
Academic Editors: Edward G. Gillan

and Bishweshwar Pant

Received: 17 April 2026

Revised: 20 June 2026

Accepted: 23 June 2026

Published: 28 June 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Photocatalytic and Photoelectric Properties of
Cetyltrimethylammonium Bromide and Cellulose Nanoparticles:
Structural Insights and In Vivo Wound Healing Application
Nadiah Y. Aldaleeli 1 , Taymour A. Hamdalla 2,* , Saleh A. Alghamdi 2, Shahd Alfadhli 2,
Nourhane A. Darwich 3 , Mahmoud I. Khalil 3,4 and Meshari M. Aljohani 5

1 Department of Physics, College of Science and Humanities-Jubail, Imam Abdulrahman Bin Faisal University,
Jubail 35811, Saudi Arabia

2 Physics Department, Faculty of Science, University of Tabuk, Tabuk 71491, Saudi Arabia
3 Department of Biological Sciences, Faculty of Science, Beirut Arab University,

Beirut P.O. Box 11-5020, Lebanon; nourhandarwish7@gmail.com (N.A.D.)
4 Molecular Biology Unit, Department of Zoology, Faculty of Science, Alexandria University,

Alexandria 21568, Egypt
5 Chemistry Department, Faculty of Science, University of Tabuk, Tabuk 71491, Saudi Arabia
* Correspondence: t-ahmed@ut.edu.sa

Abstract

Nanoparticles have attracted considerable interest for biomedical and catalytic applications
due to their unique functional properties. This study aims to evaluate the structural, optical,
photoelectric, photocatalytic, and wound-healing performance of cetyltrimethylammo-
nium bromide (CTAB) and cellulose nanoparticles with complementary physicochemical
characteristics. The nanoparticles were characterized using X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and
Ultraviolet–Visible (UV–Vis) spectroscopy, while photoelectric properties were assessed
through current–voltage (I–V) measurements. Photocatalytic activity was evaluated us-
ing methylene blue degradation under solar irradiation, and in vivo wound healing was
examined using a rat excisional model over 13 days. Cellulose nanoparticles exhibited
nearly double the photocurrent compared to CTAB, indicating enhanced charge transport
efficiency. Photocatalytic results showed that cellulose achieved approximately ~70% degra-
dation within 210 s, compared to ~50% for CTAB. In vivo findings revealed that cellulose
achieved 82% wound closure, compared with 71% for CTAB, 67% for Betadine, and 35%
for untreated controls, accompanied by improved tissue regeneration. Overall, cellulose
nanoparticles exhibited better photoelectrochemical, photocatalytic, and wound-healing
properties, whereas CTAB provided structural integrity and antimicrobial properties. These
materials are therefore promising multifunctional nanomaterials for catalytic and biologi-
cal applications.

Keywords: nanoparticles; photocatalysis; cellulose nanoparticles; cetyltrimethylammo-
nium bromide (CTAB); photoelectrical properties; methylene blue degradation; wound
healing

1. Introduction
The process of wound healing is one of the most complex and multifaceted biological

processes. It involves a series of coordinated responses at the micro and molecular levels.
Upon tissue injury, the tissue’s response and reaction to the injury involve the five distinct
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and overlapping phases of the process. These phases include hemostasis, inflammation,
proliferation, and remodeling [1]. Optimally healing tissue is possible by monitoring all
of these phases [2]. Defects in healing tissue are common in the presence of infection,
chronic disease, and/or large tissue loss. Defects in healing tissue amplify the importance
of biological therapies to wound healing [3].

In recent times, nanotechnology-based biomaterials have gained importance as a pos-
sible means to enhance wound healing effectiveness as a result of the unique characteristics
that they possess for controlling cell activity, disabling microorganisms, and advancing
tissue engineering for the purpose of accelerating wound healing. The feasibility of such
uses is underpinned by cutting-edge technologies capable of delivering materials of precise
dimensionality for molecular-level intervention at the tissue development and remodel-
ing cascade [4]. Among these advanced structures, a notable proportion of the research
has centered on the development and application of biocompatible and biodegradable
cellulose-based nanoparticles with good mechanical attributes. Such attributes contribute
to the scaffold and wound care and healing components of a medical textile, which aids the
tissue engineering of a wound. In addition, the ability to modify the mechanical attributes
of these nanoparticles to concentrate therapeutic agents is of great benefit [5]. When these
nanoparticles are properly constructed, they can improve the wound tissue bioavailability
of therapeutic agents while reducing the bioavailability in surrounding tissues to limit sys-
temic toxicity. For all these reasons, cellulose nanomaterials have received much attention
for application in wound healing because of their biocompatibility, biodegradability, water
retention properties, and cell proliferation capability [6].

Cetyltrimethylammonium bromide (CTAB) is an ammonium salt, a cationic quaternary
surfactant, which finds wide application in nanomaterials synthesis and biomedical re-
search owing to its antimicrobial effect and surface-stabilizing ability [7]. It was also the first
of its type to be used. While most quaternary ammonium compounds have low interactivity
with the microbial cell membranes, CTAB was first used due to its membrane-disruptive
activity towards pathogenic microorganisms [8]. It is also used in the management of
infections due to its physiological properties [9]. With respect to its application in nanopar-
ticle systems, CTAB serves the dual purpose of biomechanical function and a protective
anti-microbial shield to be used on a wound, and thus, its use in nanocarrier systems is
likely to enhance stability and therapeutic efficacy [10]. At the same time, production of cel-
lulose nanoparticles as renewable biopolymers is still coveted due to their biocompatibility,
mechanical properties, and surface reactivity.

While there has been an increase in attention towards cellulose-based nanomaterials
as well as CTAB-based nanomaterials independently, no extensive investigations have
compared their structural, optical, photoelectrical, photoreactive, and healing capabilities
on the same platform. In this regard, analyzing their interaction can lead us to comprehend
more about the role that physicochemical properties play in the performance of such bio-
materials. The high affinity towards biological structures, moisture retention capability,
and cell growth stimulation are all due to the hydroxyl groups [11]. Besides being ther-
apeutically valuable due to their non-toxic, biodegradable, and skin-penetrating strong
antioxidants and healing properties, cellulose nanoparticles have other advantages [12].

In addition to the medical importance, cellulose and CTAB-based nanomaterials have
gained interest due to the role played by such materials in photocatalysis of environmen-
tal pollutants, specifically organic dyes. Recent studies have also shown that CTAB and
cellulose nanomaterials have great possibilities in photocatalytic dye decomposition and
photoelectricity due to their adjustable surfaces and ability for charge transfer and absorp-
tion of light [13]. Photocatalytic action entails energy absorption through excitation of
electrons from the valence band to the conduction band and creation of free radicals, which
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help oxidize the dyes [14]. Hydroxyl groups within cellulose increase dye adsorption by
forming hydrogen bonds [15]. Similarly, being a cationic surfactant, CTAB may alter the
surface charge distribution on the surface, hence increasing adsorption via electrostatic
force, especially for anionic dye molecules [16]. Investigating the relationship between
structure and photocatalytic dye degradation helps in understanding the multifunctionality
of these nanomaterials. Therefore, this study aims to characterize and comparatively study
CTAB and cellulose nanoparticles in terms of structural, optical, photophysical, photocat-
alytic, and in vitro wound healing properties. Furthermore, this study investigated the
wound healing potential of CTAB and cellulose nanoparticles through the excision wound
rat model

2. Results and Discussion
2.1. Characterization of CTAB and Cellulose Nanoparticles
2.1.1. X-Ray Diffraction (XRD)

The XRD pattern for CTAB (Figure 1a) shows a wide diffuse halo around 2θ = 30–65◦

with no clear diffraction peaks, confirming its primarily amorphous character. This is
consistent with previous accounts describing CTAB as a surfactant that is non-crystalline
with no long-range structural order because of flexible alkyl chains and a disordered molec-
ular packing [17]. In the synthesis of nanoparticles, this amorphous character is beneficial
because CTAB is primarily a soft template and a stabilizing agent that promotes nucleation
and prevents the agglomeration of particles by means of electrostatic interactions [18]. A
broad halo diffraction pattern for similar amorphous CTAB materials has been observed in
earlier research, which confirms that there is no long-range crystalline order.

On the other hand, the cellulose (Figure 1b) has a semi-crystalline structure exhibiting a
diffraction pattern peak at 2θ≈ 22◦ and 34◦, giving the (020) and (004) planes exhibiting the
structure of cellulose I, as is shown in detail throughout the reports [19,20]. The existence of
both crystalline and amorphous domains exemplifies the structural complexity of cellulose,
as the crystalline portions provide mechanical strength, and the amorphous regions, which
contain significant quantities of the hydroxyl groups, facilitate metal ion tethering and
stabilization of nanoparticles [21]. These diffraction peaks indicate the semi-crystalline
nature of cellulose I as found in the literature.

Figure 1. X-ray diffraction (XRD) patterns of (a) CTAB and (b) cellulose. The black (CTAB) and blue
(Cellulose) curves represent the experimental XRD patterns, while the red line represents the fitted
(calculated) diffraction pattern obtained by Rietveld refinement.
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2.1.2. Scanning Electron Microscopy (SEM)

SEM and its applications, specifically regarding CTAB and cellulose nanoparticles,
are illustrated in Figure 2. The rough surfaces and irregular shapes visible in the rough
SEM images verified the predicted physical characteristics of the nanoparticles and the
preparation techniques used to generate them.

CTAB nanoparticles are aggregates that are relatively separate, small, and porous [18].
SEM analysis revealed that there was a formation of an aggregated nanostructure with
uneven particle size due to particle aggregation. Such morphology indicates partial stabi-
lization of the nanoparticle surface through CTAB molecules, even though there is still some
extent of agglomeration that occurs [22]. Irregular morphology and rough topography of
CTAB nanoparticles may promote agglomeration and account for some of the antimicrobial
and healing efficacy of CTAB nanoparticles through bilayer interactions [23]. Conversely,
the cellulose nanoparticles are denser and layered, with a compact structure and relatively
fewer large cavities. Cellulose structures were seen to appear larger and more compact
when compared to CTAB due to possible fibrillar aggregation. Cellulose nanostructures
also exhibit rough fibrillar morphology, indicative of considerable surface area, which
may facilitate further functionalization, therapeutic loading, or act as a substrate for tissue
incorporation [24]. This morphology might act as a bioactive wound healing scaffold to
promote cell attachment, increase structural stability, and maintain the structural stability
of the wound bed [25]. The agglomerated condition and roughened surface of the particles
may improve targeted delivery and interaction of the particles with the wound tissue,
thereby amplifying the optical, mechanical, and bioactive properties related to healing.

Figure 2. Scanning electron microscopy (SEM) micrographs of CTAB and cellulose nanoparticles.

2.1.3. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) analysis evaluates the functional
groups in CTAB and cellulose nanoparticles. This analysis confirms the composition of the
molecules in each compound, as shown in Figure 3. For CTAB nanoparticles, there is a broad
feature at 3840.91 cm−1 which corresponds to the O–H stretching vibrations associated with
the moisture adsorbed on the surface of CTAB nanoparticles [26]. Peaks associated with the
hydrophobic CTAB tail correspond to 2926.65 cm−1, being the C–H stretching of long alkyl
chains of the cetyl group [27]. A weaker mid-range peak at 2362.84 cm−1 corresponds to
the O=C=O stretching of atmospheric CO2, slightly present in the nanoparticles [28]. The
strong and wide peak at 1637.03 cm−1 responds to the bending of the N-H and is possessed
of the quaternary ammonium head group, reflecting the strong electrostatic association
of CTAB with the surface of the nanoparticles [29]. The low-range peak at 565.09 cm−1

is of low frequency and is weak due to C–N and C–Br bond stretching, and indicates the
presence of the counter ion of bromide, characteristic of CTAB molecules [30].

In the case of cellulose nanoparticles, the broad and intense band at 3345.04 cm−1 is
due to O–H stretching vibrations from the intra- and intermolecular hydrogen bonds of
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the cellulose backbone [31]. A peak at 2900.26 cm−1, corresponding to the C–H stretching
of the CH2 groups of the glucose units, emits the respective absorption band [32]. The
small band at 2362.15 cm−1 is due to the O=C=O asymmetric stretching [33,34]. The
band at 1637.73 cm−1 signifies the C=O stretching or the bending O–H of the adsorbed
water [35]. The 1372.18 cm−1 and 1058.89 cm−1 peaks are due to the C–H bending and C–
O–C asymmetric stretching, respectively, of the β-1,4-glycosidic linkages, thus confirming
the polysaccharide structure of cellulose [36]. The weak band of 561.49 cm−1 corresponds
to the C–O deformation vibrations [32].

Figure 3. FTIR spectra for (a) CTAB and (b) cellulose nanoparticles.

2.2. Optical Properties Investigation
2.2.1. Transmission and Reflection Spectra of CTAB and Cellulose Thin Films

Figure 4 presents transmission and reflection spectra for the CTAB and cellulose thin
films. The CTAB thin film has higher reflection and lower transmission, while the cellulose
thin film has lower transmission. This means CTAB has the greatest light-scattering
properties because CTAB films exhibit rougher and more aggregated morphologies and
structures, which are more scattered [37]. Conversely, CTAB thin films have relatively
higher transmission and lower reflection, indicating that they are more uniformly compact
structures [38]. The optical films are uniform, structurally compact cellulose films, and
rough CTAB exhibited the spectral features previously described. The differences in optical
behavior can be attributed to variations in film morphology and structural organization.
The CTAB film exhibited relatively higher reflection and lower transmission, which may be
associated with increased light scattering arising from its rougher and more aggregated
surface morphology. In contrast, the cellulose film showed lower reflection and higher
transmission, indicating a more compact and homogeneous structure that facilitates light
propagation through the film. These results are consistent with the SEM observations
and demonstrate that the optical response of both films is strongly influenced by their
microstructural characteristic [39].

https://doi.org/10.3390/catal16070592

https://doi.org/10.3390/catal16070592


Catalysts 2026, 16, 592 6 of 22

Figure 4. Transmission and reflection spectra of CTAB (black) and cellulose (Red) thin films.

2.2.2. Optical Absorption Spectra of CTAB and Cellulose Thin Films

The optical absorption spectra of CTAB and cellulose thin films (Figure 5) indicate
the presence of broad and well-defined bands in the visible region of the electromagnetic
spectrum. The bands are associated with the nanoscale characteristics of the films and the
molecular electronic transitions of the films. For both samples, the absorption spectra exhib-
ited several peaks in the 350–500 nm range [40]. The CTAB film had a greater absorbance
and sharper peaks, which suggests that the film had greater interactions with photons [41].
The differences in optical behavior can be attributed to variations in film morphology and
structural organization. The CTAB film exhibited relatively higher reflection and lower
transmission, which may be associated with increased light scattering arising from its
rougher and more aggregated surface morphology. In contrast, the cellulose film showed
lower reflection and higher transmission, indicating a more compact and homogeneous
structure that facilitates light propagation through the film. These results are consistent
with the SEM observations and suggest that the optical response of both films is strongly
influenced by their microstructural characteristics. The enhanced transmission observed
for cellulose may contribute to its improved photoresponsive performance, whereas the
higher scattering behavior of CTAB is related to its less ordered morphology.

Regarding charge transfer capability, this may mean that CTAB responds to changes
in solution concentration fast enough to form compact, ordered morphologies, which are
structures with enhanced charge transfer capability [42]. The absorption spectra for the
cellulose films, however, showed significantly more neutral and significantly more negative
absorption spectra red shifts compared to those with more predominant, wider range,
and energy surface absorption hydroxyl groups [43]. These are attributed to a higher
surface in the optical bandgap [44]. The increase in negative absorption shift implies more
light is being captured, which can facilitate charge carrier separation, further confirming
its photoactive applications or use for healing [45]. Overall, the higher optical activity
positive charge separation results differ due to higher crystallinity, surface morphology,
and orientational differences in the molecular arrangement. The results are indicative
of expected optical activity at the molecular arrangement form the basis for subsequent
biological and photoelectrical activity evaluations of the films.
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Figure 5. Light absorption of CTAB and Cellulose thin films.

2.2.3. Optical Bandgap Energy (Eg) Analysis of CTAB and Cellulose Thin Films

In Figure 6, Tauc plots illustrate the optical bandgap energies (Eg) of CTAB and cel-
lulose thin films as derived from their absorption spectra. According to direct bandgap
calculations, energies were derived from linear extrapolation of the (αhν)2 vs. photon
energy (hν) graphs [46]. CTAB thin films demonstrated a higher bandgap energy value,
which suggests lower mobility of charge carriers and electronic transitions in CTAB films.
This observation also aligns with their packing and surfactant behavior [47,48]. In contrast,
the cellulose thin films demonstrated a lower Eg, which suggests less energy was required
for electron excitation, and light absorption was greater in the visible range [43]. The loss of
energy due to the bandgap in the cellulose thin films is due to the localized states in the band
structure and terminal hydroxyl groups, along with the conjugated carbon-oxygen bonds.
This was discussed in detail by Srivastava et al. (2020), who explained that localized states
diminish the degree to which the bandgap is pronounced [49]. Thus, thin cellulose films
have better photoresistive properties than the CTAB films. The obtained optical bandgap
values (2.32 eV for CTAB and 2.48 eV for cellulose) are consistent with previously reported
values for organic and cellulose-based thin films. Similar bandgap values ranging from 2.3
to 3.0 eV have been reported depending on film preparation conditions, crystallinity, and
molecular interactions, which likely have insulating characteristics to the hybrid nanocom-
posites [50]. The bandgap is the depth of the bandgap, which indicates better optical
properties. The two materials, along with their structural and compositional differences,
are illustrated in Figure 4, which portrays the absorption of the constituents [51].

2.2.4. Absorption Coefficient Analysis of CTAB and Cellulose Thin Films

Displayed in Figure 7 are the fluctuations in the natural log of the absorption coefficient
(ln α) against the photon energy for CTAB and cellulose thin films. ln α graphs show the
storage absorption edge and the exponential nature of the localized gap band structure
states. Between the pair of materials, the thin cellulose film is the more optically absorbed
sample, as is evidenced by a more substantial drop in the slope, a more rapid decrease in
slope, and more pronounced electronic transitions at the band edge.

https://doi.org/10.3390/catal16070592
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Figure 6. Energy gap calculations of CTAB and cellulose thin films. The arrow indicates the linear
region selected for extrapolation to determine the optical band gap (Eg) using the Tauc plot.

The higher intensity of localized tail states in this figure, for instance, may be responsi-
ble for increasing the frequency of electronic transitions that are photogenically induced,
causing greater numbers of transitions, thus increasing, as illustrated in Figure 5, the low-
ering of the optical bandgap [52]. As for the CTAB thin film, it has a more gentle slope,
and that slope is indicative of lower edge absorption due to a more ordered molecular
arrangement and a lower defect density [53]. The continuous portion of a lnα graph is
indicative of the existence of an exponential absorption tail, which is indicative of Urbach
energy (Eu), along with associated structural disorder [54]. We can thus conclude that the
cellulose film is characterized by a higher Eu value concomitant with a greater disorder, as
well as lower absorption of light. In contrast, CTAB ensures an optically stable film, which
can be advantageous for surface-modifying or insulating activities [47]. The value of Eu
is directly proportional to the disorder within the film. This provides further evidence to
support the results obtained from the bandgap and absorption studies, which were also
influenced by the amount of disorder within the film. The composition and architecture of
the films were the primary factors controlling the nature of optical transitions.

2.3. Photoelectric Properties of CTAB and Cellulose

Optical properties and charge transport mechanisms for CTAB and cellulose thin films
were described using capacitance–voltage (C–V) and current–voltage (I–V) measurements
in the dark and light. The C–V profiles (Figure 8) suggest semiconducting behavior for
both materials and the formation of a depletion layer at the film–electrode interface [55].
Cellulose had a greater capacitance than CTAB. This is attributed to the cellulose hydroxyl
functional groups that allow for greater dielectric polarization and charge storage from
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dipolar charge trapping [56]. Cellulose will accumulate greater amounts of photogenerated
carriers [57].

Figure 7. Ln α of CTAB and Cellulose thin films. The dotted lines represent the linear fitting of the
exponential absorption edge used to determine the Urbach energy (Eu).

Figure 8. Variation in capacitance with voltage for CTAB and cellulose thin films.
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The light-responsive characteristics of the nanostructured films were further confirmed
by the I–V curves (Figure 9). Current density increased considerably when the films
were illuminated, especially for the cellulose film, which exhibited nearly double the
photocurrent as CTAB [58]. This, as well as the comparison in photocurrent, corresponds
to the absorption of light and the excitation of electrons across the band gap, as explained
in Figure 6. Cellulose nanoparticles’ lower band gap enables charge generation to become
more efficient during light absorption in the visible region, as well as during the circulation
of charge. This is critical for effective photoelectric conversion [59]. On the other hand,
CTAB had a slightly larger band gap, which reduced light absorption and the generation of
photocurrent carriers. This is reflected in reduced photocurrent [60].

Figure 9. The dark J–V characteristics of the CTAB and cellulose thin films heterostructure at room
temperature.

The ln(J) vs. V plots (Figure 10) demonstrate that both materials follow a thermionic
emission conduction mechanism in which charge transport entails field-assisted carrier
tunneling and carrier recombination. The linearity in the upper-voltage range indicates
that photoexcited carriers much more readily surmount the barrier at the interface in the
presence of light and, thus, become more mobile [61]. The greater slope for the cellulose
suggests more energy-efficient charge transport, which agrees with the greater structural
uniformity and better interfacial contact with the electrode [62].

Cellulose nanoparticles demonstrate superior performance in optoelectronics owing
to their strong photoresponse, high capacitance, and enhanced charge transport [63]. Being
bio-compatible and mechanically robust, cellulose nanostructures can also function as pho-
toactive materials, tapping into light energy, and producing localized electric fields, which
may promote cellular stimulation, enhance oxygen flow, and exert antimicrobial effects
empirically observed in wound healing [50]. Thus, the photoelectric data substantiate the
claim that optical excitation and charge transport efficacy directly influence the materials’
biological performance.
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Figure 10. ln(JF) as a function of V for the heterostructure at room temperature.

2.4. Photocatalytic Properties of CTAB and Cellulose

Methylene blue (MB) served as the test organic dye for the assessment of the pho-
todegradation efficiency of CTAB and Cellulose nanoparticles due to their visible ab-
sorption spectrum and their known photodegradation mechanism. Photodegradation
was carried out using solar light, and the photodegradation process was measured
based on the decrease in the characteristic absorbance peak of MB at about 664 nm via
UV–visible spectroscopy.

Photocatalytic degradation experiments were carried out using methylene blue (MB)
aqueous solution (10 mg L−1) as a model organic pollutant. Prior to illumination, the
suspension containing the photocatalyst and MB solution was magnetically stirred in the
dark for 30 min to establish adsorption–desorption equilibrium. The photocatalytic reaction
was performed in a glass beaker under natural solar irradiation. At selected irradiation
intervals, aliquots were collected and centrifuged to remove the catalyst particles before
UV–Vis analysis. The degradation process was monitored by measuring the decrease in
the characteristic absorption peak of MB at 664 nm. The optical absorption behavior of
the investigated materials was further analyzed and correlated with their photocatalytic
activity. MB absorption spectra for varying exposure times from 0 to 210 s are shown in
Figure 11. Both samples showed a decrease in absorption intensity with increasing exposure
time, thus proving that photocatalytic degradation of the dye took place. Moreover, the
faster reduction in the absorption of MB up to 210 s can be attributed to dye adsorption as
well as degradation through the photodegradation process, owing to the surface hydroxyl
groups and electrostatic interaction. Figure 12 shows the relative responses of CTAB and
cellulose to 1 min irradiation.

The steady decline in the MB absorbance confirms that the photocatalytic process of
activation of the nanomaterial leads to the formation of reactive particles that can participate
in the oxidation process of the dye [64]. When exposed to light, electrons are promoted
from the valence band to the conduction band, forming electrons and holes. These particles
will then react with oxygen and water molecules to form reactive oxygen species, including
•OH and O2

•−, which play a key role in oxidation and dye decomposition [65]. The
photodegradation process mainly includes the production of a photogenerated electron–
hole pair under light illumination that results in the production of Reactive Oxygen Species
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(ROS) like hydroxyl radicals (–OH) and superoxide ions that further degrade methylene
blue dye. Such types of degradation by ROS have similarly been found in recent photolytic
studies [66].

Figure 11. The photocatalytic properties of the synthesized (a) CTAB and (b) cellulose at different
irradiation times up to 210 s.

Figure 12. The photocatalytic properties of the synthesized CTAB and cellulose after 1 min irradiation.

Cellulose nanoparticles exhibited superior photocatalytic activity compared to CTAB.
This enhanced performance can be directly correlated with their lower optical bandgap
energy, as determined from Tauc analysis, which facilitates more efficient photon absorption
and electron excitation under visible light [67]. Additionally, the semi-crystalline structure
revealed by XRD and the abundance of surface hydroxyl groups confirmed by FTIR promote
effective dye adsorption through hydrogen bonding and electrostatic interactions [68]. The
layered and compact morphology observed in SEM further increases surface contact area,
enhancing interfacial charge transfer and accelerating degradation kinetics [69].
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On the other hand, CTAB exhibited comparatively low photocatalytic efficiency. The
broadened band gap results in poor light absorption capacity and low charge carrier gener-
ation [26]. Nonetheless, the quaternary ammonium group with a positive charge increases
the affinity of CTAB for the dye molecules due to electrostatic forces [70]. Although this
factor helps in its photocatalytic activity, the amorphous nature and low charge mobility
lead to poor electron–hole separation [71]. Therefore, the results show that photocatalysis
performance is influenced by the presence of crystal structure, surface functional groups,
band structure, and morphology. The relationship between the optical characteristics,
charge transfer, and dye degradation indicates that the cellulose nanoparticle is used as
a photocatalyst in response to visible light, whereas the CTAB mainly assists in charge
control and adsorption. The photocatalytic behavior of the investigated materials can be
interpreted in light of their structural and optical characteristics. Upon light irradiation, the
absorbed photons promote charge generation within the material, facilitating the interaction
of the surface with methylene blue molecules. The superior photocatalytic performance of
cellulose compared with CTAB may be attributed to its lower optical bandgap, enhanced
light absorption capability, and the presence of abundant surface hydroxyl groups, which
promote dye adsorption and improve interfacial interactions. These findings demonstrate
a clear relationship between the structural, optical, and photoelectrical properties of the
investigated materials and their observed photocatalytic performance. Further studies
involving kinetic analysis and catalyst stability assessments are required to achieve a more
comprehensive understanding of their photocatalytic behavior.

2.5. Wound Healing Efficiency of Various Treatments over Time

Wound closure proceeded in a treatment-dependent manner over 13 days, as shown in
Figure 13. All groups had similar wound sizes on Day 0, demonstrating consistent wound
induction. There was minimal closure (≈5–10%) in all groups during Days 1–2, with no
statistically significant differences (p > 0.05). Significant divergence was observed by Day 5,
with the cellulose group demonstrating the most closure (43%), followed by Betadine (38%)
and CTAB (31%), while the gel and control groups showed minimal closure.

Beginning on Day 6, the wounds treated with cellulose demonstrated obtained repairs
at an even faster rate, 64%, by Day 8, signaling granulation and collagen creation. CTAB
induced steady healing (approximately 50% by Day 8), most likely due to the antimicrobial-
related healing effect [72]. Gel and untreated controls fell behind due to being recovered
less than 35% by Day 8. By Day 13, the most epithelialization was measured with cellulose
at 82%, then CTAB at 71%, and then Betadine at 67%, while the controls only reached 35%.

The findings of macroscopic observations (Figure 14) showed smoother and almost
complete closure in wounds treated with cellulose in comparison to the control group,
where closure was marked by persistent irregularities. The findings from cellulose-treated
wounds are complemented by previous reports and explain cellulose’s ability to provide
a moist environment, stimulate fibroblast proliferation, and improve collagen matura-
tion [25,73]. Additionally, Marting Da Silva Filho et al. (2023) have shown that bacterial
cellulose also improves the processes of angiogenesis and epithelial reformation in full-
thickness wounds [72]. CTAB was likely to have improved the healing process of the
wounds through the reduction of the microbes and the control of inflammation [74]. Other
related studies have also reported on the high antibacterial efficiency of nanomaterials
containing CTAB as a result of the positive charges of quaternary ammonium groups, which
can help break down microorganisms’ cell membranes, leading to increased membrane
permeability [75]. Such antibacterial effect can play an important role in lowering wound
infections and facilitating the healing of wounds [76]. In addition to that, compared to
other earlier reports, this research has provided additional insight into the multi-functional
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role of CTAB, as shown below. Moderate efficacy was shown by Betadine, which was most
likely a result of the cytotoxic effects that the polyvinylpyrrolidone component exerted
because of the prolonged exposure [77]. As for the gel, a lack of bioactive components
resulted in minimal effects.

Figure 13. Effect of various treatments on wound closure percentage over time. Data are presented as
mean ± SD. Different lowercase letters indicate significant differences among treatment groups at the
same time point (p < 0.05), while identical letters indicate no significant difference.

Figure 14. Assessment of wound healing progression in rats.

Additionally, the rapid wound healing experienced in the cellulose and CTAB groups
can be due in part to the structural properties revealed through the XRD analysis. The
cellulose’s semi-crystalline structure and hydroxyl-rich amorphous areas promote cellular
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attachment and the formation of new tissues [78]. On the other hand, CTAB’s amorphous
structure promotes stabilization of the bioactive interface. All of these properties together
enhance the healing of wounds [79].

3. Materials and Methods
3.1. Biosynthesis and Thin Film Thickness Preparation of CTAB and Cellulose Nanoparticles

CTAB refers to cetyltrimethylammonium bromide (C16H33N(CH3)3Br), and the other
chemicals used were microcrystalline cellulose ((C6H10O5)n), sodium hydroxide (NaOH),
and urea (CH4N2O), all obtained from Sigma-Aldrich. A cellulose thin-film solution was
formed when cellulose was dissolved in a pre-cooled NaOH/urea aqueous system (7 wt %
NaOH, 12 wt % urea) at −12 ◦C on a stirrer, until a clear and viscous solution was obtained
(this process took approximately 1 h). CTAB was prepared separately by dissolving the
required amount of CTAB in distilled water and making a 0.01 to 0.05 M solution. The
prepared aqueous solution of CTAB was observed to be visually homogeneous without any
noticeable precipitation before spin coating, signifying good short-term dispersion stability.
Purity control was achieved through the use of analytical grade reagents, deionized water,
and clean glass/quartz substrates. Also, the fixed concentrations of the reagents, the vol-
umes of the solutions, the spin-coating speed, and coating time ensured consistency in the
reproducibility of preparation and yield of the films. The solution of the prepared CTAB
was homogeneous without precipitation before making the films, suggesting that the aque-
ous stability is good under the chosen experimental conditions. Glass and quartz substrates
were ultrasonically cleaned by a 3-step process, which involves, in order, acetone, ethanol,
and deionized water (this was followed to ensure thorough cleaning), and subsequently
dried at 60 ◦C. Solutions of both cellulose and CTAB were spin-coated on the substrates at
2000 rpm for 30 s and dried at 70 ◦C for 2 h to yield transparent, smooth films. The thin
films adhered well and were uniform. They were appropriate for studying their optical and
photoelectric characteristics. The photocatalytic degradation experiments were performed
using a 300 W Xenon arc lamp (gas-discharge lamp) (BAXIT, Shanghai, China) as the
irradiation source. The lamp provides a broad spectral distribution that closely simulates
natural solar irradiation, making it suitable for evaluating the photoresponsive behavior of
the investigated materials. All measurements were conducted under identical experimental
conditions to ensure a reliable comparison between CTAB and cellulose nanoparticles.
The photocatalytic experiments were performed at pH ≈ 4 using an MB concentration of
15 mg L−1, a catalyst dosage of 1.0 g L−1, and an irradiation time of 210 s.” These conditions
were kept constant throughout the experiments to enable a direct comparison between the
photocatalytic performances of CTAB and cellulose nanoparticles

3.2. Characterization of the CTAB and Cellulose Nanoparticles
3.2.1. X-Ray Diffraction (XRD)

Using a Bruker D8 Advance diffractometer (Bruker Corporation, Karlsruhe, Germany)
equipped with Cu Kα radiation (λ = 1.54060 Å), the recorded patterns of X-ray diffractome-
ters for CTAB and Cellulose were recorded for a 2θ span of 10–80◦ at a scan rate of 0.02◦/s.
Diffraction patterns were analyzed qualitatively through the comparison of the positions of
the obtained peaks with published literature values to assess the structural characteristics
and degree of crystallinity. XRD data processing and plotting were accomplished with the
Origin software (64-bit edition, 2018).

3.2.2. Optical Characterization

The optical characteristics of CTAB and cellulose nanoparticles were assessed using a
V-670 Ultraviolet–Visible (UV–Vis) spectrophotometer (JASCO, Tokyo, Japan) in the range
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of 200–2500 nm at room temperature. Supernatants were discarded after the third wash,
and each pellet was redispersed in distilled water until a uniform color was obtained.
400 µL of the suspension was transferred into a cuvette and filled to the mark with distilled
water, and used for baseline correction.

3.2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The determination of functional groups was conducted on a Nicolet iS5 FTIR-8400S
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The spectra were collected
between 4000 and 400 cm−1 while recording under dioxygen at 40 ◦C. For each sample,
2 mg of the sample was combined with potassium bromide (KBr) to a dilution of 1:100,
which was reduced to powder using a mortar and pestle. This powder was further ground
into a fine powder. For measurement, the powder was pressed into a transparent disk at
13.79 MPa.

3.2.4. Scanning Electron Microscopy (SEM)

Using a Scanning Electron Microscope (SEM) (Thermo Fisher Scientific, Waltham, MA,
USA), samples underwent a detailed morphological evaluation. Gold sputter coating was
performed where needed to improve the sample’s electrical conductivity prior to mounting
each sample on a metal stub with carbon adhesive tape. Using a JEOL JCM-6000PLUS
microscope (JEOL Ltd., Tokyo, Japan).

The total sample collections had systematic imaging performed with the operational
voltage of the microscope set to 10 kV. The images taken during this process were employed
in the measurement of the differences in sizes the various sample surfaces exhibited, and in
the characterization of the surfaces of the samples.

3.3. Photoelectrical Properties

The films prepared were studied regarding their photoelectrical behavior. Their
electrical response was studied with and without light. A digital source meter was used to
determine the current–voltage characteristics. These measurements assessed the charge
transport and photo response of the CTAB and cellulose nanoparticle films to analyze their
possible applications in biomedicine and electronics.

3.4. Photocatalytic Activity Assessment

Photocatalytic performance of the prepared CTAB and cellulose nanoparticles was
investigated through the use of methylene blue (MB) dye as the target compound. An
aqueous solution of MB was then prepared and added to the prepared nanoparticles. The
mixture was kept in a stirred condition until a homogenous mixture was achieved.

The reaction mixture was subjected to irradiation for various periods of time (0–210 s).
For each period of irradiation, samples were taken for the evaluation of their absorbance
intensities through the use of the UV–Visible spectrophotometer. Photocatalytic decompo-
sition was assessed through the observation of reduced absorption intensity corresponding
to the absorbance peak of the MB dye. Comparative analysis between CTAB and cellulose
was performed based on the rate of absorbance decrease and spectral changes observed
during irradiation.

3.5. Preparation of CTAB and Cellulose-Loaded Topical Ointment

An ointment was made by blending 1 g of ultrasound gel with 1 mg of the synthesized
nanoparticles, followed by sonication for adequate mixing and complete homogenization. In
the next step, the gel prepared was placed in a small jar and preserved at room temperature.
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3.6. Experimental Design and Treatment Procedure

The Sprague Dawley rats used for this study were twelve male rats weighing 200–250 g
each, which were procured from the Research Center at the Faculty of Science, Beirut Arab
University. They were kept in a well-ventilated room at a temperature of 25 ± 2 ◦C with
free access to standard rodent chow and tap water and were placed on a light-dark cycle of
12/12 h. The rats were also given one week to acclimatize before the experiment. The study
protocol was approved by the Institutional Review Board (IRB) of Beirut Arab University
under protocol number (2023-A-0057-S-M-0559).

The rats were allocated into four groups of three rats: Group I (Control, untreated),
Group II (CTAB-loaded ointment), Group III (Cellulose-loaded ointment), and Group IV
(Positive control, Betadine gel ointment). Two bilateral full-thickness excision wounds were
imposed on the dorsal region of each rat. Each rat’s left wound was treated with ultrasound
gel alone (vehicle control). In contrast, the right wound received a treatment, which was
monitored with daily wound closure monitoring of the wound from day 0 to day 13.

3.7. Excision Wound Model in Rats

For this study, an excision wound model was used on acclimated rats. Anesthesia was
administered as an intraperitoneal injection according to the individual body weight of
the test specimen. It should be noted that maximum attention was given to minimize the
discomfort of the test specimens. The test specimens were first anesthetized, after which
they were positioned prone.

The dorsal surface was then shaved and prepared with an alcohol-iodine solution.
Subsequently, two full-thickness circular excision wounds, 4.00 mm in diameter, were
performed on the dorsal thoracic area. For this, using a biopsy punch, a position 1 cm
lateral to the vertebral column and 5 cm from the ear was selected [80].

These wounds were monitored for over 13 days. Treatments were applied daily from
day 0 to day 13 and were only administered once daily. Wound area was measured daily
using a digital caliper. The percentage of wound contraction is referred to as the extent of
healing. Wound healing is expressed in terms of the percentage of contraction of the wound,
and in this case, the healing process started as per the calculated formula. The duration of
complete epithelialization (in days) was also noted, indicating that the wound was fully
healed. The defined day is the day the scab detaches without exposing any raw surface.

Percentage (%) of wound contraction = 1 − AD/AO × 100,
AO is the wound area on zero days, and AD is the area on corresponding days (0, 1, 2,

5, 6, 7, 8, and 13 days).
According to the study design, after 13 days of treatment, the animals were euthanized

while under general anesthesia on the 13th day. Subsequently, tissue samples from the
previously mentioned area were collected from all groups for histopathological assessment.

3.8. Statistical Analysis

Statistical analysis was incorporated using SPSS version 27. A one-way ANOVA was
carried out to assess information on wound closure. Where applicable, Tukey post hoc tests
were conducted to confirm which groups were responsible for the differences. A p-value of
0.05 was the cutoff for statistical significance.

4. Conclusions
This research revealed that the nanoparticles made from CTAB and cellulose are multi-

functional in nature and have the potential for use in phototherapy for wound healing. The
cellulose nanoparticles showed better optical, photoelectric, photocatalytic, and wound
healing efficiency than CTAB, leading to rapid wound healing, improved granulation
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tissue formation, and collagen production. On the other hand, CTAB added beneficial
antimicrobial and surface-stabilizing characteristics that contributed to the healing process.
The increased photocatalytic efficiency of cellulose nanocrystals was due to the lower band
gap energy, effective charge transfer ability, and presence of abundant surface hydroxyl
groups that facilitate the adsorption of dyes and formation of reactive oxygen species. The
interconnection among the structure, optical properties, and the efficacy of dye decomposi-
tion reveals the multi-functional capability of cellulose-based nano-materials as efficient
photoactive biomaterials, while CTAB only served to improve surface charge and antimi-
crobial properties. Overall, this work offers a comparative multifunctional assessment
of the properties of CTAB and cellulose nanoparticles for their use in biomedicine and
catalysis. Additional studies on long-term biocompatibility, ideal dosage conditions, and
mechanisms of action are strongly advised for future biomedical applications.
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