe 
and placed inside a beaker, which was then positioned in a vacuum oven 
to remove any visible bubbles gradually.

2.3. Electrospinning process

Before beginning the electrospinning procedure, the non-elastic 
cotton medical bandage was attached directly to the metal board on 
the surface of the collector machine collector plate. The electrospinning 
was conducted on, Bioinicia LE-50 FLUIDNATEK™, an advanced 
benchtop machine (Valencia), Spain. Electrospinning parameters were 
set up considering earlier studies on nanocomposite fibres developed 
from a blend of oregano oil and alginate [15]. With slight variation in 
the parameters as follows: distance from the collector surface to the 
needle tip at 15 cm, and the flow rate ranges between 1.0 and 1.2 mL/h; 
fibres were developed using a voltage range of 24 to 30 kV, within a 

temperature range of 18 ◦C to 25 ◦C, at a relative humidity of 40 % to 60 
%, with a needle diameter of 0.4 mm, The objective was to develop a 
stable production of alginate–oregano oil nanofibres deposited on the 
cotton bandage. Experimental improvements were conducted to perfect 
the growth of electrospun alginate–oregano oil fibres on the surface of 
the bandage. Five samples were collected at one-hour intervals, up to 
four hours, with the final sample undergoing electrospinning for 
approximately 8 h. Fig. 1 shows the electrospinning setup for producing 
alginate-oregano nanofibres deposition on cotton gauze. This setup in
vestigates the practical application of incorporating SAg and OEO 
nanofibre, previously developed by Lu et al. [15] to modify the bandage.

2.4. Cross-linking and preparation for characterisation

Cross-linking refers to the process where chemical bonds are formed 
between polymer chains, which helps in enhancing the polymer's sta
bility and strength [15]. Fig. 2a-c shows pictorial electrospun alginate- 
oregano oil deposition nanofibres on the bandages of the uncross- 
linked bandage (UcB), the cross-linking process of bandage showing 
the immersion in calcium chloride solution, and the cross-linked or the 
modified (MoB) and dried cotton gauze bandage, with visible structure 
of the modified bandage after soaking in water. The cross-linking pro
cess has two main steps (i) immersion of the nanofibre-coated bandage 
in 4 wt% CaCl₂ solution to enable ionic cross-linking of alginate with 
calcium ions, and (ii) rinsing the sample in deionised water to remove 
unbound PEO and residual salts. First, 4 wt% calcium chloride solution 
was prepared with deionised water. The bandage with the nanofibres 
was removed from the collection board and then immersed in the cal
cium chloride solution for 30 min. During this period, turning over the 
bandage properly was necessary to ensure that the fibres on both sides of 
the bandage were fully cross-linked with the calcium ions in the solu
tion. After the cross-linked sample was soaked in deionised water for 24 
h. This step effectively removed the PEO that could not be cross-linked 

Fig. 1. Electrospinning setup for producing alginate-oregano nanofibres deposition on cotton gauze.
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and residual calcium chloride from the sample surface. It was then dried 
under ambient conditions. Using a Gallenkamp TH 340 l/−40 ◦C 
chamber capable of conditioning samples at a temperature range of 
between −40 and 180 ◦C, the temperature was regulated between 21 ◦C 
and 25 ◦C and humidity at 45 % for 24 h. These controlled conditions 
ensured reliability and reproducibility, there was a need to maintain the 
constant weight of the samples, and this was done [50]. The electrospun 
alginate fibres existed in a stabilised form with potential encapsulation 
of oregano essential oil (OEO) within the alginate matrix or in localised 

pockets. To minimise OEO vaporization loss during storage, the 
alginate-modified cotton bandages were immediately sealed in airtight 
plastic zip-lock bags after the manufacturing process. This approach 
ensured that the OEO content in the final samples closely reflected the 
original weight fraction specified during solution preparation.

Fig. 2. Electrospun alginate-oregano oil nanocomposite bandages (a) uncross-linked flexible bandage (UcB) was coherent and structured nanofibrous networks (b) 
cross-linking process of the bandage during immersion in 4 % CaCl2 solution (c) cross-linked or modified (MoB) and dried cotton gauze bandage, visible with a 
heterogeneous distribution of the deposition of nanofibrous network after soaking in water.
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3. Instrumentation and characterisation

3.1. Morphology characterisation of the bandage

Before observing the samples on the Environmental Scanning Elec
tron Microscope (ESEM), each, including the unmodified bandage 
(UmB), uncross-linked modified bandage (UcB) and cross-linked or 
modified bandage (MoB), was coated with a gold layer, specified as 
AU10, to improve conductivity and prevent charging during SEM im
aging. Based established in prior studies, thin sputter coating 10 nm for 
surface morphology and fibre diameter interpretation, ensuring accu
rate qualitative and quantitative assessment [15,16]. The structured and 
morphological characteristics of the fibres on these bandages were 
examined using an Environmental Scanning Electron Microscope (TES
CAN S8000), Kohoutovice, Czech Republic. During analysis, Image 
editing was conducted using Photoshop to segment the images into 25 
distinct grids, followed by detailed analysis, using Image J and Diameter 
J software to assess fibre dimensions and uniformity.

3.2. Topography characterisation of the bandage

The 3D high-resolution surface topographic imaging analysis of 
uncross-linked modified bandage (UcB) and cross-linked modified 
bandage (MoB) was conducted on Bruker Dimension 3100 Atomic Force 
Microscope (AFM) instrument, equipped with a V controller nasoscope 
and PPP-NCHR tip with silicon nanosensors in tapping mode was used to 
conduct the 3D resolution. The can size was 20 by 20 μm with a depth 
rate range of 1 to 30 μm, a scan speed frequency of 0.4000 Hz, and the 
drive amplitude was set to 123.7 mV, with an operating resolution of 
1024 lines per 1024 samples per line using zero crossing to identify 
where the surface profile crosses the mean line and peak threshold value 
of 25.0 %. These settings were used to achieve an optimised value with 
the highest resolution necessary for evaluating detailed topography 
analysis properties of the uncross-linked modified bandage (UcB) and 
cross-linked or the modified bandage (MoB).

3.3. Characterisation of materials by FTIR spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was performed to 
analyse the samples of pure Oregano Essential Oil (OEO), Sodium 
Alginate (SAg), and the uncross-linked and cross-linked modified 
bandage (UcB & MoB), respectively. The characterisation was con
ducted using a Nicolet iS10 FTIR Spectrometer, equipped with an 
Attenuated Total Reflectance (ATR) accessory Smart iRT, Thermo Fisher 
Scientific™, Verona, (Madison), USA. Spectra were collected with a 
wavenumber range of 4000 to 500 cm−1, 50 scans at a resolution of 4 
cm−1, conducted at room temperature using OMIC Software as recom
mended by the equipment manufacturer. Further data analysis was 
conducted using Microsoft Excel software.

3.4. Thermal analysis of alginate and the bandage

Thermogravimetric analysis (TGA) was used to assess the thermal 
stability and decomposition properties of uncross-linked bandage (UcB), 
and cross-linked or modified bandage (MoB). The characterisation was 
conducted using a TGA Q500-(complete@Enesi) Thermogravimetric 
Analyser Nbr from TA Instruments, Laboratory Equipment USA. The 
universal Analysis software was used. Approximately 5 mg of each 
sample was accurately weighed in the platinum pan. The temperature 
was ramped at a steady heating rate of 10 ◦C/min from 25 to 800 ◦C 
under a procedural mode of 1000 ◦C, Nitrogen gas was used as the 
balance Purge gas flow at 40 mL/min, and Sample purge gas flow at 60/ 
min to prevent oxidation, and decomposition properties being 
measured. The equipment is efficient, with an air-cool time of 10 mins.

3.5. Antibacterial assays of electrospun alginate/OEO nanofibre 
bandages

The modified bandage samples were prepared into three distinct 
configurations based on the electrospinning deposition: single-sided 
spun (SSS), both-sided spun (BSS), and two-layered both-sided spun 
(TL-BSS). The SSS were the samples on which electrospinning was per
formed on only one surface of the bandage substrate for 4 h, ensuring 
uniform nanofiber deposition on a single side. BSS were sampled, and 
electrospinning was applied to both sides of the bandage substrate for 4 
h per side (total 8 h). The TL-BSS two BSS samples were stacked to form 
a multilayered structure. Bacterial cultures of Methicillin-resistant 
Staphylococcus aureus strain USA300 (MRSA) and Listeria monocytogeens 
strain Scott A were grown on Mueller-Hinton agar (Oxoid, UK) for 24 h 
at 37 ◦C. Agar plates were inoculated with bacteria adjusted to a Mac
farland standard of 0.5, and 6 mm circular discs of each modified 
bandage material were applied to the bacterial plates. Cultures were 
incubated for a further 24 h at 37 ◦C, and zones of bacterial growth 
inhibition around the target samples were measured using a digital 
calliper gauge to ensure precision to identify antibacterial activity. 
Three independent measurements were taken for each sample, and the 
mean values were reported in millimetres (mm).

3.6. Antibacterial evaluation with statistical analysis

A one-way ANOVA was conducted to determine if there were sta
tistically significant differences in the antibacterial effectiveness by 
increasing the number of different sample configurations (SSS, BSS, and 
TL-BSS) against MRSA and L. monocytogenes. Tukey's multiple compar
ison tests were used to determine pairwise differences between the 
sample configurations [51]. Error bars represent the standard error of 
the mean of n = 3 biological replicates. The analysis was conducted at a 
95 % confidence level (α = 0.05), considered statistically significant. 
The hypotheses evaluated were the null hypothesis (H₀): There is no 
significant difference in antibacterial inhibition among different sample 
configurations, and the alternative hypothesis (H₁): there is a significant 
difference in inhibition among sample configurations. The statistical 
analyses were performed using GraphPad Prism version 10.4.1, and 
histograms were plotted using Microsoft Excel.

4. Results and discussion

4.1. SEM assessment of UmB, UcB and MoB fibres

Fig. 3 illustrates typical SEM images of bandage development stages, 
with the initial unmodified bandage (UmB) (Fig. 3a1 and a2). The images 
in Fig. 3b-e are the images obtained from the SEM during the evolution 
of the fibre deposition at intervals of 1, 2, 3, and 4 h, respectively, 
demonstrating the evolution of fibre formation on the bandage over 
time. At 4 h (Fig. 3e), we achieved complete coverage on a single side of 
the bandage, and an additional 4 h of deposition was applied to each side 
to ensure thorough, even coverage across both surfaces. Fig. 3f and g 
shows the uncross-linked (UcB) fibre morphology and the cross-linked 
or modified (MoB) fibre, respectively. We have used this progressive 
fibre formation for up to 4 h to optimise the deposition evolution pro
cess, ensuring complete and even coverage at specified time intervals. 
The 8 h was achieved on the other side of the UcB and Fig. 3g for the 
MoB nanofibres on the bandage.

The SEM image of the unmodified bandage is in Fig. 3a1 shows 
continuous images of threads composed of finer twisted fibres, which are 
large, loosely woven, and exhibit a natural, irregular twist shape. 
Fig. 3a2 at a higher magnification, the surface of the ribbon-shaped 
cotton fibres is characterised by a smooth texture with some natural 
fibrillation similar to images obtained from yarn composites [52]. The 
diameter of the cotton threads was 200 μm (measured using ImageJ), 
and the diameter of the fine nanofibres that comprised the thread was 
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Fig. 3. SEM images of bandage development stages with Initial unmodified bandage shown at 135× and 10kx magnifications (a1), (a2); evolution of alginate–OEO 
nanofibres depicted at various electrospinning duration of 1 to 4 h at (b)-(e); UcB (f) and after and (g) MoB.
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approximately 10–20 μm. The fibre smooth surface of the cotton gauze 
bandage could have minimal characteristic features for microbial 
interaction. [53,54]

The result from the fibre formation images of the modified bandage 
with alginate-OEO nanofibre filaments growing on the bandage fibres at 
each hour of electrospinning, as observed from the SEM images shown in 
Fig. 3b after 1 h of electrospinning resulted in initial layers of SAg-OEO 
nanofibres formation like thin films of nanofibres visible between the 
cotton fibres. In Fig. 3c after 2 h, gaps between the cotton are filled with 
more fibres, and the area of the nanofibre films between the cotton fibres 
gradually expanded until they were connected after 3 h of electro
spinning. Further electrospinning for up to 4 h is observed to have 
covered the underlying cotton and reduced the visibility of the cotton 
fibres, as shown in Fig. 3e. After 4 h, the nanofibre mat was filled with 
abundant fibre-forming composites and wholly covered with SAg–OEO 
nanofibres composites.

The location of OEO within the alginate nanofibers can be under
stood based on the partially compatible molecular interactions between 
alginate and OEO from previous studies [15] which is like partially 
compatible polymer blends with essential oil in various studies [55,56], 
the alginate-OEO blend is expected to exhibit a morphology where OEO 
forms continuous domains distributed within the alginate polymer ma
trix [43]. This distribution is consistent with previous studies on 
partially compatible polymer blends, which serve as a basis for our as
sumptions [43,57]. This nanofibre mat could be crucial for effectively 
delivering the OEO during wound healing [58,59].

Fig. 3f and g shows the final SEM images of the enhanced bandage, 
representing the uncross-linked and cross-linked samples after electro
spinning, respectively. The images indicate that the cotton fibre struc
tures were no longer visible, suggesting that the SAg–OEO nanofibers 
effectively covered the bandage threads. However, as observed in Fig. 3f 
and g, SEM imaging does not provide sufficient contrast to definitively 
distinguish individual fibres at specific scales. Despite this limitation, 
the nanofibers appear well distributed across the bandage surface, 
supporting the inference of adequate coverage. The OEO has been 
encapsulated or packed into the alginate matrix; the OEO cannot be 
directly visualised as discrete droplets in the SEM images. This is due to 
the homogeneous nature of the solution during preparation, which 

prevents phase separation that would result in distinguishable oil do
mains. Instead, the encapsulation of OEO within the nanofibers is 
inferred from the morphological uniformity observed in the SEM images 
and supported by prior studies on polymer-essential oil interactions 
[60]. The final image diameter distribution derived from the SEM im
ages of the modified bandage after cross-linking, soaking in water, and 
drying up in the air shows a clear indication of how the bandage 
SAg–OEO was distributed. Details on the diameter distribution of the 
nanofibres shown in Fig. 4 explained that the diameter of most fibres 
was between 100 and 300 nm; 46 % of fibres had a 100–200 nm 
diameter, and 37 % had 200–300 nm. There were some (14 %) fibres 
with a diameter between 300 and 400 nm. Very few fibres had diameters 
above 400 nm (2 %) and below 100 nm (1 %). This is a total of about 83 
% within the optimal range. This diameter distribution could be bene
ficial or established to enhance surface area-related properties such as 
drug delivery and microbial interaction [61]. The findings suggest that 
cross-linking may have influenced the structural characteristics 
observed in our fabricated fibres, reinforcing the theoretical and prac
tical applicability of such modifications for medical applications, 
particularly in wound care. Further insights into these effects are 
explored through AFM analysis, with comparisons to relevant literature 
with understanding these structural variations is also essential for 
evaluating fibre interactions with microbial agents and body fluids, 
which are critical considerations in biomedical applications [55].

4.2. Atomic force microscopy assessment (AFM) of the UcB and MoB

Atomic Force Microscopy (AFM) determines structures related to the 
2-dimensional and 3-dimensional topography and the nuclear nature of 
surfaces [62]. Fig. 5 shows the 2-dimensional (2-D) and 3-dimensional 
(3-D) topography of the UcB and MoB after it has been washed, 
soaked, and dried. The images show observable features of the deposited 
nanofibres on the bandage. The nanofibres are observed as a combina
tion of randomly distributed and homogeneous on the surface of the 
bandage in the image, which is in line with previous studies by Suganya 
and Stalin [63]. The cotton gauze bandage was covered entirely by 
electrospun nanofibre. The result obtained from the AFM shows an in
crease in the roughness value from about 149.5 nm in the UcB to 176.5 

Fig. 4. The diameter distribution of the MoB nanofibre deposited in the modified bandage after 8 h.
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nm in the MoB. This influence is an attribute of a well-textured surface, 
which can be helpful during the wound healing process, enabling 
enough area for cell attachment and proliferation for new tissue or cell 
formation. [64,65]. The texture can help trap moisture and maintain a 
suitable environment. Studies have also shown that water vapour is 
necessary for adequate wound dressing for normal skin [66]. The 
topographical analysis demonstrates that the cross-linked bandage 
provides several advantages over the uncross-linked bandage, owing to 
its enhanced roughness and surface texture area. These may include 
improved drug delivery capability, enhanced cell adhesion during 
wound healing, better moisture retention, and higher antimicrobial ef
ficacy, making it a more effective solution for wound healing and 
infection control.

4.3. FTIR analysis of OEO(carvacrol and thymol), SAg, UcB, and MoB

Fig. 6 presents the ATR-FTIR spectra of the OEO, SAg, UcB, and MoB. 
A broad peak between 3100 cm−1 and 3600 cm−1 centred at 3386 cm−1, 
is attributed to OH stretching vibrations predominantly common to most 
essential oils [67,68]. The peaks between 2859 cm−1, 2969 cm-1, and 
2917 cm−1 can be ascribed to the symmetric and asymmetric -CH 
stretching vibration [69] OEO. The peaks centred at 1721 cm−1 are 
reportedly related to anhydride, while peaks at 1585 cm−1 and 1525 cm 
−1 are attributed to the C––C stretching peaks of aromatic rings, 
respectively [67,70]. The visible peaks at 1422 cm−1 are ascribed to CH2 
bending vibrations. The peaks 1361 cm−1 are characteristic of the main 
constituents of carvacrol and thymol, the main OEO constituent 

Fig. 5. (a1) 2-Dimensional (2-D), (a2) 3-dimensional (3-D) topography of the UcB and (b1) 2-dimensional (2-D), (b2) 3-dimensional (3-D) topography of the MoB.
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responsible for the antibacterial effect. The stretching vibration peaks at 
1237 cm−1, 1174 cm-1, and 1117 cm−1 are attributed to C-C-O. The 
peaks at 936 cm−1 are related to the C–H bending of oregano oil 
[71,72].

The FTIR spectra of SAg have been recently reported by Orisawayi 
et al., [16]. With minor variations and shifts in peaks. The broad peaks 
cantered at 3374 of (between 3700 and 3000) are ascribed to OH 
stretching, peaks at 2910, 1603, and 1415 related to -CH2 groups, 
symmetric and symmetric stretching of -COONa in Carboxylate Salt of 
sodium alginate [73].

The spectra of UcB and MoB are similar, with shifts in peaks resulting 
from cross-linking processes and the removal of PEO after soaking, 
washing, and drying MoB. Notably, the broad spectral range centred at 
3336 cm−1 in UcB shifted to 3354 in MoB, which is predominantly 
attributed to intermolecular hydrogen bonding between the hydroxyl 
groups of alginates and the pure cellulose or regenerated polymer chains 
of the cotton bandage which may be similar to studies on confirmation 
of OH-stretching vibrations in this region as an indication of hydrogen 
bonding within polysaccharide systems [74]. The aromatic ring vibra
tions appear at 1598 cm−1 in UcB and shift to 1600 cm−1 in MoB. The 
displacement of bands is ascribed to different groups and interactions 
between the components. Initially, these displacements were attributed 
to the interaction between OEO and alginate and to changes resulting 
from crosslinking with calcium chloride. However, these same shifts 

could also reflect the interaction between alginate and cellulose in the 
cotton gauze. Since both interactions involve polar molecules, this 
possible displacement could be due to hydrogen bonding and other 
molecular interactions involving polar functional groups [75].

Furthermore, the peak at 1598 cm−1 shifted to 1600 cm−1 can also 
indicate the asymmetric and symmetric stretching of carboxylate groups 
(–COONa) in sodium alginate. Changes upon cross-linking with calcium 
chloride, due to substituting sodium ions with calcium ions, alter the 
alginate structure from sodium alginate to calcium alginate. [76] The 
initial peak at 936 cm−1 in OEO, related to C–H bending, disappears in 
UcB and MoB, potentially reappearing as 884 cm−1 in UcB and 843 cm−1 

in MoB, due to the removal of PEO. The OEO appearing in the spectrum 
of OEO-SAG demonstrates the successful incorporation of OEO into 
MoB.

The FTIR spectra further provide more insights into the adhesion 
mechanism of alginate nanofibres to the cotton bandage. The molecular 
interactions between alginate and cotton the cellulose polymer chains 
present in the cotton bandage primarily govern this [77]. The broad 
peaks around the OH stretching band observed in UcB, and MoB can
tered at 3354 cm−1 in MoB suggest strong intermolecular hydrogen 
bonding, a key interaction between alginate nanofibre and cellulose fi
bres in the cotton bandage. This interaction is like the findings of Yadav 
et al. (2021) [78] who studied bio-extract amalgamated alginate- 
cellulose nanofibres in three-dimensional sponges with 

Fig. 6. Fourier transform infrared (FTIR) spectral analysis of OEO, SAg, UcB, and MoB.
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interpenetrating BioPU coatings for potential wound care applications. 
Their study highlighted the crucial role of hydrogen bonding in 
enhancing the adhesion and stability of alginate-cellulose nanofibre- 
based structures, further supporting the observed molecular interactions 
in this work.

Additionally, the shift in peaks from 1598 cm−1 in UcB to 1600 cm−1 

in MoB could also be attributed to increased hydrogen bonding in
teractions between alginate and the cellulose polymer chains of the 
cotton bandage. However, these findings show that it could be related to 
both alginate and cellulose exhibiting strong molecular interactions, 
primarily through hydrogen bonding. This is supported by the literature 
on alginate-cellulose hydrogen bonding [79,80]. This favourable sec
ondary interaction allows excellent adhesion between alginate nano
fibres and the cotton bandage, as observed in our experiments. The 
experimental observations confirmed that the alginate nanofiber film 
deposition exhibited remarkable adhesion to the cotton bandage, further 
supporting the role of hydrogen bonding in this interaction. These FTIR 
findings confirm the structural modifications and intermolecular in
teractions observed might be responsible for the enhanced adhesion of 
the developed nanofibre on the cotton bandage.

4.4. TGA analysis of UcB and MoB

Previous studies have been able to carry out the thermal degradation 
of cotton gauze, and pristine alginate has been previously studied and 
reported extensively [81]. This current work focused on composite in
teractions. Fig. 7 shows the thermal degradation properties of the UcB 
and MoB. The uncross-linked samples (UcB) had a weight loss of 
approximately 50 to 79.91 ◦C at 4.6 wt% may be due to the evaporation 
of water or volatiles from the combination of the alginate and the 
oregano essential oil [82]. Degradation steps at onset 221 ◦C and 237 ◦C, 
at 9.7 wt% likely indicates alginate and oregano oil decomposition. The 
primary decomposition that occurs at around n and 358 ◦C at 31.354 wt 
% could be attributed to the breakdown of the alginate backbone or the 
presence of the PEO degradation present in the inelastic inclined 
bandage material, as the bandage may be made from cotton, which is 
related to the attribute behaviour of cellulose [83]. A smaller weight loss 
occurred at approximately 479 ◦C at 3.6 wt% may relate to the break
down of final residual components in the combination of the matrix and 
burning of the residual components. The cross-linked bandage sample 

(MoB) also shows a similar weight loss at 32 ◦C and 70.4◦ at a higher 
weight loss of approximately 12.821 wt% similar to moisture or solvent 
entrapped within the matrix of the cross-linked essential oils embedded 
into the alginate or polymer matrix [84,85]. There is an enhanced 
thermal stability, as seen by less pronounced weight loss around 256 ◦C 
and 336 ◦C at 11 wt%. The additional degradation at 359 and 378 ◦C 
may be due to the cross-linked alginate matrix breakdown, and final 
degradation beyond 516.7 ◦C evident that there is additional degrada
tion that may be attributed to additional bonds bond formation during 
cross-linking that could improve the formation of stability of the as the 
PEO has been removed after cross-linking, soaking, and drying the 
bandage similar to previous literatures [86,87]. The degradation sta
bility is well structured for wound dressing applications [15]. The dif
ference in the thermal and variation in the properties, which is in line 
with previous studies that cross-linked alginate with essential oils 
observed in the thermal properties of the MoB [88–90].

4.5. Antibacterial evaluation

Previous studies show that OEO is effective against MRSA and 
L. monocytogenes [39,91]. Similar behaviour was tailored to be used in 
our antimicrobial because of positive confirmation of the antimicrobial 
effect of OEO against these bacteria mentioned above. Modified ban
dages were exposed to bacterial lawns grown on agar for 24 h, and 
inhibitory zones were recorded against MRSA (Fig. 8) (Fig. 9) and 
L. monocytogenes (Fig. 10). Exposure to the single-layered bandage 
samples (single-sided or double-sided) resulted in smaller zones of in
hibition compared to the 2-layer bandage, where the single-sided sam
ple also had no observed antibacterial effect against L. monocytogenes. 
Our antibacterial assay results show inhibition zones of 10–15 mm 
against Listeria monocytogenes and Methicillin-resistant Staphylococcus 
aureus (MRSA) using the multilayered electrospun bandage (TL-BSS), 
compared to 6–8.5 mm reported by Lu et al. [15] for a similar electro
spun alginate-oregano oil (OEO) composite. This suggests that our 
optimised nanofibre deposition, cross-linking technique, and multilay
ered structure enhance antibacterial efficacy. The improved perfor
mance may be attributed to structural differences, with 38–105 nm fibre 
diameters, whereas ours range from 100 to 200 nm. The larger diameter 
likely improves OEO encapsulation and sustained antimicrobial release 
in the fibre. It was also reported that an increase in nanofibre density 

Fig. 7. TGA comparison of uncross-linked (UcB) and cross-linked (MoB) bandages.
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could the matrix interactions contributing to effective bacterial inhibi
tion [81]; this result could have made our multilayered electrospun 
bandage superior over its counterpart composited without a bandage. 
Bandage samples alone without incorporated alginate. These antibac
terial assay results demonstrated that the Sag-OEO nanofibres, which 
were incorporated into the bandage, successfully added an antibacterial 
effect to the sample. Whilst the inhibitory effect was noticeably different 
for wound infection-causing bacteria (MRSA) compared to foodborne 

bacteria (L. monocytogenes), the results demonstrated that these have the 
potential to be used as both antimicrobial bandages/wound dressings 
and as antimicrobial food packaging. Parkale et al., [92] reported a 
smart cotton fabric as a potential next-generation dressing material. In 
their study, cotton was coated on a gauze bandage (CGB) with chitosan 
and ZnO nanoparticles. The resulting product was decorated with CGB 
by depositing Diclofenac sodium drug-loaded polycaprolactone biode
gradable nanofibres. The CGB with chitosan coating and ZnO 

Fig. 8. Shows the antibacterial activity of bandages against MRSA, with SSS (a), BSS (b), and (c) TL-BSS.
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demonstrated sound antibacterial effects and UV screening properties 
[92]. In comparison with a previous study, Parkdale et al. [92] in our 
current study, the carrier material is alginate, which is renewable and 
derived from a natural source, unlike Polycaprolactone (PCL), a syn
thetic polymer and Chitosan used in the previous study are more 
expensive than alginate.

From the choice of medicinal perspectives, the purely natural and 
renewable oregano essential oil has a broad-spectrum antibacterial ef
fect. ZnO nanoparticles are known to be more toxic and may result in 

environmental pollution risks; hence, the use of ZnO nanoparticles may 
not be suitable for medical bandage application [93].

4.6. Statistical analysis of antibacterial activity of electrospun bandage 
configurations against MRSA and L. monocytogenes

The evaluation of the antibacterial activity of the modified electro
spun bandage samples (SSS, BSS, and TL-BSS) against MRSA and L. 
monocytogenes was also presented in Figure (Figs. 9 and 10). The analysis 

Fig. 9. The diameter of the inhibitory zones following modified bandage exposure to MRSA. Error bars represent the standard error of the mean for n = 3 (ordinary 
one way- ANOVA and Tukey's multiple comparison test: p > 0.05 NS not significant, p ≤ 0.05 * significant, 0.01 ≤ p < 0.05 * moderately significant, 0.001 ≤ p < 0.01 
** very significant, p < 0.001 **** highly significant.)

Fig. 10. The diameter of the inhibitory zones following modified bandage exposure to L. monocytogenes. Error bars represent the standard error of the mean for n = 3. 
(Ordinary one way-ANOVA and Tukey's multiple comparison test: p > 0.05 NS not significant, p ≤ 0.05 * significant, 0.01 ≤ p < 0.05 * moderately significant, 0.001 
≤ p < 0.01 ** very significant, p < 0.001 **** highly significant.)
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of variance (ANOVA) presented a F-statistic value of 2857 and R2 value 
of 0.9992 close to 1 an excellent fit which indicates that the model is 
99.92 % of the total variance, which could be attributed to extremely 
strong effect of treatment on bacterial inhibition.

The Statistical Significance of Bandage Configurations Against MRSA 
obtained from the comparison between SSS and BSS was statistically 
significant (p = 0.0200), suggesting that electrospinning on both sides of 
the bandage improves antibacterial performance. The comparisons SSS 
vs. TL-BSS and BSS vs. TL-BSS (p < 0.0001) confirmed that multilayered 
structures significantly enhance bacterial inhibition, due to increased 
nanofiber density and surface interaction with bacteria. This may be due 
to the layer stacking contributes that could contribute to the antibac
terial effectiveness of TL-BSS against MRSA of the alginate oregano oils 
nanofibres [15].

Furthermore, all statistical Significance of the bandage configura
tions against the L. monocytogenes bacterial comparisons, including SSS 
vs. BSS, SSS vs. TL-BSS, and BSS vs. TL-BSS, were highly significant (p <
0.0001). This confirms that a multilayered structure (TL-BSS) leads to 
more significant bacterial inhibition against L. monocytogenes, further 
reinforcing the hypothesis that increased nanofiber deposition enhances 
the antibacterial activity which has been previously reported [94].

These results suggest that the comparison of the bandage configu
rations on the antibacterial activity shows that the TL-BSS configuration 
consistently exhibited the most significant inhibition zones for both 
MRSA and L. monocytogenes, indicating an enhancement in the anti
bacterial activity compared to single-sided (SSS) and both-sided spun 
(BSS) bandages. Conversely, the SSS configuration displayed the most 
minor inhibition zones across both bacterial strains, suggesting that 
limited nanofiber deposition may reduce antibacterial efficacy [95].

The statistical analysis confirmed that the nanofiber deposition 
configuration of alginate-oregano oil nanofibres significantly influences 
antibacterial properties, thereby improving the effectiveness of the 
electrospun bandages. The TL-BSS bandage configuration was the most 
effective in inhibiting MRSA, while it also considerably inhibited 
L. monocytogenes but to a lesser extent. From a hypothesis testing 
perspective, the results indicate that the null hypothesis (H₀) was 
rejected, as no instances of non-significance (NS; p > 0.05) were 
observed. The statistical analysis provided sufficient evidence to confirm 
significant differences among the sample configurations. This led to the 
acceptance of the alternative hypothesis (H₁), confirming that different 
electrospinning configurations significantly impact antibacterial per
formance. These findings contribute valuable insights into developing 
advanced antimicrobial wound dressing materials with potential appli
cations in clinical infection control and wound management.

5. Limitations and future perspectives

The findings from this study are promising; however, certain limi
tations should be acknowledged to provide a comprehensive evaluation 
of the developed electrospun Sag-OEO nanofibre bandage and to guide 
future research. The optimisation of the electrospinning process pa
rameters, such as solution concentration, applied voltage, and humidity 
control, was not extensively explored, addressing this could further 
enhance the uniformity of deposition. There was no mechanical test, 
such as tensile strength, flexibility, or durability test. Another key lim
itation is that the study was limited to in vitro, as no in vivo validation 
was conducted, as antibacterial efficacy and wound healing potential 
could be validated through both in vitro and in vivo; therefore in
corporates both time-kill kinetics. In our future study we would focus on 
addressing these aspects by conducting mechanical characterisation and 
conduct an in depth optimising on both the solution and the electro
spinning process parameters, the release characteristics of oregano 
essential oil (OEO) from the nanofibre matrix were not fully explored, 
necessitating further studies to evaluate its sustained antimicrobial ef
ficacy. Furthermore, our ongoing work is to address the in vivo studies to 
confirm the clinical application, and we will explore the efficacy of the 

Sag-OEO nanofibre bandage against a broader range of clinically rele
vant bacteria, including Gram-negative bacteria such as Pseudomonas 
aeruginosa and Escherichia coli, which are known to complicate wound 
infections. Addressing these limitations will enhance the structural sta
bility, bioactivity, and the potential of the Sag-OEO nanofibre bandage 
to find its antimicrobial applications.

6. Conclusion

This study marks a significant milestone for potential wound care 
applications, as we have successfully developed an effective antibacte
rial nanocomposite. By combining alginate and oregano essential oil 
(OEO) and carefully depositing nanofibres on a woven cotton gauze 
bandage substrate. Our study demonstrated a well-optimised electro
spinning process that ensured consistent nanofibre formation, with 
progressive deposition observed over several hours. The resulting 
nanofibres ranged in diameter from 100 to 300 nm, significantly 
enhancing the surface area for controlled drug release and microbial 
interaction.

The cross-linking with calcium chloride has stabilised the nano
fibrous structure, as evidenced by multiple characterisation techniques. 
Thermogravimetric Analysis (TGA) showed that cross-linked bandages 
had improved thermal stability compared to uncross-linked ones, with 
less weight loss at higher temperatures, indicating better structural 
integrity. The (FTIR) analysis confirmed the presence of key functional 
groups from alginate and OEO, with peak shifts from 1598 cm−1 to 1600 
cm−1, suggesting intermolecular interactions responsible for improved 
adhesion to the cotton bandage. Morphological and topographical an
alyses further validated the nanofibre formation. Scanning Electron 
Microscopy (SEM) revealed the morphology of the successful nanofibre 
deposited on the bandage surface, with fibres becoming more homo
geneous and densely packed over time, forming a coherent network after 
cross-linking. Our analysis using Atomic Force Microscopy (AFM) also 
confirms that surface roughness ranges from 149.5 nm in uncross-linked 
samples to 176.5 nm in cross-linked samples, which is beneficial for 
enhancing cell attachment and proliferation, crucial for effective wound 
healing. The antibacterial evaluation revealed significant inhibitory 
activity against Methicillin-resistant Staphylococcus aureus (MRSA) and 
Listeria monocytogenes, demonstrating the bioactive potential of the 
electrospun bandage. The TL-BSS configuration exhibited the most sig
nificant inhibition zones (15 mm for MRSA and 10 mm for 
L. monocytogenes), reinforcing the hypothesis that increased nanofibre 
density enhances antibacterial properties. Statistical analysis (One-Way 
ANOVA and Tukey's multiple comparison test) confirmed significant 
differences (p < 0.0001) among bandage configurations, leading to the 
rejection of the null hypothesis (H₀) and confirming that nanofibre 
deposition significantly influences antibacterial effectiveness. These 
results validate the effectiveness of our nanocomposite and highlight its 
superior antimicrobial properties, which could be a game-changing so
lution for affordable medical care for millions across Africa and Asia.
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