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ARTICLE INFO ABSTRACT

Keywords: This paper aimed to valorize two varieties of date palm mesh, Washingtonia robusta (S1) and
Biomaterials Phoenix Dactylifera L. (S2) by extracting their fibrous cellulose structures for potential application
E’[m; cal . in wound dressings. The extracted fibrous dressings were analyzed by using Fourier Transforms
E:;e;;lca properties Infrareded (FTIR), X-ray diffraction (XRD), and Scanning Electron Microscopy (SEM). Addition-

ally, mechanical properties, water absorption, and antimicrobial activity were analyzed. The
results showed that S2 contained significantly higher fiber content (37.21 %) compared to S1
(12.63 %). FTIR analysis confirmed successful cellulose extraction from both palm varieties. SEM
images showed that S1 fibers had a smooth-surface with smaller pores, contributing to a higher
absorption capacity of 1289 + 93 %. Therefore, S2 exhibited rougher-surfaced fibers, which
enhanced its mechanical properties, as demonstrated by stress-strain tensile tests, and Young’s
modulus. Notably, S2 revealed superior mechanical strength compared to S1 fiber dressings.
Water absorption for S2 was calculated at 509 + 93 %. Both S1 and S2 exhibited high crystalline
index (61.17 % and 62.88 %), with crystalline size of 3.54 nm for S1 and 10.03 nm for S2. Finally,
Eugenol-enriched fibers showed significant activity against E. coli (3.8 mm and 2.3 mm), S. aureus
(4.00 mm and 2.05 mm), and S. epidermidis (2.7 mm and 1.6 mm) for S1 and S2, respectively,
suggesting their potential as effective new wound dressing materials.

Antimicrobial properties

1. Introduction

A significant fraction of human mortality is caused by secondary injuries and wound infections. On the other hand, tailored therapy
and wound care assist stop pathogen invasion and minimize further damage. Wound dressings are designed to absorb exudate,
maintain optimal moisture balance, prevent periwound maceration, and control bacterial growth, creating an environment conducive
to healing [1]. Different forms of wound-dressing materials have been developed [2-5]. However, the perfect versatile materials to
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simultaneously regulate blood flow and avoid bacterial infection are still lacking. Therefore, with the growth demographic ageing and
the prevalence of persistent wounds and their health risk, there is an urgent need for new applicable wound care materials. Over the
last decade there has been a rapid increase in interest in biopolymers and synthetic polymers, leading to several potential candidates
for wound dressing applications [6-8]. Although natural polymers generally exhibit excellent biocompatibility, their application is
often restricted by poor mechanical properties and limited processability [9,10]. Similarly, man-made cellulose materials, despite
being renewable, face challenges in processability due to their intricate molecular structure and strong intermolecular hydrogen
bonding. Consequently, they exhibit relatively low tenacity values (1.5-2.5 g/denier) compared to conventional synthetic fibers [11].
Nevertheless, these materials have proven useful in biomedical applications, particularly in the design and production of various
wound dressings [12,13]. They have also been shown to accelerate wound healing by maintaining and releasing several growth factors
at the damage site that encourage dermal fibroblast migration and proliferation while preventing bacterial growth in the wound [14,
15].

Cellulose, the most abundant natural polymer, is a polysaccharide made of linked glucose units [16,17]. It offers exceptional
strength, flexibility, and biodegradability, making it a vital material for sustainable industrial applications [18]. With properties like
high specific strength, biocompatibility, and chemical modifiability, cellulose has evolved beyond traditional uses to support emerging
technologies, including nanofluid systems, where carboxymethyl cellulose (CMC) derivatives offer excellent colloidal stability and
enhanced thermal conductivity [19,20]. Among the diverse sources of cellulose, palm fibers stand out as a sustainable and sustainable
and cost-effective alternative [21]. As an agricultural by-product, palm cellulose is abundant, economically viable, and requires fewer
resources to produce compared to bacterial cellulose, which, although superior in water retention and flexibility, involves complex and
costly manufacturing processes [22]. Additionally, palm cellulose offers superior purity over wood pulp cellulose, with minimal re-
sidual lignin and hemicellulose. This makes it a more suitable choice for applications where biocompatibility and structural integrity
are crucial [23]. However, the extraction of cellulose from natural fibers presents significant challenges. Methods like acid and alkaline
treatments yield cellulose with varying properties, and alkalinization with sodium hydroxide (NaOH) is commonly used to improve
compatibility. Yet, excessive exposure to strong alkaline solutions can degrade the cellulose structure, negatively affecting the me-
chanical properties of the resulting composites [24].

In recent years, there has been an increasing focus on improving the quality of wound dressings for medical applications [25].
Cellulose-based materials have proven advantageous in wound care due to their ability to maintain optimal humidity and temperature,
which are essential for promoting healing. Among various sources of cellulose, algae-derived cellulose stands out due to its bioactive
compounds that support natural healing and its nanostructure, which facilitates better cell interaction [26]. Similarly, bamboo-derived
cellulose offers significant benefits, providing strong mechanical support and contributing to the durability and stability of wound
dressings [27].

However, while these conditions support healing, they can also create a favorable environment for microbial growth [28-30]. To
address this, antimicrobial agents or surface modifications are often incorporated to ensure biocompatibility and control microbial
contamination [31,32]. One common approach is the inclusion of antibiotics in cellulosic textiles, which helps create antimicrobial
wound dressings [33]. Another promising avenue is the use of nanotechnology, particularly metal and metal oxide nanoparticles,
which exhibit strong antimicrobial activity. However, this approach carries risks, as these nanoparticles may release oxygen-free
radicals that could damage human cells and potentially contribute to cancer development [34]. In response to these concerns, re-
searchers have turned to alternative antimicrobial agents derived from herbal sources [35-37]. For instance, clove (Syzygium aro-
maticum), known for its potent antioxidant activity [38], contain eugenol (4-allyl-2-methoxyphenol, EUG) (Scheme 1) in its essential
oils, which constitutes 45-90 % of the oil content Eugenol is recognized for its broad spectrum of therapeutic properties, including
antimicrobial, antifungal, antioxidant, anticancer, anti-inflammatory, analgesic, repellent, and insecticidal properties [39,40]. These
attributes make eugenol a promising candidate for a range of medical and industrial applications.

Despite extensive research on cellulose fibers from traditional sources like cotton and wood pulp, there is limited exploration of
palm-derived cellulose fibers, particularly from Washingtonia robusta (S1) and Phoenix dactylifera L. (S2) (Fig. 1a-d), as potential
biomaterials for wound dressings. The unique properties of palm fibers, such as their mechanical strength, biocompatibility, and
biodegradability, remain underexplored in this context. This study aims to fill this gap by providing a comprehensive analysis of the
chemical, morphological, and mechanical characteristics of these fibers, while also comparing their potential for wound healing
applications with other cellulose sources. To achieve this, extractive cellulosic fibers of S1 and S2 were investigated by Fourier
transform infrared-ray (FTIR), Scanning Electron Microscopy (SEM), X-ray diffraction (XRD). Additionally, the mechanical properties,
including stress-strain tensile, and Young’s modulus was investigated along with water absorption. Finally, the resulting fibers were
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Scheme 1. Chemical structure of 4-allyl-2-methoxyphenol.
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Fig. 1. Photographs of Washingtonia robusta (a) Phoenix Dactylifera L. (c) and mesh sheets of S1 (b) and S2 (d).

enriched with eugenol, successfully extracted from clove, and their antimicrobial properties were assessed.
2. Experimental
2.1. Materials

Date palm leaf sheath (Phoenix Dactylifera L. (S2) and Washingtonia robusta (S1)) were harvested from Errachidia (31° 54’ 20.016" N
4° 25' 20.269" W) and Beni Mellal (32°18'0" N et 6°15'0" W), respectively, during March. Cloves were also obtained from Beni Mellal.
The palm samples were washed with distilled water to remove dust and other pollutants before being dried at room temperature. The
collected samples (S1 and S2) were cut into 4 x 4cm square pieces without causing any structural damage (Fig. 3). The herbarium
voucher numbers for Phoenix dactylifera L. and Washingtonia robusta are 1188 (1753) and S-PL-10056 (4276), respectively. Sigma-
Aldrich provided absolute ethanol (CoHgO, 99 %), toluene (CgHsCHs, 99 %), glacial acetic acid (CH3COOH, 99.5 %), sodium hypo-
chlorite (NaClO», 15 %), sodium hydroxide (NaOH, 98 %), sodium chloride (NaCl, 99.8 %), dichloromethane (CH2Cl 3), magnesium
sulfate anhydrous (MgSO4), and hydrochloric acid (HCI).

2.2. Extraction of pure cellulose fibers

The strategy used in this study replicates several procedures employed in previous investigations [19,21,34]. Washingtonia robusta
(S1: 0.198 g) and Phoenix Dactylifera L. leaf mesh samples (S2: 0.860 g) were chemically treated to isolate cellulose from hemicellulose,
pectin, and lignin. Samples S1 and S2 were treated with 3 % wt NaOH solution for 3 h at 50 °C, five and eight times, respectively. The
samples were then washed, dried in an oven at 40 °C and weighed (S1, yield 0.057 g; S2, yield 0.470 g). The dewaxing treatment for S1
and S2 involved using toluene-ethanol (2:1) mixture in a Soxhlet extractor for 6 h (S1, yield 0.027 g; S2, yield 0.38 g). Subsequently,
the samples were treated with 15 % NaClO,, 1.3 % NaOH, and a few drops of acetic acid at 60 °C for 2 h to remove natural coloring
matter, revealing the creamy white color of the fibers. This treatment was repeated several times, followed by rinsing with distilled
water and drying for an hour in an oven. The final yields for S1 and S2 were 0.025 g and 0.320 g, respectively.

2.3. Extraction of eugenol

The extraction of eugenol from cloves was carried out following the methods of D. Antic (2014) [43] and M. Yuwono et al. (2002)
[44], with slight modifications. Fig. 2 illustrates the complete process of eugenol extraction. Initially, 10 g of ground cloves were mixed
with approximately 120 mL of water in a 250 mL flask. Hydrodistillation was performed until 80 mL of distillate was collected. Then 7
g of sodium chloride was dissolved in the collected distillate, which was transferred to a separatory funnel and allowed to settle. 15 mL
of dichloromethane were added to the separatory funnel, and the mixture was vigorously shaken to promote extraction. After the
phases separated, magnesium sulfate was added to the organic phase to absorb any remaining water. The mixture was then filtered to
remove the magnesium sulfate, leaving behind an organic phase containing a mixture of eugenol and acetyl eugenol dissolved in
dichloromethane. The organic solution was then transferred to a separating funnel, and a 2 mol/L aqueous solution of sodium hy-
droxide was added. The funnel was shaken to ensure thorough mixing, allowing the layers to separate. The aqueous phase was
collected, and the process of washing the organic phase with fresh portions of sodium hydroxide solution was repeated twice more. All
collected aqueous phases were combined in a clean beaker. To complete the extraction, the pH of the combined aqueous phase was
carefully adjusted to 1 using concentrated hydrochloric acid. A final liquid-liquid extraction with dichloromethane in a separating
funnel to retrieve the organic phase enriched with eugenol. The solvent was then evaporated from the organic phase using a rotary
evaporator (rotavap) to yield pure eugenol [44].
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Ground cloves material
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with 15 mL of dichloromethane then added the MgSO.
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Another liquid-liquid extraction was performed using
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with eugenol

Evaporate the solvent by rotary evaporator

Pure cugenol

Fig. 2. The strategy for extracting eugenol from cloves.
2.4. Characterization of cellulose fibers

2.4.1. Fourier transform infrared-ray (FTIR) analysis

Fourier transform infrared-ray spectroscopy with a Tensor 27 instrument was used to analyze the functional groups of the S1 and S2
fiber dressings. Spectra were recorded in the 4000-400 cm ™!, using 32 scans, and were obtained in transmittance mode as a function of
wave number.

2.4.2. Xray diffraction

The degrees of crystallinity of S1 and S2 fiber material was determined using X-ray diffraction (XRD) analysis. The samples were
scanned with a 0-0 diffractometer, (P analytical X’Pert Pro MPD) using Cu-Ka radiation (45 KV and 40 mA). The scan angle (26) ranged
from 3.00° to 59.99°. The crystallinity index (CrlI) was calculated using the empirical Segal method [45] base on the following formula:

CrI (%) = (((Too2) — (Tam)) / (Too2)) *100% a



F.-e. Loudifa et al. Heliyon 11 (2025) e42310

a2 L 2B

Fig. 3. Treatments required for cellulose extraction from S1 and S2. (al, a2) raw material, (b1, b2) alkali treatment, (c1, c2) dewaxing treatment,
(d1, d2) bleaching treatment.

where Ig3 is the intensity at 20 = 22.92°, and Iy, is the background scattering intensity at 20 = 14.96°.
Crystallite size (CS) was calculated using the Scherrer Equation (2) [46].

L=2\X/(B.cos (0)) )

where ) is the X-ray wavelength (0.154 nm), k is the Scherrer constant (0.9), 6 is the Bragg angle and f is the peak full width half
maximum (FWHM).

2.4.3. SEM (scanning electron microscopy)
The surface morphology of the S1 and S2 fiber dressings was examined using a scanning electron microscope (SEM, PHILIPS XL 30
ESEM) with an accelerated voltage of 20kv. A gold-based metallizer (EMITECH K550) was used to coat the sample.

2.4.4. Mechanical properties

The mechanical properties of S1 and S2 fiber dressings were assessed by measuring tensile strain, tensile stress and Young modulus
using an INSTRON 88218 testing machine (Instron, USA). Tests were conducted at a crosshead speed of 3 mm/min with a 5 kN load cell
at room temperature. The relative humidity was maintained between 30 % and 40 %, in accordance with ISO 527-01, 1993 [47].

2.4.5. Water absorption measurements

The S1 and S2 samples were immersed in distilled water for 24 h at room temperature. After immersion, they were wiped with a
filter paper to remove excess surface water and weighed (denoted as W0). The samples were then dried in an oven at 37 °C for 12 h and
reweighed (denoted as W1). Each sample was tested in triplicate. The water absorption coefficient (WA) of fiber dressings samples was
calculated using the following formula: [48]

WA(%) = ((W1 — WO0) / W0)*100 3)

2.4.6. Antimicrobial assays

The antibacterial activity of cellulose fibers, both with and without eugenol essential oils, against Escherichia coli (E. coli; ATCC
25922), Staphylococcus aureus (S. aureus; ATCC 25923) and Staphylococcus epidermidis (S. epidermis; IPM 24728) was evaluated using an
inhibition zone assay [49]. Inocula for each bacterium were prepared from a 24-h cultures grown at 37 °C in sterile Luria-Bertani liquid
medium, aiming for an optical density of approximately 0.07-0.08 (approximately 108 UFC/mL). Antibacterial tests were conducted
using young cultures in the exponential growth phase [50]. Mueller-Hinton agar was poured into sterile Petri dishes, and after so-
lidification, 0.2 mL of the bacterial culture (concentration 102 UFC/mL) was evenly spread on the agar surface, with any excess liquid
was removed. Cellulose fibers pieces, with and without eugenol, were then placed on these agar plates and incubated alongside the
bacteria at 37 °C for 24 h. The size of the inhibition zone was determined by measuring the total diameter of the inhibition area and
subtracting the diameter of the samples.

3. Results and discussion

Fig. 3al shows a structure characterized by a large fibrous arrangement forming a naturally woven mat of intersecting fibers of
varying diameters, typical of a lignocellulosic material. In contrast the structure of S1 appears less distinct due to the presence of a layer
of natural compounds arising between as shown in Fig. 3a2. After alkali treatment, the general shape of both samples remains intact,
but S1begins to reveal fibers that resemble the architecture of S2, though with a thinner diameter (Fig. 3b1 and 3b2). The removal of
natural wax and other impurities from the fiber surface continued through dewaxing and bleaching procedures (Fig. 3c1 and 3c2).
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Visually, the untreated dry mesh fibers mats of both samples appeared dark brown, but after bleaching, they turned pale yellow or
white (Fig. 3d1 and 3d2) due to the removal of lignin. The extracted cellulose content in the fiber dressings material of S2 (37.21 %)
was significantly higher than for S1 (12.63 %). This higher cellulose content could contribute to better tensile properties in the fibers
dressing materials. The cellulose content for S2 falls within the range of cellulose weight percentages (26.9-55.1 %) reported in several
studies [51]. However, to our knowledge, the cellulose content in Washingtonia robusta mesh has not been previously studied.

3.1. Fourier transform infrared-ray (FTIR) analysis

The analysis was conducted on fiber dressings extracted from two distinct palm tree meshes: Washingtonia robusta (S1; Fig. 4a) and
Phoenix Dactylifera L. (S2; Fig. 4b). The cellulose extracted from both samples, S1 and S2, displayed distinct absorption peak corre-
sponding to the particular functional groups of a-cellulose in the FTIR spectra. The peaks observed in the wavenumber number range of
3660-2900 cm ™! characterize the stretching vibration bands of the C-H and O-H bonds in polycarbohydrates [41,42]. For each fiber
dressing sample, the prominent signal at 3313 cm ™! corresponds to the OH group and the vibrations of inter- and intramolecular
hydrogen bond in cellulose [54]. Additionally, the band at 2875 cm! (S1) and 2844 cm! (S2) are associated with the C-H stretching
vibrations in polycarbohydrates [41,42]. A band at 1625 cm ™! was detected, corresponding to the H-O-H stretching vibration of the
absorbed water. The band at 1438 cm ™! is assigned to C-C bond vibrations, while the band at 1313 cm ™! corresponds to CH, and CHs
group stretches. The band at 1062 cm ™! is associated with the C-O group in the FT-IR spectra of the studied samples [55]. Moreover,
the peak at 1031 cm™! in both S1 and S2 fiber dressings is attributed to the C-O-C skeletal vibrations of the pyranose ring and p-1,
4-linked-glucopyranose unit, revealing the typical structural chemistry of cellulose [56,58]. The FTIR spectra of the cellulose-eugenol
samples (S1; Fig. 4c) and (S2; Fig. 4d) reveal a robust chemical interaction, certainly involving hydrogen bonding, between the two
components. New peaks observed at specific wavenumbers 1568, 1483, 1294, 1249, 912, and 834 cm™! (S1), and 1570, 1486, 1300,
1240, 911, and 823 em™! (S2) along with additional shoulders at 1473 and 740 em~! in both S1 and S2, indicate conformational
changes in the chemical structures of cellulose and eugenol. These peaks are linked to vibrations of C=0, C-O, and C-H bonds,
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Fig. 4. FTIR spectra (a) and (b) correspond to cellulose fibers (S1) and (S2), while (c) and (d) are of cellulose-eugenol (S1) and (S2), respectively.
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suggesting the formation of new chemical bonds and changes in the polymer chain [57]. Notably, peaks at lower wavelengths (<900
cm™1) point to modifications in the skeletal stretching vibrations of the C-C bond. Furthermore, cellulose peaks at 1313 cm ™ shift to
lower frequencies (1313, 1062, and 1031 cm™?) in the S1 and S2 samples, suggesting a reduction in molecular order due to these
conformational changes [47,48].

3.2. Xray diffraction (XRD)

Xray diffraction is a widely used method for determining the crystalline characteristics of cellulose, providing valuable insights into
its mechanical and thermal properties [52]. The XRD patterns for the S1 and S2 fiber dressings are shown in Fig. 5a and b. The
crystallinity index and crystallite size for both samples are presented in Table 1. The overall profiles of the S1 and S2 diffractograms are
similar, both exhibiting three well-defined peaks that correspond to crystalline and amorphous region of the natural cellulose fibers.
The diffraction patterns between 10° and 40° display the main peak at 14.93°, 16.73°, 22.70°, and 34.2° for S1 and at 14.96°, 16.75°,
22.72°, and 34.2° for S2. These peaks are characteristic of cellulose and correspond to the lattice planes 1-10, 110, 002, and 004,
respectively. These 26 values correspond to the regular structure of cellulose I, which impacts rigidity to the material [60]. The
diffraction peaks for both crystalline phases (22.70° and 22.72°) and amorphous phases diffraction peaks (14.93°-14.96°,
16.73°-16.75°, and 34.2°) suggest that the diffractograms are characteristic of a semicrystalline material, indicating that the native
cellulose fibers’ structural integrity is preserved during the extraction process [53]. The crystallinity index provides information on the
relative amount and structural order of crystallites within the in fibers [42]. Using Eq. (1), the crystallinity index (CI) for the isolated
cellulose was calculated as 61.17 % for S1 and 62.88 % for S2 (Table 1), which is slightly comparable than that of ramie, bamboo, and
flax fibers [61]. These results confirm that S2 exhibits a more organized cellulose crystalline structure than S1, which results in reduced
crystallinity [50,51,62]. Additionally, Scherrer’s equation (Eq. (2)) was used to calculate the crystallite sizes for S1 and S2, yielding
values of 3.54 nm and 10.03 nm, respectively. This suggests indicated that S2 has a more compact crystalline structure, which likely
contributes to lower moisture permeation and reduce hydrophilic behavior compared to S1 [42].

3.3. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to examine the surface morphology of the fiber dressing samples, enabling an
understanding of how various elements are distributed across the fiber surface [63]. The SEM analysis of S1 and S2 was carried out in
the horizontal plane at different magnifications, as offered in Fig. 6. The SEM image reveal that the fibers extracted from both simples
have a cylindrical shape with distinct morphological surfaces. A study by Filho et al. (2023) highlighted the unique fiber structures of
cellulosic materials, including the web-like clustering of cellulose fibers, which aligns with the observations made in this study [64].
Specifically, the fiber dressing of S1 exhibits a compact and continuous structure moderately smooth surface, likely due to the presence
of a waxy coating on its exterior as noted in previous research [65]. Additionally, S1 displays several small, unevenly spaced pits with
an almost round oval shape, ranging in diameter from 4.68 to 15.62 um. These pits are important for wood healing, as they facilitate
gas and nutrient diffusion, cell migration and tissue development [66]. In contrast, the SEM of S2 shows a rough and flaky surface with
some ruptured and less regular fibers alignment, which may results from defibrillation and the removal of some surface constituents
such as wax and other layers [67]. The increasing roughness on the outer layer is a key feature that facilitates cell attachment, which is
important for healing dressings. Moreover, the diameter of the cellulose fiber in S2 (522.22 pm) is comparatively larger than that in S1,
which is estimated to be 251.11 pm.
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Fig. 5. XRD diffractogram of (a) S1 and (b) S2.



F.-e. Loudifa et al. Heliyon 11 (2025) e42310

Table 1
Crystallinity index, crystallite size, mechanical properties and water absorption of studies samples.

Samples  Crystallinity Index (%)  Crystallite Size (nm)  Mechanical properties Water absorption (%)

Young’s modulus (GPa)  Tensile Strength (%)  Tensile Stress (Mpa)

S1 61.17 3.54 13.7 £1.53 1.4 £0.15 463 £ 40 1289 £ 93
S2 62.88 10.03 22.3 +3.51 1.2 £0.15 618 £+ 34 509 £ 66

Fig. 6. SEM micrographs of cellulose fibers of S1 and S2.

3.4. Mechanical properties

Mechanical strength is a critical factor when assessing materials for use as wound dressings. A wound dressing must be strong,
flexible, and resistant to rupture during use, whether applied topically to cover a skin wound or used internally for wound protection
[70,71]. The mechanical properties of S1 and S2 are evaluated based on Young’s modulus and the stress-strain data recorded during
tensile testing. The results are summarized in Table 1. Both fiber dressings, S1 and S2 demonstrated high tensile strengths of 463 + 40
MPa and 618 + 34 MPa, respectively, with Young’s modulus of 13.7 + 1.53 GPa for S1 and 22.3 + 3.51 GPa for S2, indicating excellent
mechanical tensile properties, especially for S2. These findings are consistent with previous research by Munawar et al. (2007), who
reported high tensile strength characteristics in natural fibers such as ramie bast fiber, sisal, and pineapple fiber [68]. The observed
differences in mechanical performance can be attributed to the porous structure and the reduced crystallinity of S1, as evidenced by the
Scanning Electron Microscopy and X-ray diffraction analyses conducted in this study. In addition, S1 and S2 fiber dressings presented
tensile strains of 1.4 + 0.15 % and 1.2 + 0.15 %, respectively, which are lower than those of previously reported wound dressings [38,
40,56]. Despite this, the samples still show potential for use as wound dressing, with the possibility of improving their mechanical
properties further for enhanced performance.
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3.5. Water absorption measurements

Water absorption is a critical characteristic of wound dressings. Moist and wet dressings help stimulate re-epithelialization,
accelerate wound healing, and minimize scarring while ensuring that the dressings can be removing without damaging fresh tissue
[72]. The water absorption was determined using Eq. (3), and the results are presented in Table 1. Fiber dressings made from date palm
mesh. Both samples S1 and S2 samples demonstrated good water absorption capabilities, revealing that they can maintain a moist
environment conductive to wound healing. However, the water absorption of the S1 fiber dressing (1289 + 93 %) was significantly
higher than that of the S2 fiber dressing (509 + 66 %). This difference may be attributed to the presence of micron-sized holes on the
outer-layer of the S1 fiber dressing, which likely enhances water absorption retention by allowing larger volumes of water to be
absorbed. These results are in line with those reported by Begum et al. (2021) for cotton, where similar absorption characteristics were
observed [73]. Furthermore, the higher water absorption in S1 is consistent with the observations made in the Xray diffraction
analysis.

3.6. Antimicrobial activity

Chronic bacterial infections are a major factor in delayed wound healing, underscoring the critical demand for antimicrobial fiber
materials [69]. In this study, we evaluated the antibacterial properties of cellulose fibers enriched with eugenol against E. coli,
S. aureus, and S. epidermidis. The assessment was conducted in vitro by measuring the inhibition zones of each sample, with the results
depicted in Fig. 7. Cellulose fibers without eugenol from both samples S1 and S2 exhibited no inhibitory effect against the three
bacterial strains. This lack of inhibition can be attributed to the biopolymer’s fully organic chemical structure, which make it highly

Escherichia coli Staphylococcus aureus Staphylococcus epidermidis

Cellulose S1

Cellulose S2

Cellulose S1—
eugenol

Cellulose S2 —
eugenol

Fig. 7. Visualization of inhibition zones for cellulose, cellulose-eugenol against Escherichia coli, Staphylococcus aureus, and Staphylococcus
epidermidis.
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susceptible to microbial attack [74]. However, the addition of eugenol significantly increased the inhibition zones for all tested
bacterial strains in both S1 and S2. The size of the inhibition zone generally reflects the antimicrobial activity of the samples, with a
larger zone, indicating greater effectiveness of the antimicrobial effectiveness. Comparing the samples, it is evident that the inhibition
zone for S1 (3.8 mm, 4.00 mm, 2.7 mm) was larger than for S2 (2.3 mm, 2.5 mm, 1.6 mm) (Table 2). This difference indicates that S1
has absorbed a significant amount of eugenol due to its porous surface, as observed in the SEM analysis. Additionally, eugenol essential
oil exhibited well-defined zones of inhibition, further demonstrating its effective biocidal properties [59,75]. Notably, no significant
differences in antimicrobial activity were observed between Gram-positive and Gram-negative bacteria. Eugenol, a bioactive com-
pound, has been shown to exhibit significant antimicrobial activity by disrupting the lipid bilayer of bacterial membranes, as
demonstrated by G. Ebenezer Jeyakumar et al. (2021) [76]. This disruption increases membrane permeability, leading to the leakage
of intracellular components, such as ATP and essential nutrients, ultimately leading to cell death. By destabilizing the bacterial
membrane, eugenol effectively inhibits the growth of both pathogens, making it a promising antibacterial agent.

4. Conclusion

Cellulosic Fiber dressings were successfully extracted from Washingtonia robusta and Phoenix Dactylifera L. tree mesh, which is
abundant in Morocco. We analyzed their chemical, molecular structure groups, morphological, water absorption, mechanical prop-
erties, and antibacterial activity. FTIR analysis revealed functional groups similar to those found in other cellulosic fibers, with sig-
nificant loss of hemicellulose and lignin during alkali treatment and bleaching, resulting in 37.21 % cellulose content for S2, which was
higher than S1 (12.63 %). X-ray diffraction confirmed the presence of native cellulose, with crystalline sizes of 3.54 nm (S1) and 10.03
nm (S2) and crystallinity index of 61.17 % and 62.88 %, respectively. SEM imaging showed a smooth, porous surface for S1 and a
rougher surface for S2, due to the removal of lignin and hemicellulose. The mechanical analysis demonstrated that S2’s higher cel-
lulose content and crystallinity improved its tensile properties. Furthermore, S1 exhibited higher water absorption (1289 + 93 %)
compared to S2, (509 + 66 %), which ensures a moist environment ideal for dressing wounds. Eugenol, extracted from cloves, was
successfully incorporated into the fibers, significantly enhancing their antibacterial activity. The cellulose-eugenol composites dis-
played strong inhibition against E. coli (3.8 mm and 2.3 mm), S. aureus (4.00 mm and 2.05 mm), and S. epidermidis (2.7 mm and 1.6
mm) for S1 and S2, respectively. This combination of cellulose and eugenol provides both structural support and antimicrobial
properties, making these fiber dressings highly promising for wound care applications. Future research will focus on clinical trials to
further evaluate their effectiveness.
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