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Abstract

Effective wound management and treatment are crucial in clinical practice, yet existing strategies often fall short in fully addressing the
complexities of skin wound healing. Recent advancements in tissue engineering have introduced innovative approaches, particularly through the
use of nanobiomaterials, to enhance the healing process. In this context, titanium dioxide nanoparticles (TiO, NPs) have garnered attention due
to their excellent biological properties, including antioxidant, anti-inflammatory, and antimicrobial properties. Furthermore, these nanoparticles
can be modified to enhance their therapeutic benefits. Scaffolds and dressings containing TiO, NPs have demonstrated promising outcomes in
accelerating wound healing and enhancing tissue regeneration. This review paper covers the wound healing process, the biological properties
of TiO, NPs that make them suitable for promoting wound healing, methods for synthesizing TiO, NPs, the use of scaffolds and dressings
containing TiO2 NPs in wound healing, the application of modified TiO, NPs in wound healing, and the potential toxicity of TiO, NPs.
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Highlights

« Titanium dioxide nanoparticles (TiO; NPs) exhibit antioxidant, anti-inflammatory, and antimicrobial properties, making them suitable for wound healing

applications.

¢ Top-down and bottom-up approaches can be used for the synthesis of Ti0; NPs.

* Ti0; NPs can be modified to enhance their biological properties.

Background

The skin plays a crucial role in protecting against external
agents [1]. It serves as a barrier, safeguarding underlying tis-
sues, and is responsible for sensing external stimuli, regulating
body temperature, preventing moisture loss, and assisting in
the synthesis of vitamin D3. To carry out these functions
effectively, the structural integrity of the skin is of utmost
importance. However, this integrity can be compromised by
a range of factors, including injuries, diseases, and surgical
procedures [2, 3]. A skin wound refers to damage to the
integrity of this tissue, disrupting its normal structure and
functions [4]. These wounds can vary in severity, ranging
from minor cuts to more significant wounds such as burns,
lacerations, and puncture wounds. Severe damage to the skin
can pose significant risks to human health and even life,
underscoring the importance of the regeneration process in
restoring body homeostasis [3, 6].

Wounds can be categorized in various ways based on dif-
ferent factors [7]. They are typically classified into two types:

Scaffolds and dressings incorporating TiO; NPs can effectively support the multifactorial nature of the wound healing process.

acute and chronic. This classification is primarily based on
the healing time and the etiology of the wound [8]. Acute
wounds typically result from surgical incisions, mechanical
trauma, or burns, and they generally heal faster compared to
chronic wounds. In contrast, chronic wounds can take more
than three months to heal and are frequently associated with
persistent inflammation and significant scarring. Examples of
chronic wounds include pressure ulcers, diabetic foot ulcers,
arterial ulcers, venous ulcers, wounds related to aging, and
chronic wounds resulting from inadequate management of
acute wounds [9, 10]. Chronic wounds pose a significant
clinical problem, comprising roughly 35% of all wounds and
placing a substantial financial burden on both patients and
the healthcare system [35, 9].

In recent years, various treatment approaches have been
developed for chronic wounds, with skin autografts being
considered the preferred and widely accepted method. This
approach involves removing healthy skin tissue from unaf-
fected areas of the patient’s body and transplanting it onto

Received: June 28, 2024. Revised: October 16, 2024. Editorial decision: October 16, 2024

© The Author(s) 2025. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://orcid.org/0000-0002-6952-1109
https://orcid.org/0000-0002-0586-572X

 8449
15266 a 8449 15266 a
 
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com
mailto:hamednosratibio@gmail.com

the wound site [11, 12]. However, this approach has its
limitations; it is not appropriate for wounds that cover >60%
of the patient’s total body surface area. Additionally, there
may be insufficient and delayed regeneration of the dermis at
the donor site, leading to significant scarring. Complications
such as pain, pigmentation disturbance, and hair regeneration
issues can also arise [9, 13]. Although skin autografts are
currently effective for treating chronic wounds, they may not
always be the optimal choice for every patient. Given these
limitations, it is crucial to develop alternative approaches
and conduct further studies to address the clinical concerns
associated with the management and treatment of chronic
wounds.

The fields of tissue engineering and regenerative medicine
are rapidly evolving, presenting immense potential for
effectively addressing the treatment of difficult-to-heal skin
wounds [14]. The process of wound healing is intricate,
involving the synchronized interaction of diverse cells,
proteins, and signaling molecules [15]. While conventional
methods have shown effectiveness in treating various types
of wounds, tissue engineering offers alternative strategies
that can be more effective, particularly for severe or chronic
wounds. These innovative approaches involve the utilization
of biocompatible materials, cells, bioactive factors, and
other biological components to accelerate and enhance the
wound healing process [16, 17]. Furthermore, the field of
nanotechnology has emerged as a promising area of research
in wound healing. Nanomaterials, with their unique character-
istics—including nanoscale size, high surface-to-volume ratio,
and customizable surface chemistry—exhibit exceptional
potential for wound healing applications. Nanomaterial-
based approaches have been employed to significantly
promote wound healing by supporting cell proliferation and
migration, reducing inflammation, increasing the formation
of new blood vessels, and enhancing antimicrobial activity
against a broad spectrum of microorganisms [18-20].

In recent years, there has been significant interest in explor-
ing the potential biomedical uses of titanium dioxide nanopar-
ticles (TiO, NPs). Although research specifically targeting
TiO, NPs for wound healing is still relatively limited, there
has been an increase in exploration in this field over the
past decade, according to the PubMed database (Figure 1).
TiO, NPs exhibit promising biological properties, including
antioxidant, anti-inflammatory, and antimicrobial properties,
making them desirable for wound healing [21, 22]. Moreover,
TiO, NPs can be modified through processes such as dop-
ing, coating, or surface functionalization, which can enhance
their biological properties [22, 23]. Additionally, scaffolds
and dressings incorporating TiO NPs have been shown to
significantly improve the wound healing process [24-26].

The following sections will discuss the structure of the skin,
the wound healing process, the biological properties of TiO,
NPs that make them suitable for wound healing applications,
methods for synthesizing TiO, NPs, the use of scaffolds and
dressings containing TiO, NPs for wound healing, modified
TiO NPs and their role in wound healing, and the potential
toxicity of TiO, NPs.

Review
Structure of the skin

The skin, the body’s largest organ, serves as a protective
barrier between internal organs and the external environment
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[27]. Tt consists of two main layers: the epidermis and the
dermis. The epidermis, the outer layer, is made up of four
primary layers: the stratum basale, stratum spinosum, stratum
granulosum, and stratum corneum. In the thick skin of the
palms and soles, an additional layer known as the stratum
lucidum is also present, located between the stratum gran-
ulosum and the stratum corneum [5]. The stratum basale
is composed of cuboidal to columnar cells, predominantly
keratinocytes, which continuously divide and push upwards
to replace the cells in the outer layers of the epidermis. As these
daughter cells migrate toward the surface, they transition into
the outer layers and are eventually shed as dead, keratinized
cells [28]. The basal cells also play a critical role in establishing
the basement membrane, which is a crucial interface that
separates the epidermis from the dermis [29]. Beneath the
epidermis lies the dermis, which comprises the bulk of the
skin and provides its tensile strength, elasticity, and pliability
[30]. This layer contains various cell types, such as fibrob-
lasts, macrophages, and mast cells [31]. However, fibroblasts
are the dominant cells and are crucial for the synthesis of
extracellular matrix (ECM) components [32]. They also play
a critical role in wound healing [33]. The dermis also contains
important structures such as hair follicles, sebaceous glands,
blood vessels, sweat glands, and nerve endings [34]. Below the
dermis is the hypodermis (subcutaneous tissue or superficial
fascia), which primarily consists of fat and loose connective
tissue. It functions as an energy reservoir, acts as a protective
cushion, and insulates the body to prevent heat loss [30,
35]. The subcutaneous tissue is also considered an endocrine
organ, converting androstenedione into estrone by aromatase.
Additionally, adipocytes produce leptin, a hormone that helps
regulate body weight [31, 36].

The wound healing process

The process of wound healing is the body’s effort to restore
the disrupted structure and function of the epidermis, dermis,
and underlying layers that have been affected by an injury. The
healing of skin wounds is a complicated biological process
that involves various types of cells and chemical substances
[37]. The process of wound healing occurs in four overlapping
phases: hemostasis, inflammation, proliferation, and remod-
eling [38]. The duration of each phase can differ depending
on the type and severity of the wound [39].

Hemostasis is the initial stage of wound healing, charac-
terized by the body’s natural response to stop bleeding and
prevent further blood loss. When an injury occurs, blood
vessels in the affected area constrict to reduce blood flow and
minimize bleeding. Platelets gather at the site of injury and
form a platelet plug. Through a cascade of reactions, these
activated platelets trigger the conversion of fibrinogen into
fibrin, forming a mesh-like structure that traps blood cells and
platelets, resulting in clot formation. This clotting process is
reinforced by various clotting factors, ultimately leading to the
formation of a stable blood clot [40, 41].

The inflammatory phase begins promptly following an
injury and typically persists for ~48 hours. During the inflam-
matory phase of wound healing, a series of complex pro-
cesses occur to protect the body against infection and initiate
the healing process. The primary goal of this phase is to
remove debris or foreign pathogens from the wound site.
During this stage, there is a notable influx and migration
of immune cells, including neutrophils, lymphocytes, and
monocytes [5]. Neutrophils possess multiple mechanisms to
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Figure 1. The number of publications on “Wound healing” and “Titanium dioxide nanoparticles in wound healing” per year from 2013 to 2023, according

to the PubMed database

eliminate bacteria, foreign particles, and damaged tissue. They
are equipped with the ability to engulf and destroy foreign
particles through phagocytosis. In addition to phagocytosis,
neutrophils can also degranulate and release a range of sub-
stances, such as eicosanoids and cationic peptides, as well
as proteinases like elastase, proteinase 3, cathepsin G, and
urokinase-type plasminogen activator. These substances aid
in the removal of bacteria and dead host tissue. As a by-
product of neutrophil activity, oxygen-derived free radical
species are generated, which possess bactericidal properties
[42,43]. After completing their task, neutrophils may undergo
apoptosis, be sloughed from the wound surface, or be phago-
cytosed by macrophages [42]. Macrophages have multiple
functions, including promoting and resolving inflammation,
defending the host against pathogens, removing apoptotic
cells, and supporting cell proliferation and tissue restoration
[44, 45].

The proliferation phase typically occurs 2 to 10 days after
the injury, and its progression depends on the interactions
between different cell types. During this phase, several impor-
tant processes take place. Angiogenesis, the formation of new
blood vessels, is a key event, providing oxygen and nutri-
ents essential for the healing tissue. This process is crucial
for proper wound healing. Additionally, granulation tissue
is formed, consisting of new blood vessels, fibroblasts, and
ECM components such as collagen, elastin, proteoglycans,
and hyaluronic acid. Granulation tissue fills the wound bed
and provides a framework for tissue regeneration. Fibroblasts,

responsible for producing collagen and other ECM compo-
nents, proliferate in the wound area. They migrate into the
wound bed and deposit new collagen to strengthen the healing
tissue. Simultaneously, re-epithelialization occurs as epithelial
cells at the wound edges migrate and proliferate, gradually
covering the wound surface to restore the skin’s protective
barrier [37, 46, 47]. Some fibroblasts can differentiate into
myofibroblasts, which have contractile properties that aid
in wound contraction, reducing the size of the wound and
bringing the wound edges closer together. Both fibroblasts
and myofibroblasts play a role in synthesizing and depositing
collagen, ultimately leading to the gradual strengthening of
the healing tissue. Maintaining a delicate equilibrium between
the deposition and degradation of ECM components is of
utmost importance, as any disruption in this process can lead
to abnormalities in scarring [48, 49].

During the remodeling phase, the focus shifts from the
formation of new tissue to the remodeling and maturation
of the existing tissue. This phase begins 2 to 3 weeks after
the injury and can continue for up to 1 year or more. In
this phase, apoptosis of unneeded endothelial cells, fibrob-
lasts, and inflammatory cells occurs, helping in scar tissue
maturation. Type III collagen is replaced with type I collagen,
a process facilitated by matrix metalloproteinase enzymes
produced by fibroblasts, macrophages, and endothelial cells.
Over time, tensile strength improves as collagen fibers align
more finely. However, the reconstructed tissue will never fully
regain the strength of undamaged skin [37, 46].
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Figure 2. The process of wound healing is typically described as occurring through four primary stages: Hemostasis, inflammation, proliferation, and
remodeling. Each phase has distinct molecular and cellular activities taking place. The progression through each stage is orchestrated by signaling
molecules secreted by cells involved in the wound healing process. Reprinted with permission from [50]

Figure 2 provides a detailed illustration of the four stages
of the wound healing process.

Biological properties of TiO, NPs for wound
healing applications

The promising results obtained from studies on the bio-
logical properties of TiO; NPs have established a grow-
ing trend of interest in exploring their potential to improve
the wound healing process. Excessive production of reactive
oxygen species (ROS) can lead to oxidative stress and tis-
sue damage, which can impair the wound healing process
[51]. TiO; NPs possess antioxidant properties, protecting
the wound from oxidative stress and providing a desirable
environment for the progression of the healing process [52].
While inflammation is a natural and necessary part of the
initial stages of wound healing, prolonged inflammation can
disrupt this process, potentially leading to complications and
delaying the formation of new tissue [53, 54]. Studies have
demonstrated the anti-inflammatory activity of TiOy NPs [55,
56]. This could support the timely progression of the wound
healing process and enhance overall healing outcomes. Addi-
tionally, TiO, NPs have antimicrobial properties, effectively

inhibiting the growth of a wide range of microorganisms
[57]. This characteristic could potentially aid in the prevention
of infections, thereby promoting faster and more efficient
healing. In this section, some of the most important biological
properties of TiO, NPs that make them a promising candidate
for the development of advanced wound healing therapies are
discussed.

Antioxidant and anti-inflammatory properties

ROS are highly reactive molecules containing oxygen atoms
[58]. They play a crucial role in various cellular processes
and can have both beneficial and detrimental effects. ROS
are generated as natural byproducts of aerobic metabolism,
particularly in mitochondria [59], but they can also be pro-
duced in response to external factors such as pollutants, radi-
ation, or exposure to nanomaterials [60, 61]. Excessive ROS
production can lead to oxidative stress, causing damage to
lipids, proteins, and DNA, which can disrupt cellular func-
tion and contribute to aging, inflammation, and various dis-
eases, including cancer and neurodegenerative disorders [62—
64]. Cells neutralize ROS through antioxidants like super-
oxide dismutase, catalase, and glutathione peroxidase, which
help maintain a balance between ROS and antioxidants [65].
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Maintaining a balance between ROS and antioxidants is
essential for cellular homeostasis. Excessive ROS production
can overwhelm the antioxidant defense mechanisms, resulting
in oxidative damage and cellular dysfunction [66]. On the
other hand, an excessive amount of antioxidants can dis-
rupt normal redox signaling pathways, leading to detrimental
effects [67]. Thus, a delicate balance between ROS and antiox-
idants is crucial for maintaining cellular health and preventing
various diseases associated with oxidative stress.

TiO, NPs have been documented to exhibit protective
properties against ROS. Akinola et al. evaluated the antiox-
idant properties of TiO; NPs synthesized using leaf, pod,
seed, and seed shell extracts of the kola nut tree (Cola
nitida) by assessing their antioxidant activity through 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging and
hydrogen peroxide scavenging assays. The biosynthesized
nanoparticles exhibited antioxidant properties by scavenging
DPPH at concentrations ranging from 10 to 80 pg/ml,
with responses ranging from 32.61% to 62.06%. Among
these nanoparticles, those mediated by kola seed showed the
highest antioxidant activity of 62.06% at 80 wug/ml, while
TiO, NPs synthesized from the seed shell extract displayed
the lowest activity of 32.61% at 10 ug/ml. Furthermore,
the biosynthesized TiO, NPs showed significant scavenging
activities of 78.45%-99.23% against hydrogen peroxide
(H,03) in a concentration-dependent manner [68]. In a
study conducted by Ajmal et al., TiO, NPs were synthesized
using extracts from Prunus domestica L. (Plum), P. persia L.
(Peach), and Actinidia deliciosa (Kiwi) peels. The researchers
evaluated the antioxidant activity of these nanoparticles
through various assays, including the DPPH free radical
scavenging assay, hydrogen peroxide scavenging assay, nitric
oxide scavenging activity assay, and reducing power assay. The
antioxidant activity of the nanoparticles was compared to that
of standard compounds like butylated hydroxytoluene and
ascorbic acid. The results of the DPPH free radical scavenging
assay indicated that the TiO, NPs synthesized using fruit
peels exhibited concentration-dependent activity. At lower
concentrations, the scavenging activity was relatively low,
but it increased as the concentration rose, reaching levels
comparable to butylated hydroxytoluene. Plum peel-mediated
nanoparticles showed scavenging activity ranging from 10%
to 79%, Kiwi peel-mediated nanoparticles ranged from
11% to 69%, and Peach peel-mediated nanoparticles ranged
from 8% to 59%, compared to butylated hydroxytoluene,
which ranged from 43% to 85%. These measurements were
taken at concentrations ranging from 10 to 100 ug/ml
Regarding the hydrogen peroxide scavenging assay, the TiO,
NPs derived from fruit peels demonstrated good scavenging
potential, especially at higher concentrations. At 100 pug/ml,
the nanoparticles exhibited scavenging percentages ranging
from 57% to 72%. However, at a lower concentration
of 10 ug/ml, the scavenging activity was relatively low,
ranging from 4% to 9%. Plum peel-mediated TiO; NPs
displayed the highest scavenging activity, followed by Kiwi
peel-mediated TiO, NPs and Peach peel-mediated TiO, NPs.
The nitric oxide scavenging activity assay revealed that the
TiO, NPs exhibited concentration-dependent scavenging of
NO radicals. At 100 wg/ml, Plum peel-mediated TiO, NPs
showed scavenging percentages ranging from 12% to 78%,
Kiwi peel-mediated TiO; NPs ranged from 8% to 61%, and
Peach peel-mediated TiO, NPs ranged from 4% to 52%.

The scavenging activity of the nanoparticles was relatively
good compared to ascorbic acid. In the reducing power
assay, the fruit peel extract-mediated TiO, NPs displayed
good reducing power, particularly at higher concentrations,
although it was lower than that of the antioxidant butylated
hydroxytoluene. Plum peel-mediated TiO; NPs ranged from
9% to 74% in reducing power, Kiwi peel-mediated TiO,
NPs ranged from 7% to 68%, and Peach peel-mediated
TiO, NPs ranged from 1% to 59%, whereas butylated
hydroxytoluene ranged from 46% to 85% [69]. According to
the literature, studies have reported the antioxidant activity
of TiO, NPs synthesized using extracts from Psidium guajava
[70], Artemisia haussknechtiileaf [71], and green tea leaf [72].

As previously discussed, excessive and prolonged pro-
duction of ROS can result in oxidative stress, leading to
inflammation and tissue damage. TiO, NPs demonstrate
anti-inflammatory characteristics by efficiently scavenging
ROS, which helps alleviate oxidative stress and may reduce
inflammation and tissue damage. Chahardoli et al. evaluated
the anti-inflammatory potential of caffeic acid-mediated
synthesized TiO; NPs by assessing their ability to inhibit
the denaturation of bovine serum albumin (BSA) protein. The
results showed that at concentrations of 31.25 and 500 pg/ml,
the synthesized TiO; NPs inhibited BSA denaturation by
70% and 85.7%, respectively. These levels of inhibition
were comparable to that of the reference anti-inflammatory
drug diclofenac sodium, which inhibited BSA denaturation
by 76.7% and 90.9% at the same concentrations [73]. In a
study conducted by Bharathy et al., the anti-inflammatory
activity of TiO, NPs synthesized using Gymnema sylvestre
and Panicum sumatrense was assessed using the albumin
denaturation method in vitro. The results demonstrated that
the percentage of protein denaturation inhibition increased
with increasing concentrations of the synthesized TiO, NPs
from 20 to 100 pug/ml. At a concentration of 100 ug/ml,
TiO; NPs synthesized from Gymmnema sylvestre exhibited
a 93.524+6.40% inhibitory effect on protein denaturation,
while TiO, synthesized from Panicum sumatrense showed
82.80 £ 0.37% inhibition. Diclofenac sodium was used as the
standard, and showed a 96.25 +6.73% inhibitory effect at
100 ug/ml [55]. These findings demonstrate the promising
anti-inflammatory activity of TiO, NPs, indicating their
potential for applications in biomedical research.

Antibacterial activity

TiO, NPs are widely studied for their antimicrobial proper-
ties. They exhibit bactericidal photocatalytic activity, possess
self-cleaning properties, and are considered safe for use. The
antimicrobial activity of TiO; is attributed to the generation
of ROS, which affect bacterial cells through various mech-
anisms, ultimately leading to their death [57, 74]. Bacteria
possess enzymatic antioxidant defense systems and natural
antioxidants, but when overwhelmed by ROS, a series of
redox reactions can occur, altering essential structures and
metabolic pathways, ultimately leading to cell death [57,
75]. In this subsection, the specific ways in which cellular
structures are affected by TiO, NPs are discussed.

ROS generated by TiO, NPs can cause oxidative damage
to various organic structures of microorganisms. One such
structure is the cell wall, which serves as the first line of
defense against environmental threats. The composition of
the cell wall differs depending on the type of microorganism.
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For example, Gram-positive bacteria have multiple layers of
peptidoglycan and teichoic acids while Gram-negative bacte-
ria have a thin layer of peptidoglycan surrounded by a lipid
membrane reinforced with lipopolysaccharides and lipopro-
teins [76, 77]. As a result, the effects of TiO, NPs on the cell
wall can vary depending on the type of bacteria. The cell wall
of Escherichia coli (a Gram-negative bacterium) is sensitive
to peroxidation caused by TiO; [78]. Exposure of Pseu-
domonas aeruginosa PAO1 cells to TiO;,-based nanocom-
posites has been found to cause the downregulation of cer-
tain genes related to the cell wall, including those involved
in lipopolysaccharide and peptidoglycan metabolism, pilus
biosynthesis, and protein insertion [79].

The cell membrane provides the cell with a flexible cover,
permeability, and protection. Many studies on TiO, NPs have
focused on the disruption of cell membrane integrity caused
by the oxidation of phospholipids by ROS such as hydroxyl
radicals and hydrogen peroxide. This oxidation leads to an
increase in membrane fluidity, leakage of cellular contents,
and ultimately cell lysis [80, 81]. In contrast to the down-
regulated expression of genes related to the cell wall, genes
encoding enzymes involved in lipid metabolism, essential for
cell membrane structure, are overexpressed in P. aeruginosa
PAO1 cells exposed to TiO;-based nanocomposites [79]. This
suggests that the cells may compensate for initial cell wall
damage by reinforcing the cell membrane.

Mitochondria, being a natural source of ROS in aerobic
metabolism, produce superoxide anions through the electron
transfer process within respiratory chain. However, mitochon-
dria possess enzymatic defense mechanisms, such as super-
oxide dismutase, glutathione peroxidase, and catalase [57,
82]. The presence of TiO, NPs increases the production of
ROS to a level that surpasses the capacity of the enzymatic
defense mechanisms to attenuate the damage. This excessive
ROS production can lead to a dysregulation in the electron
transfer process within the mitochondrial respiratory chain,
resulting in further ROS generation [83].

Damage to DNA at the molecular level has a profound
impact on the regulation of various microbial processes,
such as metabolism, replication, transcription, and cell
division [57]. DNA is highly susceptible to oxidative damage,
particularly from hydroxyl radicals (OH") generated through
the Fenton reaction [84]. These radicals may attack the
sugar-phosphate backbone or nucleobases of DNA, leading
to strand breaks [85]. The detrimental effects of DNA
strand modifications are more severe compared to base
modifications [57]. Mitochondrial DNA is particularly
vulnerable to oxidative damage as it is located in close
proximity to cellular sources of ROS [86]. To counteract DNA
damage, cells possess enzymatic detoxification systems [57].
Kubacka et al. demonstrated that detoxification and stress-
related genes, including those involved in posttranslational
modification, protein turnover, chaperones, as well as
DNA replication, recombination, modification, and repair,
exhibited upregulated expression in P. aeruginosa PAO1 cells
treated with TiO,-UV [79].

Iron is important for cell growth and survival, but mal-
function in regulating iron levels can lead to toxicity. Bacteria
can regulate iron concentration using siderophores [87, 88].
It has been observed that the expression of genes related
to siderophore synthesis and iron transport decreases in the
presence of TiO;-based nanocomposites, resulting in reduced
iron assimilation and cell death [79].
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Antifungal activity

TiO, NPs have been found to have antifungal activity against
various species of fungi. Irshad et al. synthesized TiO, NPs
through chemical and green methods, and evaluated anti-
fungal activity of the nanoparticles against Ustilago tritici,
a pathogenic plant fungus that causes significant damage to
wheat crops. The synthesized TiO, NPs exhibited inhibitory
effects on fungal growth at various concentrations of 25,
50, and 75 pg/ml [89]. George et al. conducted a study to
assess the antifungal activity of zinc oxide nanoparticles (ZnO
NPs) and TiO, NPs compared to their bulk-particular forms,
as well as Amphotericin-B and Miconazole. They treated
eight fungal cultures (Aspergillus niger, Trichophyton, Fonse-
caea, A. flavus, Rbizopus oryzae, Fusarium, Ramichloridium
schulzeri, and Cladosporium) isolated from infected skin and
dandruff flakes with the nanoparticles and evaluated their
growth inhibition. The results showed that the nanoparti-
cles were more effective than their bulk counterparts and
almost equally efficient as Amphotericin-B, with ZnO NPs
demonstrating higher antifungal activity than TiO, NPs. The
study suggests that both nanoparticles could be potential
alternatives to current antifungal drugs in topical applica-
tions for treating mycosis, due to their high surface area
to volume ratio, non-specific activity, and lower chances of
resistance development. Additionally, the use of nanoparticles
may reduce the risk of severe side effects associated with tradi-
tional antifungal drugs [90]. Other studies have also reported
the antifungal activity of TiO, NPs against various fungi,
such as Candida albicans (91, 92), Fusarium graminearum
[93], Penicillium expansum AL1 [94], E oxysporum [95],
Macrophomina phaseolina [96], A. niger, A. fumigatus, A.
nidulans, and A. flavus [97].

As previously mentioned, depending on the type of microor-
ganism, the cell wall has different composition. In fungi
and yeast, cell walls are mainly composed of chitin and
polysaccharides [57]. Liu et al. focused on evaluating the
effects of TiO, NPs on Pichia pastoris. They found that
the composition of the yeast’s cell wall changed in the pres-
ence of TiO, NPs, with an increase in chitin content as a
response to the ROS effects. The growth inhibition assays
revealed that TiO; NPs had an inhibitory effect on yeast
cells. The study further investigated the toxic mechanism and
demonstrated that the nanoparticles caused toxicity through
damage to the cell wall and cell membrane, as well as the
accumulation of ROS. Interestingly, the toxicity was not asso-
ciated with apoptosis or autophagy. The study demonstrated
that TiO, NPs possess toxicity towards P. pastoris, primarily
through impairing the ROS-scavenging system and disrupting
the cycle and regulation of reduced glutathione, resulting
in ROS accumulation [98]. It has also been demonstrated
that, in the presence of TiO, NPs and UV light, hydroxyl
radicals, hydrogen peroxide, and superoxide anions initially
promote oxidation of the membrane, leading to an unbal-
ance in cell permeability, and potentially causing decompo-
sition of cell walls. This oxidation can inhibit cell respira-
tion by affecting intracellular membranes in mitochondria
[57,99].

TiO2 NPs synthesis methods

Nanoparticles can generally be synthesized using either top-
down or bottom-up approaches (Figure 3). The top-down
approach involves reducing bulk materials into nanoscale
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Figure 3. Top-down and bottom-up approaches for nanoparticle synthesis

particles, typically through physical techniques. In contrast,
the bottom-up approach constructs nanoparticles by assem-
bling atoms or molecules into larger nanostructures, often
through chemical reactions or self-assembly processes [100,
101].

Each of the physical, chemical, and biological methods of
nanoparticle synthesis reflects the underlying principles of
either the top-down or bottom-up approach [100]. Physical
methods such as ball milling [102], laser ablation [103],
and wire explosion process [104], are examples of the top-
down approach for synthesizing TiO, NPs. On the other
hand, chemical methods, such as the sol-gel method [105],
hydrothermal synthesis [106], and chemical vapor condensa-
tion [107], typically follow the bottom-up approach. These
methods allow for greater control over particle size and shape
by building nanoparticles from the molecular or atomic level
[100]. In recent years, green synthesis methods have gained
attention as an alternative, offering a more environmentally
friendly and cost-effective way to produce nanoparticles [108,
109]. These techniques utilize biological agents to mediate the
synthesis of nanoparticles [110]. In this context, the synthesis
of TiO, NPs typically involves the reduction of titanium
precursors using natural reducing agents, which also function
as capping agents to reduce agglomeration [100]. A variety
of studies have demonstrated the successful synthesis of TiO;
NPs using plant extracts. For example, the synthesis of TiOy
NPs has been reported using extracts from Phyllanthus niruri
leaves [111], Annona squamosa peels [112], Kniphofia foliosa
roots [113], and Caesalpinia pulcherrima flowers [114]. Addi-
tionally, microorganisms, including fungi such as A. flavus
[115], E oxysporum [116], and Trichoderma citrinoviride
[117]; bacteria such as Aeromonas bydrophila [118], Strep-
tomyces sp. HC1 [119], and Bacillus cereus [120]; and yeasts
such as Saccharomyces cerevisiae [121], have been used for
the biosynthesis of TiO, NPs.

Scaffolds and dressings containing TiO, NPs for
wound healing applications

While enhancing wound healing remains an ongoing chal-
lenge, several studies in recent years have developed various
biomaterial-based scaffolds and dressings loaded with TiO,
NPs for applications in skin tissue engineering and wound
healing. As summarized in Table 1, promising efforts have
utilized different biomaterials and fabrication techniques
to create structures containing TiO, NPs. These studies
demonstrate the potential of nanocomposite scaffolds and

Bottom-up

dressings in accelerating wound healing and promoting skin
regeneration.

Electrospun fibers

Electrospun fibers are ultrafine fibers produced through elec-
trospinning. In this technique, a high voltage is applied to
a polymer solution or melt, causing the solution to form
a jet that is then stretched and solidified into fibers as it
travels towards a grounded collector. This process allows for
the production of nanofibers with a high surface area-to-
volume ratio, high porosity, and controlled fiber alignment
[145-147]. By controlling parameters such as polymer con-
centration, solvent choice, applied voltage, and flow rate, the
properties of electrospun scaffolds can be tailored to meet
specific requirements [145]. Electrospun scaffolds can mimic
the ECM [148]. They can facilitate cell adhesion, prolifera-
tion, and migration [5]. These scaffolds also provide physical
support, protecting the wound and supporting the regener-
ation process. The porous structure of electrospun scaffolds
facilitates the exchange of oxygen and nutrients, which is
crucial in the wound healing process [149, 150]. Additionally,
the large surface area of electrospun nanofibers allows for
the incorporation of bioactive agents and nanomaterials that
can further enhance wound healing. Electrospun nanofibers
incorporating bioactive agents, such as growth factors or
antimicrobials, can promote wound healing by providing
localized and sustained release of therapeutic molecules [151,
152]. Nanomaterials can also be incorporated into electro-
spun nanofibers to provide various functionalities, such as
antimicrobial properties [153], enhanced mechanical strength
[154], or improved angiogenesis [155].

Some studies have focused on designing and developing
electrospun constructs incorporated with TiO, NPs for
wound healing applications. For instance, Motasadizadeh
et al. focused on the development and evaluation of
PVA/chitosan-g-poly(N-vinyl imidazole) (PVA/CS-g-PNVIM)
wound dressings containing TiO, NPs/curcumin (CUR)
for enhanced wound healing (Figure 4). They emphasized
the multifunctional properties of these dressings and their
potential for practical application in wound management.
The mechanical, structural, and biological properties of
the nanofiber dressings were thoroughly investigated using
various techniques. It was found that the dressings displayed
excellent mechanical and hydrolytic degradation stability,
indicating their potential durability in a wound environ-
ment. DPPH assay indicated that the antioxidant activity
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Figure 4. (a) Curcumin and TiO, NP contents of PVA/CS-g-PNVIM-based wound dressings (note: All dressings were prepared using 0.3 g of CS-PNVIM
and 10 g of PVA (8% w/w)). (b) SEM images of human fibroblast adhesion after 24 hours of culture on each sample. (e) Viability of fibroblasts cultured on
each sample for 24 and 72 hours. (d) Swelling ratio of heated and unheated D and L dressings. (e) Degradation of heated and unheated D and L
dressings. (f) Antioxidant activity of A, D, and L dressings. (g) Antibacterial activity of the prepared dressings against E. coli and S. aureus using the disc
diffusion assay. The colonies of E. coli and S. aureus after treatment with samples A, L, and D are also shown. (h) Macroscopic images of the healing
wounds on days 0, 3, 7 10, and 14 treated with A, D, and L dressings. The wounds of the control group were treated with sterile cotton gauze. (i & j)
Masson'’s trichrome and H&E staining of the control group and wounds treated with A, L, and D dressings for 7, 10, and 14 days. Inflammatory cells are
indicated by black arrows, while red arrows indicate hair follicles. EP and DR refer to epidermis and dermis, respectively. Adapted with permission from

Elsevier [129]

of CUR-containing nanofibers increased over time, with
nanofibers containing higher concentrations of CUR showing
greater antioxidant potency, reaching up to 82% after
40 minutes. Additionally, the CS-g-PNVIM-based nanofibers
demonstrated remarkable antibacterial activity against both
E. coli and S. awureus. Importantly, these nanofibers did
not exhibit cytotoxicity towards normal fibroblast cells,
ensuring their biocompatibility. In wvivo studies further
supported the efficacy of CS-g-PNVIM-based nanofibers in
promoting wound closure and epithelial layer formation,
demonstrating their effectiveness in supporting the wound
healing process and tissue regeneration. The dressings,
particularly those containing TiOy NPs and CUR, showed
improved wound healing effects with reduced inflammatory
responses, increased collagen distribution and maturation,
and enhanced re-epithelialization [129].

3D-printed scaffolds/dressings

3D printing, also known as additive manufacturing, is a
process that creates three-dimensional objects by layering
material in a controlled manner based on a digital design
[156]. This technology has diverse applications in fields such
as aerospace [157], automotive industry [158], healthcare
[159], architecture [160], and manufacturing [161], enabling
rapid prototyping, customization, and the creation of complex

geometries. In biomedical applications, 3D printing facilitates
the fabrication of complex structures with precise control over
geometry and internal architecture, allowing the creation of
patient-specific constructs for tissue regeneration [162, 163].
In wound healing applications, 3D-printed constructs offer
several advantages. They can be designed to match the specific
shape and size of the wound, effectively covering the wound
area [164]. The porous structure of these constructs allows
for the infiltration of cells and nutrients, promoting tissue
regeneration [165]. Furthermore, 3D printing enables the
incorporation of drugs, growth factors, and bioactive agents
into the constructs, which can significantly enhance wound
healing [166-168]. The ability to precisely control the compo-
sition and spatial distribution of these components within the
3D-printed constructs allows for the development of tailored
and targeted therapeutic approaches [168, 169]. 3D-printed
scaffolds/dressings incorporating nanoparticles with specific
therapeutic properties have been shown to effectively enhance
wound healing [168, 170, 171].

Yang et al. developed a 3D-printed wound dressing using
a combination of gelatin methacrylate (GelMA) and xanthan
gum as the base material, enhanced with N-halamine and
TiO, NPs for improved antibacterial properties. The prepared
dressing exhibited an excellent swelling ratio and water
uptake capacity. The introduction of TiO, NPs via in-situ
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Figure 5. (a) SEM images and element mapping of GX2 (i) and GX2-TiO,-PSPH-CI (ii) wound dressings. (b) Antibacterial activity of GX2, GX2-TiO,, and
GX2-TiO,-PSPH-CI dressings against S. aureus (i) and E. coli O157:H7 (i), using the disc diffusion assay. (¢) SEM images showcasing the
biofilm-controlling effects of GX2 dressing against S. aureus (i) and E. coli O157:H7 {iii), and GX2-TiO,-PSPH-CI dressing against S. aureus (ii) and E. coli
0157:H7 (iv). (d) CCK-8 assay results demonstrating the viability of human embryonic kidney 293 T (HEK 293 T) cells after incubation for 4, 12, 24 and
48 hours (*P <0.05, **P <0.01, and ***P < 0.001). (e) Morphology of HEK 293 T cells after incubation for 24 hours. i-iv represent negative control,
control, GX2, and GX2-TiO,-PSPH-CI groups, respectively. (f) The effects of gauze, GX2, and GX2-TiO,-PSPH-CI dressings on the excisional wounds in
BALB/c mice. (g & h) Wound size reduction percentage and complete closure time of the excisional wounds treated with gauze, GX2, and
GX2-TiO,-PSPH-CI dressings (*P < 0.05). (GX2: GelMA/xanthan gum dressing containing 2 wt% xanthan gum, GX2-TiO,: GelMA/xanthan gum/TiO, NPs
dressing, and GX2-TiO,-PSPH-CI: GelMA/xanthan gum/TiO, NPs/N-halamine dressing). Adapted with permission from Elsevier [131]

synthesis not only improved the UV stability of the N-
halamines but also enhanced the antibacterial activity of
the dressing against S. aureus and E. coli O157:H7. The
bacterial biofilm test further indicated the ability of the 3D-
printed dressing to inhibit biofilm formation. Additionally, the
dressing exhibited good biocompatibility and significantly
accelerated the healing of excisional wounds in BALB/c
mice, suggesting that the developed 3D-printed dressing is a
promising candidate for effective wound treatment (Figure 5)
[131].

Casted films

Casted films are of interest in wound healing applications
due to their versatility and efficacy. These films can serve
as protective barriers, shielding wounds from external con-
taminants while providing an optimal environment for tissue
regeneration. Moreover, they can be loaded with therapeutic
agents, such as antibiotics, growth factors, and other bioactive
agents to accelerate the healing process. Casted films offer
significant advantages, such as simple fabrication, versatility
in using a variety of biomaterials, and the accessibility of

relatively inexpensive equipment, making them efficient and
cost-effective candidates for wound healing applications. The
fabrication process typically involves a casting process in
which the desired materials are mixed and poured into molds,
allowing for the customization of specific shapes and sizes
[172-174].

Ismail et al. conducted a study aiming to investigate the
potential of TiOy NPs-incorporated gellan gum (GG + TiO;-
NPs) film as an antibacterial wound dressing prepared by
an evaporative casting technique. The GG + TiO,-NPs film
exhibited favorable physicochemical and mechanical prop-
erties suitable for wound healing applications. Additionally,
the prepared GG+ TiO,-NPs film demonstrated significant
antibacterial properties against both S. aureus and E. coli,
with no such effects observed for pure gellan gum (GG) film.
In vitro tests on 3 T3 mouse fibroblast cells showed that
cell spreading increased over time for both films, with the
GG +TiO,-NPs film demonstrating the highest number of
adhered cells compared to the GG film and tissue culture
polystyrene plate (TCPP). After 72 hours, the cell count
for the GG + TiO2-NPs film reached approximately 127733
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Figure 6. (a) Macroscopic images of gellan gum (GG) and gellan gum/TiO, NPs (GG + TiO,-NPs) dressings. (b) SEM micrographs of GG and

GG + TiO,-NPs films. (e) Antibacterial activity of GG and GG + TiO2-NPs films against S. aureus and E. coli. Penicillin (P) antibiotic was used as the
positive control. (d) Fluorescence microscope images captured after 24, 48, and 72 hours of cell culture on GG and GG + TiO,-NPs samples. TCPP
substrates were used as the control group. (e) Number of fibroblasts in different groups after 24, 48, and 72 hours of culture. (f) Scratch assay depicting
the migration of fibroblasts on TCPP substrate, GG film, and GG + TiO,-NPs film at 8-hour intervals. Scale bars indicate 300 um. (g) The effects of GG
and GG + TiO2-NPs dressings on full-thickness wounds in Sprague Dawley rats after 3, 7 and 14 days of treatment. The control group received no

treatment. Adapted with permission from Elsevier [25]

cells/well, indicating superior cell growth compared to the
GG film and TCPP, with ~126 733 cells/well and 123 844
cells/well, respectively. The enhanced cell compatibility and
proliferation were attributed to the surface roughness of
the GG+ TiO,-NPs film, affecting protein interactions and
facilitating cell adhesion and proliferation. Furthermore, the
scratch assay showed that the GG + TiO;-NPs film promoted
more effective closure of scratch wounds compared to pure
GG film and TCPP, demonstrating complete closure after
40 hours. In vivo studies on Sprague Dawley rats compared
the efficacy of pure GG film, GG+ TiO,-NPs film, and a
negative control group (which received no treatments) in the
treatment of full-thickness excision wounds. The GG 4 TiO;-
NPs film showed the highest wound closure rate by day 14
of treatment. Quantitative analysis revealed that on Day 14
of treatment, almost complete healing (92%) was seen in the
GG + TiO;,-NPs group, outperforming the GG (80%) and
control (75%) groups, showcasing the advantageous effects of
TiO; NPs in accelerating wound healing by inhibiting micro-
bial infections and supporting tissue regeneration (Figure 6)
[25].

Other types of scaffolds/dressings

Other types of scaffolds and dressings incorporating TiO,
NPs have also been reported to efficiently promote the
healing of various wound types in vivo. For instance, Li et al.
developed a multifunctional hybrid sponge dressing composed
of dopamine-modified hyaluronic acid, gelatin, polyhexam-
ethylene biguanide (PHMB), and TiO, NPs for the effective
treatment of infected burn wounds. The prepared dressing
exhibited robust mechanical properties, effective hemostasis,
broad-spectrum antibacterial activity, ROS scavenging,
and biocompatibility. In vivo studies on Sprague-Dawley

rats with full-thickness burn wounds infected with an
E. coli-S. aureus suspension demonstrated significantly
accelerated wound healing. The dressing effectively inhibited
bacterial growth, enhanced re-epithelialization, promoted
collagen deposition, increased angiogenesis, and regulated
the expression of CD31, IL-10, and TNF-a, showcasing its
potential as an advanced wound care solution [126]. Ahmad
et al. utilized Ocimum sanctum leaf extract as a reducing
agent to synthesize TiO, NPs, which were then incorporated
into a 2% chitosan gel for topical application on diabetic
wounds. The chitosan gel containing TiO; NPs displayed
thixotropic properties and pseudoplastic behavior, which
are desirable for topical applications. In vivo studies on
diabetic Wistar rats with excision wounds demonstrated that
the TiO; NPs-containing chitosan gel had excellent wound-
healing efficacy, as evidenced by faster wound contraction and
re-epithelialization. Histopathological examinations further
supported the efficacy of the developed formulation. The
results revealed that the TiO, NPs-containing chitosan gel
significantly reduced inflammation, enhanced keratinization,
and promoted the formation of hair follicles, granulation
tissue, and blood vessels [127]. In a study by Khalid et al., the
effectiveness of a bacterial cellulose/TiO; NPs nanocomposite
was evaluated for the treatment of partial-thickness burn
wounds in BALB/c mice. The prepared nanocomposite
exhibited antibacterial activity against E. coli and S. aureus.
In vivo studies demonstrated that wounds treated with the
bacterial cellulose/TiO; NPs nanocomposite showed acceler-
ated closure compared to wounds treated with pure bacterial
cellulose and untreated wounds, indicating the effectiveness
of the incorporated TiO, NPs. Histological analysis revealed
enhanced re-epithelialization, the formation of healthy
granulation tissue, and improved angiogenesis in wounds
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Figure 7 A bi-layered scaffold/dressing with properties suitable for wound
healing applications. Adapted and reprinted with permission from
Elsevier [177]

treated with the bacterial cellulose/TiO, NPs nanocomposite
[140].

Bi-layered scaffolds/dressings containing TiO2 NPs
for wound healing

Injuries and chronic wounds can affect not only the main
layers of the skin but also deeper tissues, making their treat-
ment complex [49]. The epidermis, primarily composed of
layers of keratinocytes, provides a protective barrier for the
underlying tissues [175]. The dermis layer is characterized by
a low cell density and a high amount of ECM. It provides
structural support and elasticity to the skin. The regeneration
of the epidermis and dermis involves different mechanisms
and complexities [176]. Therefore, it is necessary to develop
new approaches that take into account the unique properties
of each layer. One promising method for wound treatment is
the use of bi-layered scaffolds/dressings. Bi-layered constructs,
consisting of a dense top layer and a porous underlying layer,
have been found to be more suitable for the treatment of full-
thickness skin wounds. The top layer acts as a barrier, pre-
venting bacterial infections and water loss, while still allowing
for gaseous exchange [177, 178]. The underlying porous layer
promotes the proliferation and migration of fibroblasts, pro-
vides space for ECM synthesis, supports angiogenesis, absorbs
fluids, and facilitates tissue nutrition [179, 180]. The bio-
logical properties of these scaffolds/dressings can be further
enhanced by incorporating bioactive nanomaterials. Previous
studies have demonstrated significant improvements in prop-
erties such as angiogenic activity, anti-inflammatory effects,
and antibacterial activity when bioactive nanomaterials are
added. Such scaffolds/dressings can more effectively support
the healing process and contribute to superior skin regen-
eration outcomes [181-183]. Figure 7 depicts a bi-layered
scaffold/dressing suitable for wound healing applications.
Rezk et al. developed a bi-layered electrospun membrane
for wound healing applications. The top layer, consisting of
PCL, provided mechanical strength and formed a hydropho-
bic barrier against the external environment. The underlying
layer, made of polydioxanone loaded with TiO; NPs and
tetracycline, served as a delivery system with antibacterial
properties. Electrospinning ensured the uniform distribution
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of TiO, NPs and tetracycline within the nanofibers. Charac-
terization of the membrane revealed appropriate morphology,
fiber diameter, mechanical properties, and surface wettability.
In vitro drug release studies showed an initial burst release
of tetracycline followed by sustained release over 4 days. The
nanofibers exhibited excellent antibacterial properties against
both S. aureus and E. coli. Furthermore, the bi-layered mem-
brane was non-toxic to NIH3T3-E1 fibroblasts. Although the
results demonstrated the potential of the prepared membrane
for wound healing applications, the study did not include
any in vivo experiments to further validate its effectiveness
[184]. Woo et al. designed a bilayer composite wound dress-
ing comprising an upper layer made of electrospun chitosan
membrane incorporated with TiO, NPs, and an underly-
ing layer of human adipose-derived ECM sheet to enhance
the healing of full-thickness wounds in Sprague-Dawley rats
(Figure 8). The dense, fibrous top layer provides antibacterial
protection, while the sponge-like underlying layer promotes
tissue regeneration. The bacterial penetration test showed a
33.9% reduction in viable E. coli and a 69.58% reduction in
viable S. aureus, indicating that the bilayer composite more
effectively inhibited the penetration of S. awureus. In vivo
tests demonstrated that the bilayer composite adhered well to
wounds and absorbed exudate effectively. By Day 14 of the
healing process, wounds treated with the bilayer composite
exhibited significantly reduced sizes (52.0%) compared to
control wounds (39.9%). By Day 28, nearly complete healing
was observed in both groups, with remaining wound areas of
17.4% for treated and 23.1% for control wounds. Histologi-
cal studies revealed that by Day 7, a keratin layer had formed
in the treated wounds, whereas the control wounds lacked a
clear epidermal layer. The bilayer composite degraded rapidly,
with ECM sheets mostly replaced by newly secreted collagen
by week 3. By Day 28, the regenerated skin featured numerous
dermal appendages. Additionally, the treated wounds showed
a higher number of CD31-expressing endothelial cells and a
higher density of microvessels at weeks 2 and 3, indicating
enhanced blood vessel formation. The study concluded that
the prepared bilayer composite could mimic the structural
and functional properties of normal skin, offering a promising
solution for effective wound care [185].

Modified TiO, NPs for wound healing

Modified nanoparticles have shown remarkable potential in
diverse biomedical applications, with doped nanoparticles
being a prominent area of study. Doping nanoparticles
involves incorporating impurities or foreign atoms into
the crystal lattice of nanoparticles to modify their various
properties, such as physical, chemical, optical, electrical, and
biological characteristics [186, 187]. By introducing specific
dopants into the TiO; NPs, their properties can be finely
tuned to enhance their performance in various biomedical
applications [22]. Scaffolds and dressings containing doped
TiO; NPs have demonstrated promising outcomes in the
treatment of skin wounds. In a study by Wang et al,
Ag-doped TiO, NPs were synthesized using a chemical
reduction method. Initially, TiO, NPs were dispersed in
deionized water, and sodium dodecyl benzene sulfonate was
added to form a suspension. Silver nitrate (AgNO3) was
dissolved in deionized water, mixed with aqueous ammonia
to prepare a silver-ammonia solution, which was then added
to the TiO, suspension along with glucose as a reducing
agent. This mixture was stirred vigorously for 24 hours at
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Figure 8. (a) Macroscopic top view of the bilayer dressing (TiO, NPs-incorporated chitosan layer). (b) Macroscopic bottom view of the bilayer dressing
(ECM layer). (¢) SEM micrograph of the bilayer dressing (scale bar represents 200 um). (d) SEM micrograph of the electrospun top layer (scale bar
represents 5 um). (e) SEM micrograph of the underlying layer (scale bar represents 200 um). (f) Promotion of the healing process of full-thickness
wounds in Sprague-Dawley rats using the bilayer composite dressing. (g) Histological micrographs of the healing wounds (Gomori’s trichrome staining).
Keratin and epidermal layers are shown by the letters K and E, respectively, with the yellow-dotted lines separating layers. The initial wound areas are
indicated by ¥ (scale bars represent 200 um). Adapted with permission from [185]

35°C. Subsequently, the resulting Ag/TiO; suspension was
centrifuged, washed, and dried to obtain Ag-doped TiO;
samples with varying silver content of 0.2%, 0.5%, 1%,
2%, and 5%. The researchers then developed antibacterial
hydrogels by embedding the prepared Ag-doped TiO; NPs in
PVA matrices. Under 660 nm visible light irradiation, these
hydrogels exhibited remarkable antibacterial activity against
S. aureus and E. coli bacteria due to ROS release. Additionally,
PVA hydrogels incorporated with Ag-doped TiO, NPs,
containing 0.5% silver, showed good biocompatibility and
effectively prevented wound infections i vivo, significantly

accelerating the healing of S. aureus-infected wounds in male
Kunming rats. Moreover, no appreciable toxicity to vital
organs, including the heart, liver, spleen, lung, and kidney,
was reported [188].

Nanoparticles can undergo surface modifications to
enhance their physicochemical and biological properties
[189, 190]. Niranjan et al. synthesized curcumin-tagged TiO,
NPs through a two-step process. First, they prepared TiO;
NPs by adding titanium tetraisopropoxide to a solution of
1 M aqueous nitric acid, followed by agitation for 2 hours and
pH adjustment to 3 using a diluted solution of 1 M NaOH.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq



16

The resulting TiO, NPs were centrifuged, rinsed with distilled
water, dried at 100°C for 1 hour, and then calcined at 450°C
for 3 hours. In the second step, TiO, NPs were dispersed
in distilled water and stirred, while curcumin was dissolved
in dichloromethane and stirred separately. The curcumin
solution was then added dropwise to the TiO, NPs/water
mixture and stirred for 24 hours, resulting in a color change
from yellow to orange. The resulting mixture was centrifuged,
the supernatant was discarded, and the final product was
dried at 60°C, yielding curcumin-tagged TiO; NPs. The
attachment of curcumin on the surface of TiO; NPs was
confirmed by Fourier-transform infrared spectroscopy (FTIR)
analysis. The researchers then developed a PVA/sodium
alginate patch incorporated with the synthesized curcumin-
tagged TiOy NPs for wound healing applications. The in
vitro drug release test over 25 days showed an initial burst
release of curcumin in the first 5 days, followed by a gradual
release. The prepared patch showed antibacterial properties
against Bacillus subtilis, S. aureus, E. coli, and P. aeruginosa,
suggesting its effectiveness against both Gram-positive and
Gram-negative bacteria. The patch also enhanced the viability
of NIH3T3 cells, suggesting its biocompatibility and potential
for tissue regeneration. Furthermore, in vivo studies on Wistar
albino rats with full-thickness wounds showed that the
PVA/sodium alginate/TiO; NPs-curcumin patch accelerated
wound closure, increased hydroxyproline content, improved
collagen deposition, and promoted re-epithelialization [191].

Toxicity of TiO2 NPs

Nanoparticles have become invaluable across a range of fields,
including medicine, the food industry, and cosmetics, due
to their exceptional physicochemical properties [192-194].
The large surface area-to-volume ratios of nanoparticles pro-
vide them with enhanced reactivity compared to bulk mate-
rials, raising concerns about their potential hazards [195].
Consequently, the assessment of nanoparticle toxicity has
become a critical area of study, given the limited knowledge
available regarding their potential risks. The widespread use
of nanoparticles highlights the importance of understanding
their toxicity mechanisms to accurately predict their impact
on human health [196, 197]. Particularly in biomedical appli-
cations, where nanoparticles play a significant role, a thor-
ough assessment of their toxicity is paramount to ensure
their safe and effective use [5]. In general, the toxicity of
nanoparticles primarily depends on several factors, including
the type of nanoparticle, concentration, duration of exposure,
and specific physicochemical properties, such as size, shape,
and surface characteristics [198, 199]. By delving deeper into
the toxicity of nanoparticles, researchers can better address
the concerns surrounding their potential adverse effects and
pave the way for their responsible and beneficial utilization in
biomedical applications.

There have been numerous reports highlighting the toxicity
of metal oxide nanoparticles, including but not limited to
zinc oxide (ZnO) [200, 201], copper oxide (CuO) [202],
cerium oxide (CeOy) [203], iron oxide [204], magnesium
oxide (MgO) [205], nickel oxide (NiO) [206], and cobalt
oxide [207] nanoparticles. These studies have shed light on the
potential risks associated with the use and exposure to these
nanomaterials. TiO, NPs can reach various parts of the body
through exposure routes such as injection, gastrointestinal
tract absorption, dermal deposition, and inhalation, high-
lighting the importance of assessing their toxicity [208]. Jin
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et al. conducted a study evaluating the cytotoxicity of weakly
aggregated anatase TiO NPs in mouse fibroblast 1929 cells.
They investigated various concentrations of TiO, NPs ranging
from 3 to 600 ug/ml and observed significant morphological
changes in 1929 cells, including rounding and shrinking, with
increasing nanoparticle concentration. Acridine orange stain-
ing revealed condensed fragmented chromatin and necrosis in
nanoparticle-treated cells. Transmission electron microscopy
(TEM) analysis showed an increased number of lysosomes,
as well as damage to some organelles, in cells cultured in
a medium containing 300 pg/ml TiO; NPs. Additionally,
concentrations exceeding 60 ug/ml led to increased oxida-
tive stress. With the increase in the concentration of TiO;
NPs within the culture medium, there was a corresponding
increase in the levels of ROS and lactate dehydrogenase,
whereas cell viability and the cellular levels of glutathione and
superoxide dismutase decreased. The findings suggest a dose-
dependent induction of cytotoxic effects, including inhibition
of cell proliferation, DNA damage, and disruption of redox
homeostasis [209].

According to the literature, the cytotoxic effects of TiOy
NPs on skin cells have also been reported. To date, several
studies have demonstrated the cytotoxicity of TiO, NPs on
keratinocytes and have reported various mechanisms for the
corresponding toxic effects. For instance, Simon et al. con-
ducted a study to investigate the mechanisms underlying the
toxicity induced by TiO; NPs on primary human foreskin ker-
atinocytes. The findings revealed a dose-dependent decrease in
cell proliferation, attributed to alterations in calcium home-
ostasis rather than cell death. Notably, the study elucidated
that the surface chemistry of TiO, NPs influences their toxic-
ity, with naked particles inducing a more pronounced increase
in intracellular calcium concentration compared to fluores-
cent dye-modified particles [210]. A study by Zhao et al.
investigated the interaction between TiO, NPs and human
primary epidermal keratinocytes, with a focus on understand-
ing the potential toxicological effects and the induction of
autophagy. The cytotoxicity of TiO, NPs was evaluated using
a WST-8 assay, revealing a 15% reduction in cell viability
after 24 hours of exposure to 10 ug/ml of TiO; NPs. To
investigate autophagy activation, the researchers used mon-
odansylcadaverine staining and LC3 immunofluorescence.
Both methods indicated a significant increase in autophagic
vacuoles in cells treated with TiO, NPs at a concentration of
10 pg/ml. TEM further confirmed the presence of autophagic
vacuoles and other ultrastructural changes in keratinocytes,
supporting the activation of autophagy. The researchers also
found that even very low concentrations of TiO; NPs (as low
as 100 fg/ml) could induce autophagy in keratinocytes, while
significant reductions in cell viability were observed at higher
concentrations (50 pg/ml). The induction of autophagy varied
with increasing TiO, NPs concentrations, peaking at 50 ng/ml
and decreasing thereafter. Conversely, cell viability decreased
significantly with increasing TiO, NPs concentrations. The
findings suggest that autophagy possibly plays a protective
role at lower concentrations but becomes overwhelmed at
higher concentrations [211]. Gao et al. conducted a study on
the cytotoxicity of TiO, NPs on HaCaT cells. Their findings
revealed significant adverse effects induced by TiO, NPs,
including reduced cell viability and damage to intracellular
organelles. Additionally, TiO, NPs triggered both early and
late apoptosis in the cells, indicating a profound impact
on cell survival mechanisms. Moreover, exposure to TiO;
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NPs resulted in cell cycle arrest, further emphasizing their
detrimental effects on cellular processes. The researchers also
observed that TiO, NPs were readily taken up by the cells,
particularly noticeable at concentrations of 10 and 25 ug/ml,
leading to an increase in cellular granularity. Furthermore,
TiO, NPs exhibited a high capacity to induce ROS genera-
tion, suggesting their potential to induce oxidative stress and
cellular damage [212].

Keratinocytes are not the only skin cells that have been
used to study the cytotoxic effects of TiO, NPs. Pan et al.
investigated the adverse effects of TiO, NPs on human dermal
fibroblasts, focusing specifically on rutile and anatase forms
of TiO, NPs. Rutile TiO, NPs caused significant changes in
cell morphology and function. Confocal microscopy revealed
a decrease in cell area and altered cell morphology, with
cells appearing elongated and detached from the surface after
exposure to rutile TiOy NPs. This alteration in morphology
was associated with thinner and less extended actin fibers,
affecting cell proliferation and function. Further experiments
demonstrated a reduction in cell migration and collagen con-
traction ability upon exposure to rutile TiO, NPs. Anatase
TiO, NPs exhibited even more pronounced adverse effects,
causing damage to actin fibers and cell membranes at lower
concentrations and shorter incubation times compared to
rutile NPs. Anatase NPs led to a dramatic decrease in cell
survival and proliferation. Western blot analysis confirmed
the severe impact of anatase TiO NPs on actin. TEM images
showed extensive damage to cell cytoplasm, with some nuclei
appearing vesiculated, raising concerns about potential direct
harm to DNA molecules [213]. A study conducted by Prasad
et al. investigated the effects of TiO; NPs on DNA damage
response pathways in human dermal fibroblasts. The study
focused on understanding how TiO, NPs exposure influences
DNA damage response mechanisms, particularly looking at
the activation of ATM/Chk2 and ATR/Chk1 pathways. The
findings revealed that exposure to TiO, NPs led to increased
phosphorylation of H2AX, ATM, and Chk2, indicating acti-
vation of the ATM/Chk2 DNA damage response pathway
[214].

The literature reviewed suggests that TiO, NPs exhibit
cytotoxic effects on skin cells iz vitro. However, whether TiO,
NPs can penetrate the skin and enter the body remains a
subject of ongoing research. Some studies suggest TiO, NPs
cannot penetrate skin, while others indicate they may under
certain conditions. In a study conducted by Adachi et al., the
skin of male hairless Wistar Yagi rats was exposed to a water-
in-oil emulsion containing 10 wt% TiO, NPs. After 4 hours of
exposure, no morphological or immunohistochemical changes
were observed in the skin. The results also demonstrated
that TiO, NPs were primarily localized in the interfollicular
stratum disjunctum and the keratinized layer of the follicular
infundibulum, with none detected in viable skin layers [215].
Crosera et al. discovered that after 24 hours of exposure,
TiO, NPs are unable to penetrate intact or damaged human
skin samples. They detected titanium content only in the
epidermal layer, with concentrations of 0.47 4 0.33 pg/cm? in
intact skin samples and 0.53 & 0.26 pug/cm? in damaged skin
samples. Notably, titanium content was found to be below
the limit of detection in the dermal layer [216]. A study by
Xie et al. involved exposing *3I-labeled TiO, NPs to the skin
of male Wistar rats and assessing the radioactivity of blood
and tissues of the rats after 1 day and 3 days. The results
showed that the radioactivity of blood and tissues of rats after
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exposure to 125I-TiO, NPs solution through slightly damaged
skin or intact skin was <0.05% dose/g on Day 1 and quickly
declined on Day 3. The findings indicated that TiO, NPs could
not penetrate through the slightly damaged or intact skin,
suggesting their safety when applied and in contact with the
skin [217]. In a study conducted by Wu et al., the penetration
and potential toxicity of TiO, NPs were investigated through
both in vitro and in vivo experiments. In vitro experiments
using isolated porcine skin showed that TiO, NPs did not
penetrate the stratum corneum after 24 hours of exposure.
However, contrasting results were obtained in vivo when pig
ear skin was topically treated with TiO, NPs for 30 days;
here, TiO, NPs were able to penetrate deeper layers of the
epidermis. Additionally, hairless mice exposed to TiO, NPs
for 60 days exhibited penetration through the skin, reaching
different tissues and inducing pathological lesions in various
organs, particularly the skin and liver. Notably, TiO, NPs were
found to induce oxidative stress, as evidenced by decreased
activity of superoxide dismutase and an increased level of
malondialdehyde. The results also indicated that hydroxypro-
line content was reduced, suggesting that prolonged exposure
to TiOp NPs can induce skin aging. These findings highlight
the potential health risks associated with prolonged dermal
exposure to nanoscale TiO; particles [218].

Despite all efforts, there remains a significant amount
of uncertainty surrounding the toxicity of TiO, NPs.
This uncertainty arises from the complexity of biological
systems and the challenge of predicting how TiO, NPs
will interact with them. This underscores the importance of
conducting further research to comprehensively understand
and mitigate the potential hazards associated with these
nanomaterials.

Conclusions

The management of skin wounds remains a clinical chal-
lenge, highlighting the need for more effective treatments.
In response, a growing body of research has explored the
use of nanobiomaterials for wound care. In this context,
TiO, NPs have demonstrated promising biological proper-
ties—such as antibacterial, antifungal, antioxidant, and anti-
inflammatory effects—making them suitable for wound heal-
ing applications. Several studies have introduced approaches
that leverage a variety of biomaterials and fabrication meth-
ods to develop scaffolds and dressings incorporating TiO,
NPs, supporting the multifactorial nature of the wound heal-
ing process. Despite the promising outcomes, concerns remain
regarding the toxicity of TiO, NPs at high concentrations
and with prolonged exposure. The complexity of biologi-
cal systems further complicates predictions about how TiO;
NPs interact within these systems. These concerns under-
score the need for further investigation to fully elucidate the
potential risks and mechanisms of toxicity associated with
TiO; NPs.

Acknowledgements
Not applicable.

Author contributions

Hamed Nosrati (Conceptualization, Investigation, Writing—original
draft, Writing—review & editing) and Morteza Heydari

9202 1890100 €} U0 10nB Aq LGZZ16.2/6909EM/ASUING/E60L 0 L/10P/[0IHE/EWNESUING/LWOD dNO"OIWSPEDE WO} PAPEOJUMOQ



18

(Writing—review & editing). Both authors read and approved the final
manuscript.

Ethical approval

No experiments on human or animal subjects were performed in this

study.

Conflict of interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Funding

This research did not receive any specific grant from any funding
agencies in the public, commercial, or not-for-profit sectors.

Data availability

No data was used for the research described in the article.

References

1.

10.

11.

Sivaraj D, Chen K, Chattopadhyay A, Henn D, Wu W, Noishiki
C, et al. Hydrogel scaffolds to deliver cell therapies for wound
healing. Front Bioengineer Biotechnol.2021;9:1-17. https://doi.o
rg/10.3389/fbioe.2021.660145.

. Nosrati H, Heydari M, Tootiaei Z, Ganjbar S, Khodaei M.

Delivery of antibacterial agents for wound healing applications
using polysaccharide-based scaffolds. | Drug Deliv Sci Technol.
2023;84:104516. https://doi.org/10.1016/j.jddst.2023.104516.

. Zhao X, Zhang W, Fan ], Chen X, Wang X. Application of

mesenchymal stem cell exosomes in the treatment of skin wounds.
Smart Mater Med. 2023;4:578-89. https://doi.org/10.1016/j.
smaim.2023.04.006.

. Masson-Meyers DS, Andrade TAM, Caetano GF, Guimaraes FR,

Leite MN, Leite SN, et al. Experimental models and methods for
cutaneous wound healing assessment. Int | Exp Pathol.2020;101:
21-37. https://doi.org/10.1111/iep.12346.

. Nosrati H, Heydari M, Khodaei M. Cerium oxide nanopar-

ticles: synthesis methods and applications in wound healing.
Mater Today Bio. 2023;23:100823. https://doi.org/10.1016/j.
mtbio.2023.100823.

. Mlambo SS, Parkar H, Naude L, Cromarty AD. Treatment of

acute wounds and injuries: cuts, bites, bruises and sprains. SA
Pharm J.2022;89:12-8.

. Zhao X, Chen Z, Zhang S, Hu Z, Shan ], Wang M, et al. Appli-

cation of metal-organic frameworks in infectious wound heal-
ing. | Nanobiotechnol. 2024;22:387. https://doi.org/10.1186/
$12951-024-02637-8.

. Kekonen A, Viik J. 7 - Monitoring wound healing. In:

Annus P, Min M, editors. Bioimpedance and Spectroscopy:
Academic Press; 2021. p. 221-70, https://doi.org/10.1016/
B978-0-12-818614-5.00001-1.

. CuiL, Liang J, Liu H, Zhang K, Li J. Nanomaterials for angiogen-

esis in skin tissue engineering. Tissue Eng B Rev.2020;26:203-16.
https://doi.org/10.1089/ten.teb.2019.0337.

Hu Z, Shan J, Cui Y, Cheng L, Chen X-L, Wang X.
Nanozyme-incorporated microneedles for the treatment of
chronic wounds. Adv Healthcare Mater. 2024;13:¢2400101.
https://doi.org/10.1002/adhm.202400101.

Vig K, Chaudhari A, Tripathi S, Dixit S, Sahu R, Pillai S,
et al. Advances in skin regeneration using tissue engineering.
Int | Mol Sci [Internet]. 2017;18:789. https://doi.org/10.3390/i
jms18040789.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Burns & Trauma, 2025, Vol. 13, tkae069

Isbester K, Wee C, Boas S, Sopko N, Kumar A. Regeneration
of functional, full-thickness skin with minimal donor site con-
tribution using autologous homologous skin construct. Plas-
tic Surg Case Stud. 2020;6:2513826X19898810. https://doi.o
rg/10.1177/2513826X19898810.

Yu JR, Navarro ], Coburn JC, Mahadik B, Molnar ], Holmes Iv
JH, et al. Current and future perspectives on skin tissue engineer-
ing: key features of biomedical research, translational assessment,
and clinical application. Adv Healthcare Mater.2019;8:1801471.
https://doi.org/10.1002/adhm.201801471.

Conese M, Annacontini L, Carbone A, Beccia E, Cecchino LR,
Parisi D, et al. The role of adipose-derived stem cells, der-
mal regenerative templates, and platelet-rich plasma in tissue
engineering-based treatments of chronic skin wounds. Stem: Cells
Int. 2020;2020:1-17. https://doi.org/10.1155/2020/7056261.
Rajendran NK, Dhilip Kumar SS, Houreld NN, Abrahamse H.
Understanding the perspectives of forkhead transcription factors
in delayed wound healing. | Cell Commun Signal. 2019;13:
151-62. https://doi.org/10.1007/s12079-018-0484-0.
Bottcher-Haberzeth S, Biedermann T, Reichmann E. Tissue engi-
neering of skin. Burns. 2010;36:450-60. https://doi.org/10.1016/
j.burns.2009.08.016.

Zarei F, Soleimaninejad M. Role of growth factors and biomate-
rials in wound healing. Artific Cells, Nanomed Biotechnol. 2018,
46:906-11. https://doi.org/10.1080/21691401.2018.1439836.
Barroso A, Mestre H, Ascenso A, Simdes S, Reis C. Nanomaterials
in wound healing: from material sciences to wound healing appli-
cations. Nano Select. 2020;1:443-60. https://doi.org/10.1002/na
n0.20200005S.

Nosrati H, Aramideh Khouy R, Nosrati A, Khodaei M,
Banitalebi-Dehkordi M, Ashrafi-Dehkordi K, et al. Nanocompos-
ite scaffolds for accelerating chronic wound healing by enhanc-
ing angiogenesis. | Nanobiotechnol. 2021;19:1. https://doi.o
rg/10.1186/s12951-020-00755-7.

Mihai MM, Dima MB, Dima B, Holban AM. Nanomaterials for
wound healing and infection control. Materials. 2019;12:2176.
https://doi.org/10.3390/mal12132176.

Tkram M, Javed B, Hassan SWU, Satti SH, Sarwer A, Raja NI, et al.
Therapeutic potential of biogenic titanium dioxide nanoparticles:
a review on mechanistic approaches. Nanomedicine. 2021;16:
1429-46. https://doi.org/10.2217/nnm-2021-0020.

Ziental D, Czarczynska-Goslinska B, Mlynarczyk DT, Glowacka-
Sobotta A, Stanisz B, Goslinski T, et al. Titanium dioxide
nanoparticles: prospects and applications in medicine. Nano-
materials [Internet]. 2020;10:387. https://doi.org/10.3390/na
no10020387.

Diana EJ, Mathew TV. Synthesis and characterization of
surface-modified ultrafine titanium dioxide nanoparticles with
an antioxidant functionalized biopolymer as a therapeutic
agent: anticancer and antimicrobial evaluation. Colloids Surf
B: Biointerf. 2022;220:112949. https://doi.org/10.1016/j.colsu
rfb.2022.112949.

Archana D, Singh BK, Dutta J, Dutta PK. In vivo evaluation of
chitosan-PVP-titanium dioxide nanocomposite as wound dress-
ing material. Carbobydr Polym. 2013;95:530-9. https://doi.o
rg/10.1016/j.carbpol.2013.03.034.

Ismail NA, Amin KAM, Majid FAA, Razali MH. Gellan gum
incorporating titanium dioxide nanoparticles biofilm as wound
dressing: physicochemical, mechanical, antibacterial properties
and wound healing studies. Mater Sci Eng C. 2019;103:109770.
https://doi.org/10.1016/j.msec.2019.109770.

Ghosal K, Agatemor C, Spitalsky Z, Thomas S, Kny E. Elec-
trospinning tissue engineering and wound dressing scaffolds
from polymer-titanium dioxide nanocomposites. Chem Eng J.
2019;358:1262-78. https://doi.org/10.1016/j.cej.2018.10.117.
Walker M. Human skin through the ages. Int | Pharm. 2022;
622:121850. https://doi.org/10.1016/}.ijpharm.2022.121850.
Scott DW, Miller WH. Chapter 1 - Structure and Function of the
Skin. In: Scott DW, Miller WH, editors. Equine Dermatology.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.3389/fbioe.2021.660145
https://doi.org/10.1016/j.jddst.2023.104516
https://doi.org/10.1016/j.jddst.2023.104516
https://doi.org/10.1016/j.jddst.2023.104516
https://doi.org/10.1016/j.jddst.2023.104516
https://doi.org/10.1016/j.jddst.2023.104516
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1016/j.smaim.2023.04.006
https://doi.org/10.1111/iep.12346
https://doi.org/10.1111/iep.12346
https://doi.org/10.1111/iep.12346
https://doi.org/10.1111/iep.12346
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1186/s12951-024-02637-8
https://doi.org/10.1186/s12951-024-02637-8
https://doi.org/10.1186/s12951-024-02637-8
https://doi.org/10.1186/s12951-024-02637-8
https://doi.org/10.1016/B978-0-12-818614-5.00001-1
https://doi.org/10.1016/B978-0-12-818614-5.00001-1
https://doi.org/10.1016/B978-0-12-818614-5.00001-1
https://doi.org/10.1016/B978-0-12-818614-5.00001-1
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1089/ten.teb.2019.0337
https://doi.org/10.1002/adhm.202400101
https://doi.org/10.1002/adhm.202400101
https://doi.org/10.1002/adhm.202400101
https://doi.org/10.1002/adhm.202400101
https://doi.org/10.3390/ijms18040789
https://doi.org/10.3390/ijms18040789
https://doi.org/10.3390/ijms18040789
https://doi.org/10.3390/ijms18040789
https://doi.org/10.1177/2513826X19898810
https://doi.org/10.1177/2513826X19898810
https://doi.org/10.1177/2513826X19898810
https://doi.org/10.1177/2513826X19898810
https://doi.org/10.1002/adhm.201801471
https://doi.org/10.1002/adhm.201801471
https://doi.org/10.1002/adhm.201801471
https://doi.org/10.1002/adhm.201801471
https://doi.org/10.1155/2020/7056261
https://doi.org/10.1155/2020/7056261
https://doi.org/10.1155/2020/7056261
https://doi.org/10.1007/s12079-018-0484-0
https://doi.org/10.1007/s12079-018-0484-0
https://doi.org/10.1007/s12079-018-0484-0
https://doi.org/10.1007/s12079-018-0484-0
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1016/j.burns.2009.08.016
https://doi.org/10.1080/21691401.2018.1439836
https://doi.org/10.1080/21691401.2018.1439836
https://doi.org/10.1080/21691401.2018.1439836
https://doi.org/10.1002/nano.202000055
https://doi.org/10.1002/nano.202000055
https://doi.org/10.1002/nano.202000055
https://doi.org/10.1002/nano.202000055
https://doi.org/10.1002/nano.202000055
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.1186/s12951-020-00755-7
https://doi.org/10.3390/ma12132176
https://doi.org/10.3390/ma12132176
https://doi.org/10.3390/ma12132176
https://doi.org/10.3390/ma12132176
https://doi.org/10.2217/nnm-2021-0020
https://doi.org/10.2217/nnm-2021-0020
https://doi.org/10.2217/nnm-2021-0020
https://doi.org/10.2217/nnm-2021-0020
https://doi.org/10.3390/nano10020387
https://doi.org/10.3390/nano10020387
https://doi.org/10.3390/nano10020387
https://doi.org/10.3390/nano10020387
https://doi.org/10.3390/nano10020387
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.colsurfb.2022.112949
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.carbpol.2013.03.034
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.msec.2019.109770
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.cej.2018.10.117
https://doi.org/10.1016/j.ijpharm.2022.121850
https://doi.org/10.1016/j.ijpharm.2022.121850
https://doi.org/10.1016/j.ijpharm.2022.121850
https://doi.org/10.1016/j.ijpharm.2022.121850
https://doi.org/10.1016/j.ijpharm.2022.121850
https://doi.org/10.1016/j.ijpharm.2022.121850

Burns & Trauma, 2025, Vol. 13, tkae069

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

Saint Louis: W.B. Saunders; 2003. p. 1-58, https://doi.o
rg/10.1016/B0-72-162571-1/50002-7.

Koller J. Effects of radiation on the integrity and functionality
of amnion and skin grafts. In Kennedy JF, Phillips
GO, Williams PA (eds). Sterilisation of Tissues Using
Tonising Radiations. Woodhead Publishing, 2005. 197-220
10.1533/9781845690779.3.197.

Kaur G, Negi P, Kapoor VK. Chapter 13 - Nutraceuticals in
dermal diseases. In: Gupta RC, Lall R, Srivastava A, editors.
Nutraceuticals (Second Edition): Academic Press; 2021. p.
181-92, https://doi.org/10.1016/B978-0-12-821038-3.00013-6.
Kolarsick PAJ, Kolarsick MA, Goodwin C. Anatomy and phys-
iology of the skin. ] Dermatol Nurses’ Assoc. 2011;3:203-13.
https://doi.org/10.1097/JDN.0b013e3182274a98.

Viennet C, Muret P. Fibroblast Evaluation: Extracellular Matrix
Synthesis. In Humbert P, Fanian F, Maibach HI, Agache P (eds).
Agache’s Measuring the Skin: Non-invasive Investigations, Physi-
ology, Normal Constants. Cham: Springer International Publish-
ing, 2017.897-901 10.1007/978-3-319-32383-1_124.
Desjardins-Park HE, Foster DS, Longaker MT. Fibroblasts and
wound healing: an update. Regen Med. 2018;13:491-5. https://
doi.org/10.2217/rme-2018-0073.

Braun KM, Prowse DM. Distinct epidermal stem cell com-
partments are maintained by independent niche microenviron-
ments. Stem Cell Rev. 2006;2:221-31. https://doi.org/10.1007/
s12015-006-0050-7.

Abu-Hijleh M, Dharap AS, Harris PF. 1.3 - Fascia superficialis.
In: Schleip R, Findley TW, Chaitow L, Huijing PA, editors.
Fascia: The Tensional Network of the Human Body. Oxford:
Churchill Livingstone; 2012. p. 19-23, https://doi.org/10.1016/
B978-0-7020-3425-1.00037-4.

Gilaberte Y, Prieto-Torres L, Pastushenko I, Juarranz A. Chap-
ter 1 - Anatomy and Function of the Skin. In: Hamblin
MR, Avci P, Prow TW, editors. Nanoscience in Dermatology.
Boston: Academic Press; 2016. p. 1-14, https://doi.org/10.1016/
B978-0-12-802926-8.00001-X.

Mehrabi T, Mesgar AS, Mohammadi Z. Bioactive glasses: a
promising therapeutic ion release strategy for enhancing wound
healing. ACS Biomater Sci Engineer. 2020;6:5399-430. https://
doi.org/10.1021/acsbiomaterials.0c00528.

Mansouri Boroujeni M, Barzi SM, Zafari M, Chiani M, Chehrazi
M, Nosrati H, et al. Electrosprayed cefazolin-loaded niosomes
onto electrospun chitosan nanofibrous membrane for wound
healing applications. | Biomed Mater Res B Appl Biomater.
2022;110:1814-26. https://doi.org/10.1002/jbm.b.35039.

Adis Medical W. Select appropriate wound dressings by match-
ing the properties of the dressing to the type of wound.
Drugs Ther Perspect. 2014;30:213-7. https://doi.org/10.1007/
$40267-014-0125-5.

Berthet M, Gauthier Y, Lacroix C, Verrier B, Monge C.
Nanoparticle-based dressing: the future of wound treatment?
Trends Biotechnol. 2017;35:770-84. https://doi.org/10.1016/j.ti
btech.2017.05.005.

Wang H, Yang L. Applications of injectable hemostatic materials
in wound healing: principles, strategies, performance require-
ments, and future perspectives. Theranostics. 2023;13:4615-35.
https://doi.org/10.7150/thno.86930.

Singh S, Young A, McNaught C-E. The physiology of wound heal-
ing. Surgery (Oxford). 2017;35:473-7. https://doi.org/10.1016/j.
mpsur.2017.06.004.

Aller MA, Arias JI, Arraez-Aybar LA, Gilsanz C, Arias J. Wound
healing reaction: a switch from gestation to senescence. World |
Exp Med. 2014;4:16-26. https://doi.org/10.5493/wjem.v4.i2.16.
Koh TJ, DiPietro LA. Inflammation and wound healing: the role
of the macrophage. Expert Rev Mol Med. 2011;13:e23. https://
doi.org/10.1017/51462399411001943.

Zhang F, Qiao S, Li C, Wu B, Reischl S, Neumann P-A.
The immunologic changes during different phases of intestinal

46.

47.

48.

49.

50.

S1.

52.

S3.

54.

SS.

S6.

57.

58.

59.

60.

61.

19

anastomotic healing. | Clin Lab Anal. 2020;34:¢23493. https://
doi.org/10.1002/jcla.23493.

Broughton G 1I, Janis JE, Attinger CE. Wound healing: an
overview. Plast Reconstr Surg. 2006;117:1e-S-32e-S. https://
doi.org/10.1097/01.prs.0000222562.60260.9.

Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound
repair and regeneration. Nature. 2008;453:314-21. https://doi.o
rg/10.1038/nature07039.

Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound
healing: a cellular perspective. Physiol Rev. 2018;99:665-706.
https://doi.org/10.1152/physrev.00067.2017.

Nosrati H, Khodaei M, Alizadeh Z, Banitalebi-Dehkordi M.
Cationic, anionic and neutral polysaccharides for skin tis-
sue engineering and wound healing applications. Int | Biol
Macromol.2021;192:298-322. https://doi.org/10.1016/j.ijbioma
¢.2021.10.013.

Sun BK, Siprashvili Z, Khavari PA. Advances in skin grafting
and treatment of cutaneous wounds. Science. 2014;346:941-5.
https://doi.org/10.1126/science.1253836.

Dong Y, Wang Z. ROS-scavenging materials for skin wound heal-
ing: advancements and applications. Front Bioengineer Biotech-
nol. 2023;11:11. https://doi.org/10.3389/fbioe.2023.1304835.
Seydi N, Mahdavi B, Paydarfard S, Zangeneh A, Zangeneh MM,
Najafi F, et al. Preparation, characterization, and assessment
of cytotoxicity, antioxidant, antibacterial, antifungal, and cuta-
neous wound healing properties of titanium nanoparticles using
aqueous extract of Ziziphora clinopodioides lam leaves. Appl
Organomet Chem. 2019;33:¢5009. https://doi.org/10.1002/a0
¢.50009.

Zhao R, Liang H, Clarke E, Jackson C, Xue M. Inflammation
in chronic wounds. Int | Mol Sci. 2016;17:2085. https://doi.o
rg/10.3390/ijms17122085.

Eming SA, Krieg T, Davidson JM. Inflammation in wound repair:
molecular and cellular mechanisms. | Invest Dermatol.2007;127:
514-25. https:/doi.org/10.1038/sj.jid.5700701.

Bharathy MS, Jeyaleela GD, Vimala JDR, Agila A, Sheela SAM.
Comparison of anti-inflammatory activities of biogenic Gym-
nema sylvestre- and Panicum sumatrense-mediated titanium diox-
ide nanoparticles. Biomed Biotechnol Res | (BBR]). 2021;5:
405-11. https://doi.org/10.4103/bbrj.bbrj_164_21.

Sagadevan S, Chowdhury Z, Bin Johan M, Rafique R, Aziz
F, HOQUE E, et al. Investigation On optical, dielectric and
Invitro anti-inflammatory responses of titanium dioxide (Tio 2)
nanoparticles. Digest | Nanomater Biostr (DJNB).2018;13:641-
52. https://doi.org/10.1371/journal.pone.0202694.

de Dicastillo CL, Correa MG, Martinez FB, Streitt C, Galotto M]J.
Antimicrobial effect of titanium dioxide nanoparticles. In: Mihai
M, Swee Hua Erin L, Kok-Song L, Romeo-Teodor C, editors.
Antimicrobial Resistance. Rijeka: IntechOpen; 2020. p. Ch. 5.

Li L, Zheng M, Yan X, Huang H, Cao S, Liu K, et al.
Quantitative detection of H202 with a composite fluorescent
probe of 8-quinoline boronic acid-Al(IIl). ] Photochem Photobiol
A Chem. 2022;432:114069. https://doi.org/10.1016/j.jphotoche
m.2022.114069.

Juan CA, Pérez de la Lastra JM, Plou FJ, Pérez-Lebefia E. The
chemistry of reactive oxygen species (ROS) revisited: outlining
their role in biological macromolecules (DNA, lipids and pro-
teins) and induced pathologies. Int | Mol Sci. 2021;22:4642.
https://doi.org/10.3390/ijms22094642.

Abdal, Dayem A, Hossain MK, Lee SB, Kim K, Saha SK, Yang
GM, et al. The role of reactive oxygen species (ROS) in the biologi-
cal activities of metallic nanoparticles. It | Mol Sci. 2017;18:120.
https://doi.org/10.3390/ijms18010120.

Tanabe S, O’Brien ], Tollefsen KE, Kim Y, Chauhan V, Yauk
C, et al. Reactive oxygen species in the adverse outcome path-
way framework: toward creation of harmonized consensus key
events. Front Toxicol. 2022;4:1-12. https://doi.org/10.3389/fto
x.2022.887135.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.1016/B0-72-162571-1/50002-7
https://doi.org/10.1016/B0-72-162571-1/50002-7
https://doi.org/10.1016/B0-72-162571-1/50002-7
https://doi.org/10.1016/B0-72-162571-1/50002-7
10.1533/9781845690779.3.197
https://doi.org/10.1016/B978-0-12-821038-3.00013-6
https://doi.org/10.1016/B978-0-12-821038-3.00013-6
https://doi.org/10.1016/B978-0-12-821038-3.00013-6
https://doi.org/10.1016/B978-0-12-821038-3.00013-6
https://doi.org/10.1097/JDN.0b013e3182274a98
https://doi.org/10.1097/JDN.0b013e3182274a98
https://doi.org/10.1097/JDN.0b013e3182274a98
https://doi.org/10.1097/JDN.0b013e3182274a98
https://doi.org/10.1097/JDN.0b013e3182274a98
10.1007/978-3-319-32383-1_124
https://doi.org/10.2217/rme-2018-0073
https://doi.org/10.2217/rme-2018-0073
https://doi.org/10.2217/rme-2018-0073
https://doi.org/10.2217/rme-2018-0073
https://doi.org/10.1007/s12015-006-0050-7
https://doi.org/10.1007/s12015-006-0050-7
https://doi.org/10.1007/s12015-006-0050-7
https://doi.org/10.1007/s12015-006-0050-7
https://doi.org/10.1016/B978-0-7020-3425-1.00037-4
https://doi.org/10.1016/B978-0-7020-3425-1.00037-4
https://doi.org/10.1016/B978-0-7020-3425-1.00037-4
https://doi.org/10.1016/B978-0-7020-3425-1.00037-4
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1016/B978-0-12-802926-8.00001-X
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1021/acsbiomaterials.0c00528
https://doi.org/10.1002/jbm.b.35039
https://doi.org/10.1002/jbm.b.35039
https://doi.org/10.1002/jbm.b.35039
https://doi.org/10.1002/jbm.b.35039
https://doi.org/10.1002/jbm.b.35039
https://doi.org/10.1007/s40267-014-0125-5
https://doi.org/10.1007/s40267-014-0125-5
https://doi.org/10.1007/s40267-014-0125-5
https://doi.org/10.1007/s40267-014-0125-5
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.1016/j.tibtech.2017.05.005
https://doi.org/10.7150/thno.86930
https://doi.org/10.7150/thno.86930
https://doi.org/10.7150/thno.86930
https://doi.org/10.7150/thno.86930
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.1016/j.mpsur.2017.06.004
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.5493/wjem.v4.i2.16
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1002/jcla.23493
https://doi.org/10.1002/jcla.23493
https://doi.org/10.1002/jcla.23493
https://doi.org/10.1002/jcla.23493
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1097/01.prs.0000222562.60260.f9
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1038/nature07039
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1016/j.ijbiomac.2021.10.013
https://doi.org/10.1126/science.1253836
https://doi.org/10.1126/science.1253836
https://doi.org/10.1126/science.1253836
https://doi.org/10.1126/science.1253836
https://doi.org/10.1126/science.1253836
https://doi.org/10.3389/fbioe.2023.1304835
https://doi.org/10.3389/fbioe.2023.1304835
https://doi.org/10.3389/fbioe.2023.1304835
https://doi.org/10.3389/fbioe.2023.1304835
https://doi.org/10.1002/aoc.5009
https://doi.org/10.1002/aoc.5009
https://doi.org/10.1002/aoc.5009
https://doi.org/10.1002/aoc.5009
https://doi.org/10.3390/ijms17122085
https://doi.org/10.3390/ijms17122085
https://doi.org/10.3390/ijms17122085
https://doi.org/10.3390/ijms17122085
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.1038/sj.jid.5700701
https://doi.org/10.4103/bbrj.bbrj_164_21
https://doi.org/10.4103/bbrj.bbrj_164_21
https://doi.org/10.4103/bbrj.bbrj_164_21
https://doi.org/10.4103/bbrj.bbrj_164_21
https://doi.org/10.4103/bbrj.bbrj_164_21
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1371/journal.pone.0202694
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.1016/j.jphotochem.2022.114069
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/ijms22094642
https://doi.org/10.3390/ijms18010120
https://doi.org/10.3390/ijms18010120
https://doi.org/10.3390/ijms18010120
https://doi.org/10.3390/ijms18010120
https://doi.org/10.3389/ftox.2022.887135
https://doi.org/10.3389/ftox.2022.887135
https://doi.org/10.3389/ftox.2022.887135
https://doi.org/10.3389/ftox.2022.887135
https://doi.org/10.3389/ftox.2022.887135

20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Singh A, Kukreti R, Saso L, Kukreti S. Oxidative stress: a key
modulator in neurodegenerative diseases. Molecules [Internet].
2019;24:1583. https://doi.org/10.3390/molecules24081583.
Jomova K, Raptova R, Alomar SY, Alwasel SH, Nepovi-
mova E, Kuca K, et al. Reactive oxygen species, toxic-
ity, oxidative stress, and antioxidants: chronic diseases and
aging. Arch Toxicol.2023;97:2499-574. https://doi.org/10.1007/
s00204-023-03562-9.

Chen X, Guo C, Kong J. Oxidative stress in neurodegenera-
tive diseases. Neural Regen Res. 2012;7:376-85. https://doi.o
rg/10.3969/j.1ssn.1673-5374.2012.05.009.

Jena AB, Samal RR, Bhol NK, Duttaroy AK. Cellular red-
ox system in health and disease: the latest update. Biomed
Pharmacother. 2023;162:114606. https://doi.org/10.1016/j.bio
pha.2023.114606.

Deavall DG, Martin EA, Horner JM, Roberts R. Drug-induced
oxidative stress and toxicity. ] Toxicol. 2012;2012:645460, 1-13.
https://doi.org/10.1155/2012/645460.

Li S, Fasipe B, Laher L. Potential harms of supplementation with
high doses of antioxidants in athletes. | Exerc Sci Fit. 2022;20:
269-75. https://doi.org/10.1016/j.jesf.2022.06.001.

Akinola PO, Lateef A, Asafa TB, Beukes LS, Hakeem AS, Irshad
HM. Multifunctional titanium dioxide nanoparticles biofabri-
cated via phytosynthetic route using extracts of Cola nitida:
antimicrobial, dye degradation, antioxidant and anticoagulant
activities. Heliyon. 2020;6:¢04610. https://doi.org/10.1016/j.heli
yon.2020.e04610.

Ajmal N, Saraswat K, Bakht MA, Riadi Y, Ahsan M],
Noushad M. Cost-effective and eco-friendly synthesis of tita-
nium dioxide (TiO2) nanoparticles using fruit’s peel agro-waste
extracts: characterization, in vitro antibacterial, antioxidant
activities. Green ChemLett Rev. 2019;12:244-54. https://doi.o
rg/10.1080/17518253.2019.1629641.

Santhoshkumar T, Rahuman AA, Jayaseelan C, Rajakumar G,
Marimuthu S, Kirthi AV, et al. Green synthesis of titanium dioxide
nanoparticles using Psidium guajava extract and its antibacte-
rial and antioxidant properties. Asian Pac | Trop Med. 2014;7:
968-76. https://doi.org/10.1016/51995-7645(14)60171-1.
Alavi M, Karimi N. Characterization, antibacterial, total antiox-
idant, scavenging, reducing power and ion chelating activi-
ties of green synthesized silver, copper and titanium diox-
ide nanoparticles using Artemisia haussknechtii leaf extract.
Artific Cells Nanomed Biotechnol. 2018;46:2066-81. https://
doi.org/10.1080/21691401.2017.1408121.

Saad AF, Selim YA, Hamada M, Elywa M. Green synthesis of
titanium dioxide nanoparticles using ethanolic extract of green
tea and their antioxidant activities. | Appl Spectrosc. 2023;90:
1142-8. https://doi.org/10.1007/s10812-023-01644-1.
Chahardoli A, Qalekhani F, Shokoohinia Y, Fattahi A. Caf-
feic acid based titanium dioxide nanoparticles: blood compat-
ibility, anti-inflammatory, and cytotoxicity. | Mol Lig. 2022;
361:119674. https://doi.org/10.1016/j.molliq.2022.119674.
Ranjan S, Ramalingam C. Titanium dioxide nanoparticles
induce bacterial membrane rupture by reactive oxygen species
generation. Environ Chem Lett. 2016;14:487-94. https://doi.o
rg/10.1007/s10311-016-0586-y.

Kiwi ], Rtimi S. Mechanisms of the antibacterial effects of TiO,—
FeOx under solar or visible light: Schottky barriers versus surface
Plasmon resonance. Coatings [Internet].2018;8:391. https://doi.o
rg/10.3390/coatings8§110391.

Baron S. Medical Microbiology Copyright © 1996, The University
of Texas Medical Branch at Galveston.

Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope.
Cold Spring Harb Perspect Biol. 201052:a000414. https://doi.o
rg/10.1101/cshperspect.a000414.

Pulgarin C, Kiwi J, Nadtochenko V. Mechanism of photocatalytic
bacterial inactivation on TiO2 films involving cell-wall damage
and lysis. Appl Catal B Environ. 2012;128:179-83. https://doi.o
rg/10.1016/j.apcatb.2012.01.036.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Burns & Trauma, 2025, Vol. 13, tkae069

Kubacka A, Diez MS, Rojo D, Bargiela R, Ciordia S, Zapico
I, et al. Understanding the antimicrobial mechanism of TiO2-
based nanocomposite films in a pathogenic bacterium. Sci Rep.
2014;4:4134. https://doi.org/10.1038/srep04134.

Khezerlou A, Alizadeh-Sani M, Azizi-Lalabadi M, Ehsani
A. Nanoparticles and their antimicrobial properties against
pathogens including bacteria, fungi, parasites and viruses.
Microb Pathog. 2018;123:505-26. https://doi.org/10.1016/j.mi
cpath.2018.08.008.

Pavlovi¢ VP, Vujangevi¢ JD, Maskovi¢ P, Cirkovi¢ J, Papan JM,
Kosanovic D, et al. Structure and enhanced antimicrobial activity
of mechanically activated nano TiO,. ] Am Ceram Soc.2019;102:
7735-45. https://doi.org/10.1111/jace.16668.

Staerck C, Gastebois A, Vandeputte P, Calenda A, Larcher
G, Gillmann L, et al. Microbial antioxidant defense enzymes.
Microb Pathog.2017;110:56-65. https://doi.org/10.1016/j.micpa
th.2017.06.015.

Xue C, Li X, Liu G, Liu W. Evaluation of mitochondrial respira-
tory chain on the generation of reactive oxygen species and cyto-
toxicity in HaCaT cells induced by nanosized titanium dioxide
under UVA irradiation. Int | Toxicol. 2016;35:644-53. https://
doi.org/10.1177/1091581816661853.

Gogniat G, Dukan S. TiO; photocatalysis causes DNA damage
via Fenton reaction-generated hydroxyl radicals during the recov-
ery period. Appl Environ Microbiol. 2007;73:7740-3. https://
doi.org/10.1128/AEM.01079-07.

Imlay JA, Linn S. DNA damage and oxygen radical toxicity.
Science. 1988;240:1302-9. https://doi.org/10.1126/scie
nce.3287616.

Sevci A, El-Temsah YS, Joner EJ, Cernik M. Oxidative stress
induced in microorganisms by zero-valent iron nanoparticles.
Microbes Environ. 2011;26:271-81. https://doi.org/10.1264/
jsme2. ME11126.

Andrews SC, Robinson AK, Rodriguez-Quifiones F. Bacterial
iron homeostasis. FEMS Microbiol Rev.2003;27:215-37. https://
doi.org/10.1016/50168-6445(03)00055-X.

Neilands JB. Siderophores of bacteria and fungi. Microbiol Sci.
1984;1:9-14.

Irshad MA, Nawaz R, Ziaur Rehman M, Imran M, Ahmad ],
Ahmad S, et al. Synthesis and characterization of titanium dioxide
nanoparticles by chemical and green methods and their antifungal
activities against wheat rust. Chemosphere. 2020;258:127352.
https://doi.org/10.1016/j.chemosphere.2020.127352.

George S, Raj M, Solomon D, Roselin P. A comparative study
of the anti-fungal activity of zinc oxide and titanium dioxide
nano and bulk particles with anti-fungals against fungi isolated
from infected skin and dandruff flakes. Res Rev | Microbiol
Biotechnol. 2014;3:23-30.

Ahmad NS, Abdullah N, Yasin FM. Antifungal activity
of titanium dioxide nanoparticles against Candida albicans.
Bioresources. 2019;14:8866-78. https://doi.org/10.15376/biore
s.14.4.8866-8878.

Moradpoor H, Safaei M, Golshah A, Mozaffari HR, Sharifi R,
Imani MM, et al. Green synthesis and antifungal effect of titanium
dioxide nanoparticles on oral Candida albicans pathogen. Inorg
Chem Commun. 2021;130:108748. https://doi.org/10.1016/j.ino
che.2021.108748.

Abdul Jalill RD, Nuaman RS, Abd AN. Biological synthe-
sis of titanium dioxide nanoparticles by Curcuma longa plant
extract and study its biological properties. World Scientific News.
2016;49:204-22.

Fouda A, Abdel-Nasser M, Eid AM, Hassan SE, Abdel-Nasser
A, Alharbi NK, ef al. An eco-friendly approach utilizing green
synthesized titanium dioxide nanoparticles for leather conserva-
tion against a fungal strain, Penicillium expansum AL1, involved
in the biodeterioration of a historical manuscript. Biol Int.
2023;12:1025. https://doi.org/10.3390/biology12071025.
Nurdin M, Watoni AH, Yanti NA, Lilis L, Maulidiyah M, Irwan
1, et al. Antifungal properties of TiO, nanoparticle as prevention

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.1007/s00204-023-03562-9
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.3969/j.issn.1673-5374.2012.05.009
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1155/2012/645460
https://doi.org/10.1155/2012/645460
https://doi.org/10.1155/2012/645460
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.jesf.2022.06.001
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1016/j.heliyon.2020.e04610
https://doi.org/10.1080/17518253.2019.1629641
https://doi.org/10.1080/17518253.2019.1629641
https://doi.org/10.1080/17518253.2019.1629641
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1016/S1995-7645(14)60171-1
https://doi.org/10.1080/21691401.2017.1408121
https://doi.org/10.1080/21691401.2017.1408121
https://doi.org/10.1080/21691401.2017.1408121
https://doi.org/10.1007/s10812-023-01644-1
https://doi.org/10.1007/s10812-023-01644-1
https://doi.org/10.1007/s10812-023-01644-1
https://doi.org/10.1007/s10812-023-01644-1
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1016/j.molliq.2022.119674
https://doi.org/10.1007/s10311-016-0586-y
https://doi.org/10.1007/s10311-016-0586-y
https://doi.org/10.1007/s10311-016-0586-y
https://doi.org/10.1007/s10311-016-0586-y
https://doi.org/10.1007/s10311-016-0586-y
https://doi.org/10.3390/coatings8110391
https://doi.org/10.3390/coatings8110391
https://doi.org/10.3390/coatings8110391
https://doi.org/10.3390/coatings8110391
https://doi.org/10.3390/coatings8110391
https://doi.org/10.3390/coatings8110391
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1101/cshperspect.a000414
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1016/j.apcatb.2012.01.036
https://doi.org/10.1038/srep04134
https://doi.org/10.1038/srep04134
https://doi.org/10.1038/srep04134
https://doi.org/10.1038/srep04134
https://doi.org/10.1038/srep04134
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1016/j.micpath.2018.08.008
https://doi.org/10.1111/jace.16668
https://doi.org/10.1111/jace.16668
https://doi.org/10.1111/jace.16668
https://doi.org/10.1111/jace.16668
https://doi.org/10.1111/jace.16668
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1016/j.micpath.2017.06.015
https://doi.org/10.1177/1091581816661853
https://doi.org/10.1177/1091581816661853
https://doi.org/10.1177/1091581816661853
https://doi.org/10.1128/AEM.01079-07
https://doi.org/10.1128/AEM.01079-07
https://doi.org/10.1128/AEM.01079-07
https://doi.org/10.1128/AEM.01079-07
https://doi.org/10.1126/science.3287616
https://doi.org/10.1126/science.3287616
https://doi.org/10.1126/science.3287616
https://doi.org/10.1126/science.3287616
https://doi.org/10.1126/science.3287616
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.1016/j.chemosphere.2020.127352
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.15376/biores.14.4.8866-8878
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.1016/j.inoche.2021.108748
https://doi.org/10.3390/biology12071025
https://doi.org/10.3390/biology12071025
https://doi.org/10.3390/biology12071025
https://doi.org/10.3390/biology12071025
https://doi.org/10.3390/biology12071025
https://doi.org/10.3390/biology12071025

Burns & Trauma, 2025, Vol. 13, tkae069

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

wilt disease Fusarium oxysporum under UV light. AIP Confer-
ence Proc. 2023;2683:030035.

Shyla K, Natarajan N, Nakkeeran S. Antifungal activity of
zinc oxide, silver and titanium dioxide nanoparticles against
Macrophomina phaseolina. | Mycol Plant Pathol. 2014;44:
268-73.

Anupong W, On-uma R, Jutamas K, Salmen SH, Alharbi SA, Joshi
D, et al. Antibacterial, antifungal, antidiabetic, and antioxidant
activities potential of Coleus aromaticus synthesized titanium
dioxide nanoparticles. Environ Res. 2023;216:114714. https://
doi.org/10.1016/j.envres.2022.114714.

Liu Z, Zhang M, Han X, Xu H, Zhang B, Yu Q, et al.
TiO2 nanoparticles cause cell damage independent of apopto-
sis and autophagy by impairing the ROS-scavenging system in
Pichia pastoris. Chem Biol Interact. 2016;252:9-18. https://doi.o
rg/10.1016/}.¢bi.2016.03.029.

Li J, Yu H, Wu Z, Wang J, He S, Ji ], et al. Room temperature
synthesis of crystalline anatase TiO, on bamboo timber surface
and their short-term antifungal capability under natural weather
conditions. Colloids Surf A Physicochem Eng Asp. 2016;508:
117-23. https://doi.org/10.1016/j.colsurfa.2016.08.045.

Qamar OA, Jamil F, Hussain M, Bae S, Inayat A, Shah NS, et al.
Advances in synthesis of TiO, nanoparticles and their application
to biodiesel production: a review. Chem Eng J.2023;460:141734.
https://doi.org/10.1016/j.cej.2023.141734.

Wang X, Zhong X, Cheng L. Titanium-based nanomaterials for
cancer theranostics. Coord Chem Rev.2021;430:213662. https://
doi.org/10.1016/j.ccr.2020.213662.

Guimaraes JL, Abbate M, Betim SB, Alves MCM. Preparation
and characterization of TiO, and V,O5 nanoparticles produced
by ball-milling. ] Alloys Compd. 2003;352:16-20. https://doi.o
rg/10.1016/50925-8388(02)01112-X.

Nath A, Laha SS, Khare A. Synthesis of TiO, nanoparticles via
laser ablation at titanium-water interface. Integr Ferroelectr.
2010;121:58-64. https://doi.org/10.1080/10584587.2010.49
2020.

Ranjan P, Nakagawa S, Suematsu H, Sarathi R. Synthesis and
photocatalytic activity of anatase/rutile TiO; nanoparticles by
wire explosion process. INAE Lett. 2018;3:189-96. https://doi.o
rg/10.1007/s41403-018-0048-x.

Behnajady MA, Eskandarloo H, Modirshahla N, Shokri M.
Investigation of the effect of sol-gel synthesis variables on
structural and photocatalytic properties of TiO; nanoparti-
cles. Desalination. 2011;278:10-7. https://doi.org/10.1016/j.desa
1.2011.04.019.

Xu X, Zhu ]J. Hydrothermal synthesis of TiO2 nanoparticles for
photocatalytic degradation of ethane: effect of synthesis condi-
tions. Recent Patents Chem Engineer. 2012;5:134-42. https://
doi.org/10.2174/2211334711205020134.

Wu J, Bai G-R, Eastman JA, Zhou G, Vasudevan VK. Syn-
thesis of TiO, nanoparticles using chemical vapor condensa-
tion. MRS Proc. 2011;879:27.12. https://doi.org/10.1557/PRO
C-879-727.12.

Singh Jassal P, Kaur D, Prasad R, Singh J. Green synthesis of
titanium dioxide nanoparticles: development and applications.
J Agric Food Res. 2022;10:100361. https://doi.org/10.1016/j.ja
r.2022.100361.

Kazemi S, Hosseingholian A, Gohari SD, Feirahi F, Moammeri
F, Mesbahian G, ef al. Recent advances in green synthesized
nanoparticles: from production to application. Mater Today Sus-
tain. 2023;24:100500.

Pandit C, Roy A, Ghotekar S, Khusro A, Islam MN, Emran TB,
et al. Biological agents for synthesis of nanoparticles and their
applications. ] King Saud Univ - Science.2022;34:101869. https://
doi.org/10.1016/}.jksus.2022.101869.

Shanavas S, Priyadharsan A, Karthikeyan S, Dharmaboopathi K,
Ragavan I, Vidya C, et al. Green synthesis of titanium dioxide
nanoparticles using Phyllanthus niruri leaf extract and study on
its structural, optical and morphological properties. Materials

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

21

Today: Proceedings. 2020;26:3531-4. https://doi.org/10.1016/j.
matpr.2019.06.715.

Roopan SM, Bharathi A, Prabhakarn A, Abdul Rahuman A,
Velayutham K, Rajakumar G, et al. Efficient phyto-synthesis
and structural characterization of rutile TiO, nanoparticles
using Annona squamosa peel extract. Spectrochim Acta A
Mol Biomol Spectrosc. 2012;98:86-90. https://doi.org/10.1016/
j-saa.2012.08.055.

Bekele ET, Gonfa BA, Zelekew OA, Belay HH, Sabir FK. Synthesis
of titanium oxide nanoparticles using root extract of Kniphofia
foliosa as a template, characterization, and its application on drug
resistance bacteria. | Nanomater. 2020;2020:1-10. https://doi.o
rg/10.1155/2020/2817037.

Devikala S, Abisharani JM, Bharath M. Biosynthesis of TiO,
nanoparticles from Caesalpinia pulcherrima flower extracts.
Materials Today: Proceedings. 2021;40:5185-8. https://doi.o
rg/10.1016/j.matpr.2020.08.578.

Rajakumar G, Rahuman AA, Roopan SM, Khanna VG, Elango G,
Kamaraj C, et al. Fungus-mediated biosynthesis and characteriza-
tion of TiO, nanoparticles and their activity against pathogenic
bacteria. Spectrochim Acta A Mol Biomol Spectrosc. 2012;91:
23-9. https://doi.org/10.1016/j.saa.2012.01.011.

Bansal V, Rautaray D, Bharde A, Ahire K, Sanyal A, Ahmad A,
et al. Fungus-mediated biosynthesis of silica and titania particles.
J Mater Chem. 2005;15:2583-9. https://doi.org/10.1039/b5030
08k.

Arya S, Sonawane H, Math S, Tambade P, Chaskar M, Shinde
D. Biogenic titanium nanoparticles (TiO,NPs) from Tricoderma
citrinoviride extract: synthesis, characterization and antibacterial
activity against extremely drug-resistant Pseudomonas aerugi-
nosa. Int Nano Lett. 2021;11:35-42. https://doi.org/10.1007/
$40089-020-00320-y.

Jayaseelan C, Rahuman AA, Roopan SM, Kirthi AV, Venkate-
san J, Kim S-K, ez al. Biological approach to synthesize TiO,
nanoparticles using Aeromonas hydrophila and its antibacterial
activity. Spectrochim Acta A Mol Biomol Spectrosc. 2013;107:
82-9. https://doi.org/10.1016/j.saa.2012.12.083.

Agceli GK, Hammachi H, Kodal SP, Cihangir N, Aksu Z. A
novel approach to synthesize TiO2 nanoparticles: biosynthesis by
using Streptomyces sp. HC1. | Inorg Organomet Polym Mater.
2020;30:3221-9. https://doi.org/10.1007/s10904-020-01486-w.
Sunkar S, Nachiyar CV, Lerensha R, Renugadevi K. Biogenesis of
TiO; nanoparticles using endophytic Bacillus cereus. ] Nanopart
Res.2014;16:2681. https://doi.org/10.1007/s11051-014-2681-y.
Peiris MMK, Gunasekara T, Jayaweera PM, Fernando SSN.
TiO2 nanoparticles from Baker’s yeast: a potent antimicro-
bial. | Microbiol Biotechnol. 2018;28:1664-70. https://doi.o
rg/10.4014/jmb.1807.07005.

Sanmugam A, Sellappan LK, Manoharan S, Rameshkumar A,
Kumar RS, Almansour Al, et al. Development of chitosan-based
cerium and titanium oxide loaded polycaprolactone for cuta-
neous wound healing and antibacterial applications. Int | Biol
Macromol. 2024;256:128458. https://doi.org/10.1016/j.ijbioma
c.2023.128458.

Shang S, Zhuang K, Chen J, Zhang M, Jiang S, Li W. A bioactive
composite hydrogel dressing that promotes healing of both acute
and chronic diabetic skin wounds. Bioactive Materials. 2024;34:
298-310. https://doi.org/10.1016/j.bioactmat.2023.12.026.
Kzar HH, Jasim SA, Kurbanova SY, Al-Ghamdi HS, Al-
Khafaji FAH, Al-Gazally ME, et al. The biomedical potential
of polycaprolactone nanofibrous scaffold containing titanium
oxide for wound healing applications. Int | Microstruct Mater
Prop. 2023;16:278-91. https://doi.org/10.1504/[]MMP.2023.
128422.

Remaggi G, Bergamonti L, Graiff C, Ossiprandi MC, Elviri
L. Rapid prototyping of 3D-printed AgNPs- and Nano-TiO;-
embedded hydrogels as novel devices with multiresponsive
antimicrobial capability in wound healing. Antibiotics [Internet].
2023;12:1104. https://doi.org/10.3390/antibiotics12071104.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.envres.2022.114714
https://doi.org/10.1016/j.cbi.2016.03.029
https://doi.org/10.1016/j.cbi.2016.03.029
https://doi.org/10.1016/j.cbi.2016.03.029
https://doi.org/10.1016/j.cbi.2016.03.029
https://doi.org/10.1016/j.cbi.2016.03.029
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.colsurfa.2016.08.045
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.cej.2023.141734
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/j.ccr.2020.213662
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1016/S0925-8388(02)01112-X
https://doi.org/10.1080/10584587.2010.492020
https://doi.org/10.1007/s41403-018-0048-x
https://doi.org/10.1007/s41403-018-0048-x
https://doi.org/10.1007/s41403-018-0048-x
https://doi.org/10.1007/s41403-018-0048-x
https://doi.org/10.1007/s41403-018-0048-x
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.1016/j.desal.2011.04.019
https://doi.org/10.2174/2211334711205020134
https://doi.org/10.2174/2211334711205020134
https://doi.org/10.2174/2211334711205020134
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1557/PROC-879-Z7.12
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jafr.2022.100361
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.jksus.2022.101869
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.matpr.2019.06.715
https://doi.org/10.1016/j.saa.2012.08.055
https://doi.org/10.1016/j.saa.2012.08.055
https://doi.org/10.1016/j.saa.2012.08.055
https://doi.org/10.1016/j.saa.2012.08.055
https://doi.org/10.1016/j.saa.2012.08.055
https://doi.org/10.1155/2020/2817037
https://doi.org/10.1155/2020/2817037
https://doi.org/10.1155/2020/2817037
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.matpr.2020.08.578
https://doi.org/10.1016/j.saa.2012.01.011
https://doi.org/10.1016/j.saa.2012.01.011
https://doi.org/10.1016/j.saa.2012.01.011
https://doi.org/10.1016/j.saa.2012.01.011
https://doi.org/10.1016/j.saa.2012.01.011
https://doi.org/10.1039/b503008k
https://doi.org/10.1007/s40089-020-00320-y
https://doi.org/10.1007/s40089-020-00320-y
https://doi.org/10.1007/s40089-020-00320-y
https://doi.org/10.1007/s40089-020-00320-y
https://doi.org/10.1007/s40089-020-00320-y
https://doi.org/10.1016/j.saa.2012.12.083
https://doi.org/10.1016/j.saa.2012.12.083
https://doi.org/10.1016/j.saa.2012.12.083
https://doi.org/10.1016/j.saa.2012.12.083
https://doi.org/10.1016/j.saa.2012.12.083
https://doi.org/10.1007/s10904-020-01486-w
https://doi.org/10.1007/s10904-020-01486-w
https://doi.org/10.1007/s10904-020-01486-w
https://doi.org/10.1007/s10904-020-01486-w
https://doi.org/10.1007/s10904-020-01486-w
https://doi.org/10.1007/s11051-014-2681-y
https://doi.org/10.1007/s11051-014-2681-y
https://doi.org/10.1007/s11051-014-2681-y
https://doi.org/10.1007/s11051-014-2681-y
https://doi.org/10.1007/s11051-014-2681-y
https://doi.org/10.4014/jmb.1807.07005
https://doi.org/10.4014/jmb.1807.07005
https://doi.org/10.4014/jmb.1807.07005
https://doi.org/10.4014/jmb.1807.07005
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.ijbiomac.2023.128458
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1016/j.bioactmat.2023.12.026
https://doi.org/10.1504/IJMMP.2023.128422
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104
https://doi.org/10.3390/antibiotics12071104

22

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

LiJ, Sun X, Dai J, Yang ], Li L, Zhang Z, et al. Biomimetic multi-
functional hybrid sponge via enzymatic cross-linking to accelerate
infected burn wound healing. Int | Biol Macromol. 2023;225:
90-102. https://doi.org/10.1016/j.ijbiomac.2022.12.024.
Ahmad MZ, Alasiri AS, Ahmad J, Algahtani AA, Abdullah
MM, Abdel-Wahab BA, et al. Green synthesis of titanium diox-
ide nanoparticles using Ocimum sanctum leaf extract: In vitro
characterization and its healing efficacy in diabetic wounds.
Molecules [Internet]|. 2022;27:7712. https://doi.org/10.3390/mo
lecules27227712.

Nilavukkarasi M, Vijayakumar S, Kalaskar M, Gurav N, Gurav S,
Praseetha PK. Capparis zeylanica L. conjugated TiO, nanoparti-
cles as bio-enhancers for antimicrobial and chronic wound repair.
Biochem Biophys Res Commun. 2022;623:127-32. https://doi.o
rg/10.1016/j.bbrc.2022.07.064.

Motasadizadeh H, Azizi S, Shaabani A, Sarvestani MG, Sedghi
R, Dinarvand R. Development of PVA/chitosan-g-poly (N-
vinyl imidazole)/TiO2/curcumin nanofibers as high-performance
wound dressing. Carbohydr Polym. 2022;296:119956. https://
doi.org/10.1016/j.carbpol.2022.119956.

Li S, Zeng ], Yin D, Liao P, Ding S, Mao P, et al. Syner-
gic fabrication of titanium dioxide incorporation into heparin-
polyvinyl alcohol nanocomposite: enhanced in vitro antibacterial
activity and care of in vivo burn injury. Mater Res Express.
2021;8:085012. https://doi.org/10.1088/2053-1591/abelfb.
Yang Z, Ren X, Liu Y. Multifunctional 3D printed porous Gel-
MA/xanthan gum based dressing with biofilm control and wound
healing activity. Mater Sci Eng C.2021;131:112493. https://doi.o
rg/10.1016/j.msec.2021.112493.

Soubhagya AS, Balagangadharan K, Selvamurugan N, Prabaha-
ran M. Porous wound dressings based on chitosan/carboxymethyl
guar gum/TiO2 nanoparticles. AIP Conference Proceedings.
2020;2297:020029.

Ulu A, Birhanli E, Koytepe S, Ates B. Chitosan/polypropylene
glycol hydrogel composite film designed with TiO2 nanoparti-
cles: a promising scaffold of biomedical applications. Int | Biol
Macromol. 2020;163:529-40. https://doi.org/10.1016/].ijbioma
¢.2020.07.015.

Razali MH, Ismail NA, Amin KAM. Physical, mechanical, chem-
ical and biological properties data of gellan gum incorpo-
rating titanium dioxide nanoparticles biofilm. Data in Brief.
2020;30:105478. https://doi.org/10.1016/j.dib.2020.105478.
Nikpasand A, Parvizi MR. Parvizi mr, evaluation of the effect
of titatnium dioxide nanoparticles/Gelatin composite on infected
skin wound healing. An Animal Model Study, Bulle Emerg
Trauma. 2019;7:366-72. https://doi.org/10.29252/beat-07040S.
Javanmardi S, Ghojoghi A, Divband B, Ashrafi J. Titanium
dioxide nanoparticle/Gelatin: a potential burn wound healing
biomaterial. Wounds. 2018;30:372-9.

Selvi RT, Prasanna APS, Niranjan R, Kaushik M, Devasena T,
Kumar J, et al. Metal oxide curcumin incorporated polymer
patches for wound healing. Appl Surf Sci. 2018;449:603-9.
Jafari A, Hassanajili S, Karimi MB, Emami A, Ghaffari F,
Azarpira N. Effect of organic/inorganic nanoparticles on per-
formance of polyurethane nanocomposites for potential wound
dressing applications. | Mech Behav Biomed Mater. 2018;88:
395-405. https:/doi.org/10.1016/j.jmbbm.2018.09.001.
Mehrabani MG, Karimian R, Rakhshaei R, Pakdel F, Eslami H,
Fakhrzadeh V, et al. Chitin/silk fibroin/TiO2 bio-nanocomposite
as a biocompatible wound dressing bandage with strong antimi-
crobial activity. Int | Biol Macromol. 2018;116:966-76. https://
doi.org/10.1016/j.ijbiomac.2018.05.102.

Khalid A, Ullah H, Ul-Islam M, Khan R, Khan S, Ahmad F,
et al. Bacterial cellulose-TiO2 nanocomposites promote healing
and tissue regeneration in burn mice model. RSC Adv. 2017;7:
47662-8. https://doi.org/10.1039/C7RA06699F.

El-Aassar MR. El fawal GF, El-Deeb NM, Hassan HS, Mo X,
electrospun polyvinyl alcohol/ Pluronic F127 blended nanofibers
containing titanium dioxide for antibacterial wound dressing.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Burns & Trauma, 2025, Vol. 13, tkae069

Appl Biochem Biotechnol. 2016;178:1488-502. https://doi.o
rg/10.1007/s12010-015-1962-y.

Nandagopal S, Augustine R, George SC, Jayachandran V,
Kalarikkal N, Thomas S. Gentamicin loaded electrospun poly
(e-Caprolactone)/TiO2 nanocomposite membranes with antibac-
terial property against methicillin resistant Staphylococcus
aureus. Polym Plast Technol Eng.2016;55:1785-96. https://doi.o
rg/10.1080/03602559.2016.1171877.

Khan S, Ul-Islam M, Khattak WA, Ullah MW, Park JK. Bac-
terial cellulose-titanium dioxide nanocomposites: nanostruc-
tural characteristics, antibacterial mechanism, and biocom-
patibility. Cellulose. 2015;22:565-79. https://doi.org/10.1007/
$s10570-014-0528-4.

Ghosal K, Thomas S, Kalarikkal N, Gnanamani A. Col-
lagen coated electrospun polycaprolactone (PCL) with tita-
nium dioxide (TiO2) from an environmentally benign sol-
vent: preliminary physico-chemical studies for skin substitute.
J Polym Res. 2014;21:410. https:/doi.org/10.1007/s10965-014-
0410-y.

Al-Abduljabbar A, Farooq I. Electrospun polymer nanofibers:
processing, properties, and applications. Polym Int. 2023;15:65.
https://doi.org/10.3390/polym15010065.

Robinson AJ, Pérez-Nava A, Ali SC, Gonzélez-Campos JB, Hol-
loway JL, Cosgriff-Hernandez EM. Comparative analysis of fiber
alignment methods in electrospinning. Matter. 2021;4:821-44.
https://doi.org/10.1016/j.matt.2020.12.022.

Rahmati M, Mills DK, Urbanska AM, Saeb MR, Venugopal
JR, Ramakrishna S, et al. Electrospinning for tissue engineer-
ing applications. Prog Mater Sci. 2021;117:100721. https://doi.o
rg/10.1016/j.pmatsci.2020.100721.

Kennedy KM, Bhaw-Luximon A, Jhurry D. Cell-matrix mechan-
ical interaction in electrospun polymeric scaffolds for tis-
sue engineering: implications for scaffold design and perfor-
mance. Acta Biomater. 2017;50:41-55. https://doi.org/10.1016/
j.actbio.2016.12.034.

Afsharian YP, Rahimnejad M. Bioactive electrospun scaf-
folds for wound healing applications: a comprehensive review.
Polym Test. 2021;93:106952. https://doi.org/10.1016/j.polyme
rtesting.2020.106952.

Chen H, Peng Y, Wu S, Tan LP. Electrospun 3D fibrous scaffolds
for chronic wound repair. Materials (Basel). 2016;9:272. https://
doi.org/10.3390/ma9040272.

Mousavi S-M, Nejad ZM, Hashemi SA, Salari M, Gholami
A, Ramakrishna S, et al. Bioactive agent-loaded electrospun
nanofiber membranes for accelerating healing process: a review.
Membranes (Basel). 2021;11:702. https://doi.org/10.3390/me
mbranes11090702.

Kalva SN, Augustine R, Al Mamun A, Dalvi YB, Vijay N,
Hasan A. Active agents loaded extracellular matrix mimetic
electrospun membranes for wound healing applications. | Drug
Delivery Sci Technol. 2021;63:102500. https://doi.org/10.1016/j.
jddst.2021.102500.

Augustine R, Kalarikkal N, Thomas S. Electrospun PCL mem-
branes incorporated with biosynthesized silver nanoparticles as
antibacterial wound dressings. Appl Nanosci. 2016;6:337-44.
https://doi.org/10.1007/s13204-015-0439-1.

Thomas R, Soumya KR, Mathew ], Radhakrishnan EK. Elec-
trospun polycaprolactone membrane incorporated with biosyn-
thesized silver nanoparticles as effective wound dressing mate-
rial. Appl Biochem Biotechnol. 2015;176:2213-24. https://doi.o
rg/10.1007/s12010-015-1709-9.

Liu M, Wang R, Liu J, Zhang W, Liu Z, Lou X, et al. Incorpo-
ration of magnesium oxide nanoparticles into electrospun mem-
branes improves pro-angiogenic activity and promotes diabetic
wound healing. Biomater Adv. 2022;133:112609. https://doi.o
rg/10.1016/j.msec.2021.112609.

Lakkala P, Munnangi SR, Bandari S, Repka M. Additive man-
ufacturing technologies with emphasis on stereolithography 3D
printing in pharmaceutical and medical applications: a review.

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.1016/j.ijbiomac.2022.12.024
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.3390/molecules27227712
https://doi.org/10.1016/j.bbrc.2022.07.064
https://doi.org/10.1016/j.bbrc.2022.07.064
https://doi.org/10.1016/j.bbrc.2022.07.064
https://doi.org/10.1016/j.bbrc.2022.07.064
https://doi.org/10.1016/j.bbrc.2022.07.064
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1016/j.carbpol.2022.119956
https://doi.org/10.1088/2053-1591/abe1fb
https://doi.org/10.1088/2053-1591/abe1fb
https://doi.org/10.1088/2053-1591/abe1fb
https://doi.org/10.1088/2053-1591/abe1fb
https://doi.org/10.1088/2053-1591/abe1fb
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.msec.2021.112493
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.ijbiomac.2020.07.015
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.1016/j.dib.2020.105478
https://doi.org/10.29252/beat-070405
https://doi.org/10.29252/beat-070405
https://doi.org/10.29252/beat-070405
https://doi.org/10.29252/beat-070405
https://doi.org/10.29252/beat-070405
https://doi.org/10.1016/j.jmbbm.2018.09.001
https://doi.org/10.1016/j.jmbbm.2018.09.001
https://doi.org/10.1016/j.jmbbm.2018.09.001
https://doi.org/10.1016/j.jmbbm.2018.09.001
https://doi.org/10.1016/j.jmbbm.2018.09.001
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1016/j.ijbiomac.2018.05.102
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1039/C7RA06699F
https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1007/s12010-015-1962-y
https://doi.org/10.1080/03602559.2016.1171877
https://doi.org/10.1080/03602559.2016.1171877
https://doi.org/10.1080/03602559.2016.1171877
https://doi.org/10.1007/s10570-014-0528-4
https://doi.org/10.1007/s10570-014-0528-4
https://doi.org/10.1007/s10570-014-0528-4
https://doi.org/10.1007/s10570-014-0528-4
https://doi.org/10.1007/s10965-014-0410-y
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.3390/polym15010065
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.matt.2020.12.022
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.pmatsci.2020.100721
https://doi.org/10.1016/j.actbio.2016.12.034
https://doi.org/10.1016/j.actbio.2016.12.034
https://doi.org/10.1016/j.actbio.2016.12.034
https://doi.org/10.1016/j.actbio.2016.12.034
https://doi.org/10.1016/j.actbio.2016.12.034
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.1016/j.polymertesting.2020.106952
https://doi.org/10.3390/ma9040272
https://doi.org/10.3390/ma9040272
https://doi.org/10.3390/ma9040272
https://doi.org/10.3390/ma9040272
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.3390/membranes11090702
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1016/j.jddst.2021.102500
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1007/s13204-015-0439-1
https://doi.org/10.1007/s12010-015-1709-9
https://doi.org/10.1007/s12010-015-1709-9
https://doi.org/10.1007/s12010-015-1709-9
https://doi.org/10.1007/s12010-015-1709-9
https://doi.org/10.1016/j.msec.2021.112609
https://doi.org/10.1016/j.msec.2021.112609
https://doi.org/10.1016/j.msec.2021.112609
https://doi.org/10.1016/j.msec.2021.112609
https://doi.org/10.1016/j.msec.2021.112609
https://doi.org/10.1016/j.msec.2021.112609

Burns & Trauma, 2025, Vol. 13, tkae069

157.

158.

159.

160.

161.

162.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Int | Pharmaceut. 2023;5:100159. https://doi.org/10.1016/j.i
ipx.2023.100159.

Joshi SC, Sheikh AA. 3D printing in aerospace and its long-term
sustainability. Virtual Phys Prototyp. 2015;10:175-85. https://
doi.org/10.1080/17452759.2015.1111519.

Shahrubudin N, Lee TC, Ramlan R. An overview on 3D printing
technology: technological, materials, and applications. Proce-
dia Manufactur. 2019;35:1286-96. https://doi.org/10.1016/j.pro
mfg.2019.06.089.

Kholgh Eshkalak S, Rezvani Ghomi E, Dai Y, Choudhury D,
Ramakrishna S. The role of three-dimensional printing in health-
care and medicine. Mater Des. 2020;194:108940. https://doi.o
rg/10.1016/j.matdes.2020.108940.

Beyhan F, Arslan Selguk S, editors. 3D Printing in Architecture:
One Step Closer to a Sustainable Built Environment. Proceedings
of 3rd International Sustainable Buildings Symposium (ISBS
2017); 2018 2018//; Cham: Springer International Publishing,
https://doi.org/10.1007/978-3-319-63709-9_20.

Schniederjans DG. Adoption of 3D-printing technologies in man-
ufacturing: a survey analysis. Int | Prod Econ. 2017;183:287-98.
https://doi.org/10.1016/j.ijpe.2016.11.008.

Wang K, Ho C-C, Zhang C, Wang B. A review on the 3D print-
ing of functional structures for Medical phantoms and regener-
ated tissue and organ applications. Engineering. 2017;3:653-62.
https://doi.org/10.1016/J.ENG.2017.05.013.

. Guzzi EA, Tibbitt MW. Additive manufacturing of preci-

sion biomaterials. Adv Mater. 2020;32:1901994. https://doi.o
rg/10.1002/adma.201901994.

Uchida DT, Bruschi ML. 3D printing as a technological strat-
egy for the personalized treatment of wound healing. AAPS
PharmSciTech.2023;24:41. https://doi.org/10.1208/s12249-023-
02503-0.

Ruiz-Cantu L, Gleadall A, Faris C, Segal ], Shakesheff K, Yang
J. Characterisation of the surface structure of 3D printed scaf-
folds for cell infiltration and surgical suturing. Biofabrication.
2016;8:015016. https://doi.org/10.1088/1758-5090/8/1/015016.
Diaz-Gomez L, Gonzalez-Prada I, Millan R, Da Silva-Candal A,
Bugallo-Casal A, Campos F, et al. 3D printed carboxymethyl
cellulose scaffolds for autologous growth factors delivery in
wound healing. Carbobydr Polym. 2022;278:118924. https://
doi.org/10.1016/j.carbpol.2021.118924.

Dominguez-Robles ], Cuartas-Gémez E, Dynes S, Utomo E,
Anjani QK, Detamornrat U, et al. Poly(caprolactone)/lignin-
based 3D-printed dressings loaded with a novel combination
of bioactive agents for wound-healing applications. Sustain
Mater Technol.2023;35:¢00581. https://doi.org/10.1016/j.susma
t.2023.e00581.

Alizadehgiashi M, Nemr CR, Chekini M, Pinto Ramos D, Mittal
N, Ahmed SU, et al. Multifunctional 3D-printed wound dress-
ings. ACS Nano. 2021;15:12375-87. https://doi.org/10.1021/a
csnano.1c04499.

Tan SH, Ngo ZH, Sci DB, Leavesley D, Liang K. Recent advances
in the Design of Three-Dimensional and Bioprinted Scaffolds for
full-thickness wound healing. Tissue Eng B Rev.2021;28:160-81.
https://doi.org/10.1089/ten. TEB.2020.0339.

Yang Z, Ren X, Liu Y. N-halamine modified ceria nanoparticles:
antibacterial response and accelerated wound healing application
via a 3D printed scaffold. Compos Part B. 2021;227:109390.
https://doi.org/10.1016/j.compositesb.2021.109390.
Sheybanikashani S, Zandi N, Hosseini D, Lotfi R, Simchi
A. A sustainable and self-healable silk fibroin nanocomposite
with antibacterial and drug eluting properties for 3D printed
wound dressings. | Mater Chem B.2024;12:784-99. https://doi.o
rg/10.1039/D3TB02363].

Savencu I, Iurian S, Porfire A, Bogdan C, Tomuta I. Review
of advances in polymeric wound dressing films. React Funct
Polym. 2021;168:105059. https://doi.org/10.1016/j.reactfunctpo
lym.2021.105059.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

23

Borbolla-Jiménez FV, Penia-Corona SI, Farah SJ, Jiménez-Valdés
MT, Pineda-Pérez E, Romero-Montero A, et al. Films for wound
healing fabricated using a solvent casting technique. Pharmaceu-
tics [Internet]. 2023;15:1914. https://doi.org/10.3390/pharmaceu
tics15071914.

Le K-T, Nguyen C-T, Lac T-D. Nguyen L-GT, Tran TL, Tran-van
H, facilely preparing carboxymethyl chitosan/hydroxyethyl cellu-
lose hydrogel films for protective and sustained release of fibrob-
last growth factor 2 to accelerate dermal tissue repair. | Drug
Deliv Sci Technol. 2023;82:104318. https://doi.org/10.1016/j.
jddst.2023.104318.

Proksch E, Brandner JM, Jensen J-M. The skin: an indis-
pensable barrier. Exp Dermatol. 2008;17:1063-72. https://doi.o
rg/10.1111/5.1600-0625.2008.00786.x.

Saghazadeh S, Rinoldi C, Schot M, Kashaf SS, Sharifi F, Jalilian
E, et al. Drug delivery systems and materials for wound healing
applications. Adv Drug Deliv Rev. 2018;127:138-66. https://
doi.org/10.1016/j.addr.2018.04.008.

Miguel SP, Moreira AF, Correia IJ. Chitosan based-
asymmetric membranes for wound healing: a review. Int |
Biol Macromol. 2019;127:460-75. https://doi.org/10.1016/}.i
jbiomac.2019.01.072.

Eskandarinia A, Kefayat A, Agheb M, Rafienia M, Amini
Baghbadorani M, Navid S, et al. A novel bilayer wound
dressing composed of a dense polyurethane/propolis mem-
brane and a biodegradable polycaprolactone/gelatin nanofi-
brous scaffold. Sci Rep. 2020;10:3063. https://doi.org/10.1038/
$41598-020-59931-2.

Graca MFP, de Melo-Diogo D, Correia IJ, Moreira AF. Elec-
trospun asymmetric membranes as promising wound dressings:
a review. Pharmaceutics. 2021;13:183. https://doi.org/10.3390/
pharmaceutics13020183.

Miguel SP, Ribeiro MP, Coutinho P, Correia IJ. Electrospun poly-
caprolactone/aloe vera_chitosan nanofibrous asymmetric mem-
branes aimed for wound healing applications. Polymers (Basel).
2017;9:183. https://doi.org/10.3390/polym9050183.
Radwan-Praglowska J, Janus E, Piatkowski M, Bogdat D,
Matysek D. Hybrid bilayer PLA/chitosan Nanofibrous scaffolds
doped with ZnO, Fe304, and Au nanoparticles with bioactive
properties for skin tissue engineering. Polymers. 2020;12:159.
https://doi.org/10.3390/polym12010159.

Shahriari-Khalaji M, Sattar M, Cao R, Zhu M. Angiogene-
sis, hemocompatibility and bactericidal effect of bioactive nat-
ural polymer-based bilayer adhesive skin substitute for infected
burned wound healing. Bioactive Mater.2023;29:177-95. https://
doi.org/10.1016/j.bioactmat.2023.07.008.

Andrabi SM, Singh P, Majumder S, Kumar A. A compositionally
synergistic approach for the development of a multifunctional
bilayer scaffold with antibacterial property for infected and
chronic wounds. Chem Eng J. 2021;423:130219. https://doi.o
rg/10.1016/j.c¢.2021.130219.

Rezk Al Lee JY, Son BC, Park CH, Kim CS. Bi-layered
nanofibers membrane loaded with titanium oxide and tetra-
cycline as controlled drug delivery system for wound dressing
applications. Polymers. 2019;11:1602. https://doi.org/10.3390/
polym11101602.

Woo CH, Choi YC, Choi JS, Lee HY, Cho YW. A bilayer
composite composed of TiO2-incorporated electrospun chitosan
membrane and human extracellular matrix sheet as a wound
dressing. ] Biomater Sci Polym Ed.2015;26:841-54. https://doi.o
rg/10.1080/09205063.2015.1061349.

Shenoy RUK, Rama A, Govindan I, Naha A. The purview
of doped nanoparticles: insights into their biomedical applica-
tions. OpenNano. 2022;8:100070. https://doi.org/10.1016/j.0ona
n0.2022.100070.

Lather R, Jeevanandam P. Synthesis of Zn2+ doped
SnS2 nanoparticles using a novel thermal decomposition
approach and their application as adsorbent. | Alloys

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.1016/j.ijpx.2023.100159
https://doi.org/10.1016/j.ijpx.2023.100159
https://doi.org/10.1016/j.ijpx.2023.100159
https://doi.org/10.1016/j.ijpx.2023.100159
https://doi.org/10.1016/j.ijpx.2023.100159
https://doi.org/10.1080/17452759.2015.1111519
https://doi.org/10.1080/17452759.2015.1111519
https://doi.org/10.1080/17452759.2015.1111519
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.promfg.2019.06.089
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.1007/978-3-319-63709-9_20
https://doi.org/10.1007/978-3-319-63709-9_20
https://doi.org/10.1007/978-3-319-63709-9_20
https://doi.org/10.1016/j.ijpe.2016.11.008
https://doi.org/10.1016/j.ijpe.2016.11.008
https://doi.org/10.1016/j.ijpe.2016.11.008
https://doi.org/10.1016/j.ijpe.2016.11.008
https://doi.org/10.1016/j.ijpe.2016.11.008
https://doi.org/10.1016/J.ENG.2017.05.013
https://doi.org/10.1016/J.ENG.2017.05.013
https://doi.org/10.1016/J.ENG.2017.05.013
https://doi.org/10.1016/J.ENG.2017.05.013
https://doi.org/10.1016/J.ENG.2017.05.013
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1002/adma.201901994
https://doi.org/10.1208/s12249-023-02503-0
https://doi.org/10.1088/1758-5090/8/1/015016
https://doi.org/10.1088/1758-5090/8/1/015016
https://doi.org/10.1088/1758-5090/8/1/015016
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.carbpol.2021.118924
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1016/j.susmat.2023.e00581
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1021/acsnano.1c04499
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1089/ten.TEB.2020.0339
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1016/j.compositesb.2021.109390
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1039/D3TB02363J
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.1016/j.reactfunctpolym.2021.105059
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.3390/pharmaceutics15071914
https://doi.org/10.1016/j.jddst.2023.104318
https://doi.org/10.1016/j.jddst.2023.104318
https://doi.org/10.1016/j.jddst.2023.104318
https://doi.org/10.1016/j.jddst.2023.104318
https://doi.org/10.1016/j.jddst.2023.104318
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1111/j.1600-0625.2008.00786.x
https://doi.org/10.1016/j.addr.2018.04.008
https://doi.org/10.1016/j.addr.2018.04.008
https://doi.org/10.1016/j.addr.2018.04.008
https://doi.org/10.1016/j.addr.2018.04.008
https://doi.org/10.1016/j.addr.2018.04.008
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1016/j.ijbiomac.2019.01.072
https://doi.org/10.1038/s41598-020-59931-2
https://doi.org/10.1038/s41598-020-59931-2
https://doi.org/10.1038/s41598-020-59931-2
https://doi.org/10.1038/s41598-020-59931-2
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/pharmaceutics13020183
https://doi.org/10.3390/polym9050183
https://doi.org/10.3390/polym9050183
https://doi.org/10.3390/polym9050183
https://doi.org/10.3390/polym9050183
https://doi.org/10.3390/polym9050183
https://doi.org/10.3390/polym12010159
https://doi.org/10.3390/polym12010159
https://doi.org/10.3390/polym12010159
https://doi.org/10.3390/polym12010159
https://doi.org/10.3390/polym12010159
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.bioactmat.2023.07.008
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.1016/j.cej.2021.130219
https://doi.org/10.3390/polym11101602
https://doi.org/10.3390/polym11101602
https://doi.org/10.3390/polym11101602
https://doi.org/10.3390/polym11101602
https://doi.org/10.3390/polym11101602
https://doi.org/10.1080/09205063.2015.1061349
https://doi.org/10.1080/09205063.2015.1061349
https://doi.org/10.1080/09205063.2015.1061349
https://doi.org/10.1016/j.onano.2022.100070
https://doi.org/10.1016/j.onano.2022.100070
https://doi.org/10.1016/j.onano.2022.100070
https://doi.org/10.1016/j.onano.2022.100070
https://doi.org/10.1016/j.onano.2022.100070
https://doi.org/10.1016/j.onano.2022.100070

24

188.

189.

190.

191.

192.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

© The Author(s) 2025. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Lic
medium, provided the original work is properly cited.
1 X

Bur kac069

Compd. 2022;891:161989. https://doi.org/10.1016/j.jallcom.
2021.161989.

Wang J, Zhang C, Yang Y, Fan A, Chi R, Shi ], et al. Poly
(vinyl alcohol) (PVA) hydrogel incorporated with Ag/TiO2 for
rapid sterilization by photoinspired radical oxygen species and
promotion of wound healing. Appl Surf Sci. 2019;494:708-20.
https://doi.org/10.1016/j.apsusc.2019.07.224.

Ahmad F, Salem-Bekhit MM, Khan F, Alshehri S, Khan A,
Ghoneim MM, et al. Unique properties of surface-functionalized
nanoparticles for bio-application: functionalization mecha-
nisms and importance in application. Nanomaterials (Basel).
2022;12:1333. https://doi.org/10.3390/nano12081333.

Hajareh Haghighi F, Mercurio M, Cerra S, Salamone TA,
Bianymotlagh R, Palocci C, et al. Surface modification of
TiO, nanoparticles with organic molecules and their biological
applications. | Mater Chem B. 2023;11:2334-66. https://doi.o
rg/10.1039/D2TB02576K.

Niranjan R, Kaushik M, Selvi RT, Prakash ], Venkataprasanna
KS, Prema D, et al. PVA/SA/TiO2-CUR patch for enhanced wound
healing application: In vitro and in vivo analysis. Int | Biol
Macromol. 2019;138:704-17. https://doi.org/10.1016/].ijbioma
¢.2019.07.125.

Yusuf A, Almotairy ARZ, Henidi H, Alshehri OY, Aldughaim MS.
Nanoparticles as drug delivery systems: a review of the implica-
tion of nanoparticles’ physicochemical properties on responses in
biological systems. Polymers (Basel). 2023;15:1596. https://doi.o
rg/10.3390/polym15071596.

. Mohammad ZH, Ahmad F, Ibrahim SA, Zaidi S. Application of

nanotechnology in different aspects of the food industry. Discov
Food. 2022;2:12. https://doi.org/10.1007/s44187-022-00013-9.
Wang X, Zhong X, Li ], Liu Z, Cheng L. Inorganic nanomaterials
with rapid clearance for biomedical applications. Chem Soc Rev.
2021;50:8669-742. https://doi.org/10.1039/DOCS00461H.
Abbasi R, Shineh G, Mobaraki M, Doughty S, Tayebi L. Structural
parameters of nanoparticles affecting their toxicity for biomedical
applications: a review. ] Nanopart Res. 2023;25:43. https://doi.o
rg/10.1007/s11051-023-05690-w.

Xuan L, Ju Z, Skonieczna M, Zhou PK, Huang R. Nanoparticles-
induced potential toxicity on human health: applications, tox-
icity mechanisms, and evaluation models. MedComm (2020).
2023;4:€327. https://doi.org/10.1002/mc02.327.

Ramanathan A. Toxicity of nanoparticles_ challenges and
opportunities. Appl Microsc. 2019;49:2. https://doi.org/10.1007/
$s42649-019-0004-6.

Jafari S, Mahyad B, Hashemzadeh H, Janfaza S, Gholikhani T,
Tayebi L. Biomedical applications of TiO, nanostructures: recent
advances. Int | Nanomedicine.2020;Volume 15:3447-70. https://
doi.org/10.2147/1JN.S249441.

Sukhanova A, Bozrova S, Sokolov P, Berestovoy M, Karaulov A,
Nabiev I. Dependence of nanoparticle toxicity on their physical
and chemical properties. Nanoscale Res Lett. 2018;13:44. https://
doi.org/10.1186/s11671-018-2457-x.

Heim ], Felder E, Tahir MN, Kaltbeitzel A, Heinrich UR,
Brochhausen C, et al. Genotoxic effects of zinc oxide nanopar-
ticles. Nanoscale. 2015;7:8931-8. https://doi.org/10.1039/C5
NRO1167A.

Pasupuleti S, Alapati S, Ganapathy S, Anumolu G, Pully NR,
Prakhya BM. Toxicity of zinc oxide nanoparticles through
oral route. Toxicol Ind Health. 2012;28:675-86. https://doi.o
rg/10.1177/0748233711420473.

Sajjad H, Sajjad A, Haya RT, Khan MM, Zia M. Copper oxide
nanoparticles: In vitro and in vivo toxicity, mechanisms of action
and factors influencing their toxicology. Comparat Biochem
Physiol Part C: Toxicology & Pharmacology. 2023;271:109682.
https://doi.org/10.1016/j.cbpc.2023.109682.

Auffan M, Rose J, Orsiere T, De Meo M, Thill A, Zeyons O,
et al. CeO2 nanoparticles induce DNA damage towards human

025, 1

204.

20S.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Burns & Trauma, 2025, Vol. 13, tkae069

dermal fibroblasts in vitro. Nanotoxicology. 2009;3:161-71.
https://doi.org/10.1080/17435390902788086.

Patil US, Adireddy S, Jaiswal A, Mandava S, Lee BR, Chrisey
DB. In vitro/In vivo toxicity evaluation and quantification of iron
oxide nanoparticles. Int | Mol Sci [Internet]. 2015;16:24417-50.
Mahmoud A, Ezgi O, Merve A, Ozhan G. In vitro toxicological
assessment of magnesium oxide nanoparticle exposure in several
mammalian cell types. Int | Toxicol. 2016;35:429-37. https://
doi.org/10.1177/1091581816648624.

Ahamed M, Ali D, Alhadlaq HA, Akhtar M]. Nickel oxide
nanoparticles exert cytotoxicity via oxidative stress and induce
apoptotic response in human liver cells (HepG2). Chemo-
sphere. 2013;93:2514-22. https://doi.org/10.1016/j.chemosphe
re.2013.09.047.

Cavallo D, Ciervo A, Fresegna AM, Maiello R, Tassone P,
Buresti G, et al. Investigation on cobalt-oxide nanoparticles cyto-
genotoxicity and inflammatory response in two types of res-
piratory cells. ] Appl Toxicol. 2015;35:1102-13. https://doi.o
rg/10.1002/jat.3133.

Hong F, Yu X, Wu N, Zhang Y-Q. Progress of in vivo studies
on the systemic toxicities induced by titanium dioxide nanopar-
ticles. Toxicol Res. 2017;6:115-33. https://doi.org/10.1039/C6
TX00338A.

Jin C-Y, Zhu B-S, Wang X-F, Lu Q-H. Cytotoxicity of titanium
dioxide nanoparticles in mouse fibroblast cells. Chem Res Toxi-
col. 2008;21:1871-7. https://doi.org/10.1021/tx800179f.

Simon M, Barberet P, Delville M-H, Moretto P, Seznec H.
Titanium dioxide nanoparticles induced intracellular calcium
homeostasis modification in primary human keratinocytes.
Towards an in vitro explanation of titanium dioxide nanopar-
ticles toxicity. Nanotoxicology. 2011;5:125-39. https://doi.o
rg/10.3109/17435390.2010.502979.

Zhao Y, Howe JLC, Yu Z, Leong DT, Chu JJH, Loo JSC, et al.
Exposure to titanium dioxide nanoparticles induces autophagy
in primary human keratinocytes. Small. 2013;9:387-92. https://
doi.org/10.1002/smll.201201363.

Gao X, Wang Y, Peng S, Yue B, Fan C, Chen W, et al. Comparative
toxicities of bismuth oxybromide and titanium dioxide
exposure on human skin keratinocyte cells. Chemospbhere.
2015;135:83-93.  https://doi.org/10.1016/j.chemosphere.2015.
03.075.

Pan Z, Lee W, Slutsky L, Clark RAF, Pernodet N, Rafailovich
MH. Adverse effects of titanium dioxide nanoparticles on human
dermal fibroblasts and how to protect cells. Small. 2009;5:
511-20. https://doi.org/10.1002/sm1.200800798.

Prasad RY, Chastain PD, Nikolaishvili-Feinberg N, Smeester L,
Kaufmann WK, Fry RC. Titanium dioxide nanoparticles acti-
vate the ATM-Chk2 DNA damage response in human der-
mal fibroblasts. Nanotoxicology. 2013;7:1111-9. https://doi.o
rg/10.3109/17435390.2012.710659.

Adachi K, Yamada N, Yamamoto K, Yoshida Y, Yamamoto O.
In vivo effect of industrial titanium dioxide nanoparticles exper-
imentally exposed to hairless rat skin. Nanotoxicology. 2010;4:
296-306. https://doi.org/10.3109/17435391003793095.
Crosera M, Prodi A, Mauro M, Pelin M, Florio C, Bellomo
F, et al. Titanium dioxide nanoparticle penetration into the
skin and effects on HaCaT cells. Int | Environment Res Public
Health [Internet]. 2015;12:9282-97. https://doi.org/10.3390/ije
rph120809282.

Xie G, Lu W, Lu D. Penetration of titanium dioxide nanoparticles
through slightly damaged skin in vitro and in vivo. | Appl
Biomater Funct Mater.2015;13:356—61. https://doi.org/10.5301/
jabfm.5000243.

Wu J, Liu W, Xue C, Zhou S, Lan F, Bi L, et al. Toxicity and
penetration of TiO2 nanoparticles in hairless mice and porcine
skin after subchronic dermal exposure. Toxicol Lett. 2009;191:
1-8. https://doi.org/10.1016/j.toxlet.2009.05.020.

ense (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any

9202 1990J20 €} U0 1sNB Aq LGZZ¥6./6909€3)/1SUING/EE0 L 0 L/10P/3|2ILE/EWNESUING/WOD"dNO"OIWapPEdE WOJj Papeojumoq


https://doi.org/10.1016/j.jallcom.2021.161989
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.1016/j.apsusc.2019.07.224
https://doi.org/10.3390/nano12081333
https://doi.org/10.3390/nano12081333
https://doi.org/10.3390/nano12081333
https://doi.org/10.3390/nano12081333
https://doi.org/10.3390/nano12081333
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1039/D2TB02576K
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.1016/j.ijbiomac.2019.07.125
https://doi.org/10.3390/polym15071596
https://doi.org/10.3390/polym15071596
https://doi.org/10.3390/polym15071596
https://doi.org/10.3390/polym15071596
https://doi.org/10.3390/polym15071596
https://doi.org/10.1007/s44187-022-00013-9
https://doi.org/10.1007/s44187-022-00013-9
https://doi.org/10.1007/s44187-022-00013-9
https://doi.org/10.1007/s44187-022-00013-9
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1039/D0CS00461H
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1007/s11051-023-05690-w
https://doi.org/10.1002/mco2.327
https://doi.org/10.1002/mco2.327
https://doi.org/10.1002/mco2.327
https://doi.org/10.1002/mco2.327
https://doi.org/10.1007/s42649-019-0004-6
https://doi.org/10.1007/s42649-019-0004-6
https://doi.org/10.1007/s42649-019-0004-6
https://doi.org/10.1007/s42649-019-0004-6
https://doi.org/10.2147/IJN.S249441
https://doi.org/10.2147/IJN.S249441
https://doi.org/10.2147/IJN.S249441
https://doi.org/10.2147/IJN.S249441
https://doi.org/10.2147/IJN.S249441
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1186/s11671-018-2457-x
https://doi.org/10.1039/C5NR01167A
https://doi.org/10.1039/C5NR01167A
https://doi.org/10.1039/C5NR01167A
https://doi.org/10.1039/C5NR01167A
https://doi.org/10.1039/C5NR01167A
https://doi.org/10.1177/0748233711420473
https://doi.org/10.1177/0748233711420473
https://doi.org/10.1177/0748233711420473
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1016/j.cbpc.2023.109682
https://doi.org/10.1080/17435390902788086
https://doi.org/10.1080/17435390902788086
https://doi.org/10.1080/17435390902788086
https://doi.org/10.1177/1091581816648624
https://doi.org/10.1177/1091581816648624
https://doi.org/10.1177/1091581816648624
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1016/j.chemosphere.2013.09.047
https://doi.org/10.1002/jat.3133
https://doi.org/10.1002/jat.3133
https://doi.org/10.1002/jat.3133
https://doi.org/10.1002/jat.3133
https://doi.org/10.1002/jat.3133
https://doi.org/10.1039/C6TX00338A
https://doi.org/10.1039/C6TX00338A
https://doi.org/10.1039/C6TX00338A
https://doi.org/10.1039/C6TX00338A
https://doi.org/10.1039/C6TX00338A
https://doi.org/10.1021/tx800179f
https://doi.org/10.1021/tx800179f
https://doi.org/10.1021/tx800179f
https://doi.org/10.1021/tx800179f
https://doi.org/10.1021/tx800179f
https://doi.org/10.3109/17435390.2010.502979
https://doi.org/10.3109/17435390.2010.502979
https://doi.org/10.3109/17435390.2010.502979
https://doi.org/10.1002/smll.201201363
https://doi.org/10.1002/smll.201201363
https://doi.org/10.1002/smll.201201363
https://doi.org/10.1002/smll.201201363
https://doi.org/10.1016/j.chemosphere.2015.03.075
https://doi.org/10.1002/smll.200800798
https://doi.org/10.1002/smll.200800798
https://doi.org/10.1002/smll.200800798
https://doi.org/10.1002/smll.200800798
https://doi.org/10.3109/17435390.2012.710659
https://doi.org/10.3109/17435390.2012.710659
https://doi.org/10.3109/17435390.2012.710659
https://doi.org/10.3109/17435391003793095
https://doi.org/10.3109/17435391003793095
https://doi.org/10.3109/17435391003793095
https://doi.org/10.3390/ijerph120809282
https://doi.org/10.3390/ijerph120809282
https://doi.org/10.3390/ijerph120809282
https://doi.org/10.3390/ijerph120809282
https://doi.org/10.3390/ijerph120809282
https://doi.org/10.5301/jabfm.5000243
https://doi.org/10.5301/jabfm.5000243
https://doi.org/10.5301/jabfm.5000243
https://doi.org/10.5301/jabfm.5000243
https://doi.org/10.5301/jabfm.5000243
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://doi.org/10.1016/j.toxlet.2009.05.020
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/burnst/tkae069

	 Titanium dioxide nanoparticles: a promising candidate for wound healing applications
	Background
	Review
	Conclusions
	 Acknowledgements
	Author contributions
	Ethical approval
	Conflict of interest
	Funding
	Data availability


