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Abstract: Curcumin or turmeric is the active constituent of Curcuma longa L. It has marvelous
medicinal applications in many diseases. When the skin integrity is compromised due to either
acute or chronic wounds, the body initiates several steps leading to tissue healing and skin barrier
function restoration. Curcumin has very strong antibacterial and antifungal activities with powerful
wound healing ability owing to its antioxidant activity. Nevertheless, its poor oral bioavailability,
low water solubility and rapid metabolism limit its medical use. Tailoring suitable drug delivery
systems for carrying curcumin improves its pharmaceutical and pharmacological effects. This
review summarizes the most recent reported curcumin-loaded delivery systems for wound healing
purposes, chiefly hydrogels, films, wafers, and sponges. In addition, curcumin nanoformulations
such as nanohydrogels, nanoparticles and nanofibers are also presented, which offer better solubility,
bioavailability, and sustained release to augment curcumin wound healing effects through stimulating
the different healing phases by the aid of the small carrier.

Keywords: wound healing; curcumin; biomaterials; hydrogels; nanotechnology; wafers; sponges

1. Introduction

Skin injuries (wounds) may be acute or chronic. An acute wound is a skin injury that
occurs suddenly. It can cure in 2–3 months, depending on its depth and size and whether
it is in the epidermis or dermis layers of the skin. Acute wounds can be resolved simply
by covering the wound and depending on the self-healing mechanism of the body, while
burns, infections, leg ulcers, and other chronic wounds are life-threatening because they do
not automatically heal quickly [1–4].

Chronic wounds are superficial, partial or full-thickness skin loss that require inter-
vention by secondary means to heal. Sometimes, it is crucial that they be addressed by an
external treatment approach if a comorbidity of another illness [5].

Chronic wounds do not heal within an expected time frame, which is considered a
serious clinical problem, owing to their increasing incidence and associated morbidity
and mortality. A short time ago, the management of chronic wounds relied on outdated
techniques such as reconstructive surgery or angioplasty and pharmaceutical interventions.
The main cause of leg ulcers is arterial insufficiency, which often leads to failure of wound
revascularization and finally limb amputation in arterial ulcer patients. They can be treated
efficiently if reestablishment of arterial function occurs via revascularization, which is
rather limited [6].

Although topical oxygen therapy was used as an adjunctive tool to improve tissue
oxygenation, it was long criticized as having no role in this regard and nowadays many
physicians choose not to use it on patients with chronic wounds [7].
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Many factors can hinder the wound healing process, including the patients’ age and
lifestyle (alcohol intake, smoking, and lack of exercise), all of which have a significant impact
on the rate of wound closure (normally 10–14 days). Furthermore, patient health issues,
such as excessive cholesterol, diabetes, peripheral artery disease, and hypothyroidism,
might cause wound healing to be delayed [8].

The ability of living creatures to self-heal and face tissue damage is crucial for their
survival. Tissue damage is defined as any change in the structure of tissue, whether it is hard
or soft. Bones and teeth are examples of hard tissue, while ligaments, muscles, and tendons
are examples of soft tissue that connect and support various body structures and organs.
Chemical, mechanical, or even pathogenic factors can cause tissue injury [9]. Our bodies
are programmed to undertake a self-healing procedure known as “tissue regeneration”
to reverse tissue damage [10,11]. Tissue/organ transplantation is the only option when
the damage is so severe that the body’s natural self-healing process cannot keep up with
cellular death or when the cells in the injured tissue are nonreplicating. However, there
are significant drawbacks to transplants, including a limited number of donors and the
possibility of transplant rejection. Due to these restrictions, researchers began looking for a
more viable and interdisciplinary strategy that might be used to replace traditional therapy
and address organ shortage [12]. To restore normal tissue/organ function, one suggestion
called for the regeneration of new tissues in place of the damaged ones. This was the first
time, in 1933, that the term “tissue engineering” was used [5].

Turmeric is a spice isolated from the rhizomes of Curcuma longa L. and is widely con-
sumed in Southeast Asia. It is used in traditional medicine in China and India and is known
as the “golden cure,” owing to its wide biological activities [13]. The main constituent of
turmeric is the polyphenol curcumin [(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-he-
ptadien-3,5-dione, also known as diferuloylmethane (Figure 1). Curcumin displays many bi-
ological activities, including antibacterial, antifungal, antiviral, antioxidant, anti-inflammat-
ory, and anticancer activities [14–16].

Figure 1. Keto–enol tautomerism of curcumin.

The wound healing capacity [17] of curcumin is attributed to its antioxidant, an-
tibacterial and anti-inflammatory properties [18–20]. Curcumin is known to influence the
inflammatory and proliferative phases in wound healing [21]. Additionally, it can induce
and enhance angiogenesis during the wound healing process [22].

Curcumin is safe to be ingested orally up to 12 g/day with no sign of toxicity or adverse
effects. Nevertheless, its clinical use is limited by its poor bioavailability, rapid metabolism
and chemical instability in alkaline medium [23–27]. This is attributed to the keto–enol
tautomerism of curcumin that hinders its absorption (Figure 1). At low pH (3–7), curcumin
is present in the keto form, while at high intestinal pH the enol form predominates [28]. It
is worth mentioning that the enol form acts as electron donor and is responsible together
with the phenolic group for the antioxidant effect of curcumin [16]. Curcumin is rapidly
metabolized by aldo–keto reductases that target the β-diketone moiety of curcumin [15,27].
Curcumin is chemically stable at pH 1–6; however, it is insoluble in water at this pH.
On the other hand, curcumin is rapidly degraded in phosphate buffer at pH 7.4 to yield
many degradation products, including vanillin, vanillic acid, ferulic aldehyde, ferulic acid,
feruloylmethane [28] and trans-6-(4′-hydroxy-3′-methoxyphenyl)-2,4-dioxo-5-hexenal.

To get the maximum benefits from this miracle molecule, new technologies and
strategies were introduced, such as formulating curcumin nanoformulations that offered a
go-to option for better wound healing purposes [29].
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2. Wound Healing

A wound can be limited to the epidermal layer, which heals via reepithelialization
without the need for a skin graft, or a full-thickness wound (FTW), which requires both
epidermis and dermis to heal. In this circumstance, complete reepithelialization of the
skin either takes longer, resulting in substantial impairment, or necessitates the use of skin
tissue-regenerating product to speed up the process of wound healing. The main issue
with open FTW is the susceptibility to microbial infections, which activates the immune
system and increases the neutrophil production. Even endogenous antioxidants such as
superoxide dismutase, catalase, and glutathione, which serve as the first line of defense
against free radicals, are unable to neutralize the microbial attack in this condition. As a
result, the fibroblasts—the major cells responsible for collagen synthesis and extracellular
matrix (ECM) development—suffer from oxidative damage. This condition, however, can
be alleviated by administering both antioxidant and antibacterial agents [30]. Wounds may
be classified simply as acute and chronic wounds. Chronic wounds are the most resistant
to treatment modalities, especially if accompanied by other illness.

Chronic wounds have a bad repair process, leading to the wounds not healing within
3 months. The most common causes of chronic wounds are diabetes, aging, paraplegia and
obesity, which put a financial burden on the health-care sector. Among the chronic wounds
are nonhealing pressure ulcers (bed sores) and venous and diabetic foot ulcers [31].

Chronic wounds are always associated with chronic inflammation that is characterized
ny the occurrence of significant neutrophil infiltration coupled with a rise in reactive oxygen
species (ROS) levels due to the diminished macrophage phagocytic ability [30].

There are many factors that could prevent or promote wound healing progress, such
as local wound cleanliness, which may be a key component in preventing subsequent
infection and suppressing potential triggers of an abnormal immune response [32].

Some diseases can definitely aggravate the wound healing pathway progression, such
as diabetes mellitus (DM) and paraplegia.

DM is a significant risk factor for the development and persistence of chronic wounds.
In diabetics, neuropathy is a possible cause of delayed wound healing. Diabetics have
fewer nerves in their epidermis and dermis due to their inability to regenerate nerves.
Moreover, the formation of new vessels is difficult due to chronic hyperglycemia, which
limits oxygen and nutrients access to the wound site. Because of the previous reasons in
addition to persistent inflammation, infections, and degradation or reduced expression
of growth factors, the ordinary treatment strategy (glycemic control, continuous wound
debridement and infection control) may not be enough, and therefore external supporters
are needed to promote diabetic wound healing. Currently, several bioactive molecules, i.e.,
growth factors, genes, peptides, and stem cells, as well as nonbioactive materials such as
metal ions and oxygen, are applied to promote wound healing in cases of DM [33,34].

Paraplegia is considered another risk factor for the occurrence of chronic wounds.
Paraplegic patients with neurological impairment due to tissue denervation and lack of
tissue perfusion owing to a state of hypotension are characterized by this illness. All of
these comorbidities prevent essential moieties from reaching the wound. The denervated
tissue is unable to produce an inflammatory response, which results in a shortage of oxygen
delivery to the wound, hence delaying many stages of the wound healing process, including
angiogenesis. All these risk factors and more have a significant impact on the stages of
wound healing. Wound healing occurs over four stages, and any interruption for one or
more of these stages will definitely hinder the healing progress [35].

Stages of Wound Healing

After a tissue injury, wound healing, a normal biological process in the human body,
begins to repair and protect the body from further damage caused by infection, blood loss,
and other issues. For a wound to successfully heal, four highly programmed overlapping
phases, namely, hemostasis, inflammation, proliferation, and remodeling, must occur in
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this order and within a specific time frame, and any interference in one or more stage will
negatively influence the healing mechanism [36].

Hemostasis’s main function is the protection of the vascular system and prevention
of corresponding loss of organ function triggered by vasoconstriction in reaction to the
damage as a way to prevent blood and fluids loss. Vasoconstriction is then followed by
platelet invasion from the surrounding vessels to form a plug. The inflammatory phase
goal is to create an immunological barrier against the incoming bacterial contamination and
eradicate germs that are introduced into the wound because of the tissue damage. Briefly,
leukocytes arrive at the site of injury immediately after the initial hemostatic reaction,
followed by the deposition of several immune cells [37].

The proliferative phase starts with the re-creation of an epithelial barrier by contraction
of the wound via different processes including angiogenesis, fibroplasia and epithelializa-
tion. The reestablishment of functional microvasculature and the elimination of damaging
bacteria is followed by remodeling. Dermal and epidermal cell regeneration can happen,
resulting in wound closure and scar formation. The remodeling phase is the final phase,
characterized by regression of several freshly formed capillaries and physical contraction
mediated by fibroblasts. ECM remodeling of architecturally normal tissue is a critical
feature of this phase [38]. Chronic wounds can develop if any of the four stages of wound
healing are not completed. In many instances, microbial infection is the big obstacle to
wound healing. Macrophages and neutrophils are the initial line of defense against invad-
ing microorganisms when the tissue is wounded [35,39]. The steps for wound healing are
illustrated in Figure 2.

Figure 2. A schematic representation illustrating the different stages of wound healing. (Created
with BioRender.com; accessed on 12 December 2022).

3. Curcumin-Loaded Delivery Systems for Wound Healing

The marvelous healing power of curcumin is long known and its role in the improve-
ment of several types of topical skin wounds is due to its antioxidant activity, improvement
of the production of granulation tissue and new vascularization and increasing the process
of reepithelialization of wound damage, but unfortunately all of those useful applications
are limited by its bad solubility and stability. Tailoring suitable drug delivery systems
for carrying curcumin improves its pharmaceutical and pharmacological effects. In brief,
curcumin is a natural molecule separated from the rhizomes of Curcuma longa and is used
topically for many wound healing applications [40].

Among the drug delivery systems designed for wound healing, hydrogels are the
most widely used due to their similarity to the native extracellular matrix and capability to
provide a humid environment [41].

A brief summary of the most recent work published on the use of curcumin-loaded
drug delivery systems in wound healing is given below. Figure 3 illustrates the various
dosage forms used for delivering the curcumin at the wound site.

BioRender.com
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Figure 3. A collective illustrative diagram representing different dosage forms used for delivering
curcumin at the wound site for better wound healing. (Created with BioRender.com; accessed on
12 December 2022).

3.1. Hydrogels

The literature is rich with many different studies exploiting the applications of hy-
drogels for wound healing [41–43]. Polymeric hydrogels have been extensively applied in
biomedicine and TE because of their unique ECM-mimicking tunable properties of tissue,
such as water retention of ten to thousand times their equivalent weight, biocompatibility,
biodegradability, and their cell support during tissue regeneration [41].

Polymeric hydrogels can be classified according to the method involved in their
formation into noncovalent (physical) and covalent hydrogels (chemical) [44]. Physical or
chemical cross-linking interactions can be used to generate an insoluble three-dimensional
network from any hydrophilic polymer.

3.1.1. Noncovalent Hydrogels (Physical Hydrogels)

A noncovalent interaction is different from a covalent one in that it includes more
scattered electromagnetic interactions between molecules or within a molecule rather
than exchanging electrons. There are numerous subcategories of noncovalent interactions,
including electrostatic and van der Waals forces and hydrophobic effects [45,46].

These interactions have a significant impact on drug and material design. Dynamic
noncovalent interactions have been exploited in designing hydrogel systems. This has
revealed a variety of truly amazing hydrogel properties, such as self-healing, thermos
responsiveness and/or pH responsiveness, self-recovery, shape memory, remoldability and
many other applications. The influence of relatively weak internal attractive interactions
such as hydrogen bonding, dipole–dipole forces, and hydrophobic interactions make the
preparation of the hydrogels covered in this category feasible [47–49].

Different types of noncovalently bound hydrogels include thermally annealing [50],
pH-dependent [47,51], ionically cross-linked [52] and self-assembling peptide-based hydro-
gels [53].

BioRender.com
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3.1.2. Covalent Hydrogels

Covalent hydrogels have been extensively utilized in regenerative medicine. Covalent
cross-links are irreversible, resulting in stiffer and more mechanically stable substances [48].
Covalent hydrogels can be formulated into more mechanically robust scaffolds due to their
higher stability [54]. Formerly, these developed substances were delivered by invasive
surgical interventions; however, novel ways of formation, such as photo-induced radical
polymerization or delayed bonding through slow kinetic reactions, have enabled their de-
livery to the required site via noninvasive injection [55].The stronger binding forces within
the covalent hydrogels hinder their dilution with the surrounding fluid or their diffusion
away from the injection site, which results in an efficient and long-lasting effect [48].

Different examples in the literature elaborate the preparation of curcumin-loaded
hydrogels for wound healing purposes. In one study, two types of curcumin-loaded
hydrogels were prepared: single-loaded hydrogels composed of chitosan and Pluronic 123
and curcumin and dual-loaded hydrogel consisting of chitosan, Pluronic 123, gelatin, and
curcumin. The results showed that single-loaded hydrogel showed a rising in swelling rate
from 48 h to 400 h, where it reached its maximum level (268.51 ± 0.16%) after 432 h. On
the other hand, the marvelous water absorption capabilities of gelatin in the dual-loaded
hydrogel raised the swelling behavior more than 1.2 times compared to the single-loaded
hydrogel. The results of the release profiles of curcumin from single- and dual-loaded
hydrogels showed initial burst release in the first 2 h, followed by a steady sustained
phase up to 50 h. However, the dual-loaded hydrogel showed more sustained drug release
due to the denser structure of hydrogel because of the gelatin presence. In vivo tests
were conducted on 16 mice. Their backs were shaved and they were randomized into
four groups: untreated, unmedicated single-loaded hydrogel, medicated single-loaded
hydrogel, and medicated dual-loaded hydrogel. An FTW was made on the shaved backs
and wound area changes were observed after the application of different hydrogel samples.
Images of the wound surface were captured and the area of the wound was investigated to
assess the rate of wound healing. The results showed that the healing rate determined by
the area of wound was more than 98% for the three types of hydrogels compared to the
untreated wounds [56].

3.2. Films

Films are one of the popular techniques for wound healing. They are extremely flexible,
transparent and adhesive. Although they have negligible capacity to absorb fluid, they are
able to absorb little amounts of fluid by a moisture vapor transpiration, which means that
such films are not suitable for wounds that produce huge amount of exudate [57].

Gopinath et al. succeeded in designing curcumin-loaded films made from collagen.
The in vivo results after the application of the medicated films on induced wounds in
rats were compared to the unmedicated hydrogel along with the control. On the 7th day
following wound treatment, results revealed great increase in the amount of neutrophils
along with proliferating fibroblasts and macrophages in the group treated with medicated
hydrogels compared to the other two group, highlighting the synergistic roles of curcumin
as well as the other formulation ingredients in enhancing the healing process [58].

3.3. Wafers

Wafers are another example of dosage forms used for treating wounds. Adel et al.
presented a simple way for the formation of curcumin-loaded freeze-dried chi-tosan-based
wafers without using harmful cross linkers and ensuring the formation of highly porous
matrices. Composite wafers were fabricated by adding sodium hyaluronate to enhance
the porosity. The developed wafer formulation significantly reduced the levels of tumor
necrosis factor α and the levels of interleukin 6 compared to the unmedicated wafer
formulation as well as the free drug. Generally, the reduction in cytokine levels could be
due to the dual anti-inflammatory effects of curcumin and chitosan. Microbiological assays
proved the excellence of the chosen curcumin wafers against free curcumin in bacterial
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growth inhibition on Staphylococcus epidermidis and S. aureus [59]. Further investigations on
animal models are required to assess the efficacy of the developed curcumin-loaded wafers
for wound healing.

3.4. Sponges and Foams

Medicated sponges are a new and promising technology that offers targeted and
controlled drug delivery. They are based on polymeric spheres that can entrap a wide
variety of materials and then be incorporated into a formulated product such as gels, lotions,
creams, ointments, liquid or powders. This novel technique results in fewer side effects,
better stability, and the advantage of targeting the drug delivery of either lipophilic or
hydrophilic drugs [60].

Nguyen et al. proposed the formation of curcumin-loaded composite sponges made
of chitosan and gelatin mixed in various ratios. The results revealed that the combination
of curcumin, chitosan and gelatin could significantly improve the wound healing capability
in comparison to the sponges lacking the addition of curcumin. The cytocompatibility
tests on L929 fibroblast cells indicated the safety of the investigated curcumin-loaded
sponges. Wound closure was measured in the induced wounds in albino rabbits at prede-
termined time points and the results were compared for the treated (medicated sponge;
chitosan:gelatin mixed in ratio 3:1) and the untreated groups (unmedicated sponge). After
examining the wound area with a digital camera, results revealed that there was a signifi-
cant increase in wound closure on the 12nd and 15th days posttreatment for the treated
group compared to the untreated one. These results proved the wound healing ability of
the formulation, making it an ideal choice for many wound dressing applications [61].

Hegge et al. formulated alginate-gelling foams encapsulating curcumin for wound
healing applications, especially designed for highly exuding wounds because of the high
water absorptivity of the formed polymeric foams at physiological pH and sustained
drug release. The preparation method depended on the cross-linking reaction between
sodium alginate and calcium ions [62] utilizing gluconic acid δ-lactone as a pH modifier
and hydroxypropyl methylcellulose as foaming agent. In this study, the authors merged the
use of the antimicrobial photodynamic therapy on highly infected wounds, where bacterial
infections could significantly interfere with the normal wound healing mechanisms of
the human body. Cultures of Gram-positive bacteria such as Echoli faecalis were treated
with the medicated foams and the results showed the photodynamic inactivation of the
exposed cultures, where >6 log10 reduction of viable cells was noticed. On the other hand,
no decrease in the bacterial viability was observed in any of the treated cultures in the
absence of light [63].

3.5. Application of Different Nanotechnology-Based Approaches in Wound Healing

The most important treatment techniques for improving the medical and pharmaceuti-
cal applications include the application of nanotechnology [64,65]. Nanotechnology-based
diagnostics and treatment techniques offer a promising pathway to target the whole cycle
of the wound healing process with the unique properties of nanocarriers, such as the higher
surface area to volume ratio, which increases the chances of tissues penetration [31,66].
Nanocarriers are perfect for inducing cell-to-cell contacts, cell proliferation, vascularization,
cell signaling, and biomolecule synthesis, all of which are required for efficient wound
healing. Additionally, nanocarriers have the ability to deliver one or more therapeutic
molecules, including growth factors, nucleic acids, antibiotics, and antioxidants, to the
target area in a sustained way [67].

The application of nanotechnology for the preparation of different wound healing
dosage forms offers a superior approach to fasten the healing of acute and chronic wounds
through stimulating the different healing phases by the aid of the small carrier. Differ-
ent examples of nanocarriers used for wound healing include liposomes, nanoparticles,
nanofibers and nanohydrogels [68–74].
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3.5.1. Liposomes

Curcumin is an efficient wound healing agent in burn therapy; however, it must be
applied topically due to its low bioavailability. Dermal delivery systems based on liposomal
nanocarriers were developed by Kianvash et al. to treat rats with second-degree burns
using curcumin-propylene glycol liposomes. The wound healing efficacy of the developed
liposomal formulation was investigated by comparing the results of four samples on
induced second-degree burns in male Wistar rats. The four groups were control (plain
liposomes), silver sulfadiazine cream (1% w/w), curcumin–propylene glycol liposomes
(0.3% w/w) and free curcumin 0.3% groups. The curcumin–propylene glycol liposome
group showed the highest wound recovery (p < 0.001) of 95.8 ± 2.28% where the treated
wounds appeared thin, light pink to yellow, with exudate surprisingly fully controlled
on the 7th day. The selected formulation showed no cytotoxic effects on human dermal
fibroblasts, indicating the that the selected dose was a safe one [75].

3.5.2. Nanoparticles

The wound healing effect of curcumin was reinforced by the preparation of polymeric
nanoparticles using polymers such as poly(lactic-co-glycolic acid). The encapsulation
of curcumin protected the drug from light degradation, enhanced water solubility, and
sustained curcumin release over a period of 8 days, which in turn resulted in accelerating
angiogenesis and wound healing processes. The success of the prepared nanoparticles was
obvious when the drug-loaded nanoparticles managed to accelerate the wound healing,
as was proved in an FTW (excisional wound) mouse model. The wound areas were
visualized over a period of 16 days and the results revealed that on the 10th day post-
procedure, curcumin-loaded nanoparticles showed an accelerated rate of wound healing
compared to that of the control and the other (free curcumin and unmedicated nanoparticles
without curcumin) groups. Complete wound closure was observed with curcumin-loaded
nanoparticles, whereas the other groups showed wound recovery of about 75% [76].

Alqahtani et al. reported the application of curcumin-loaded lignin nanoparticles in
wound healing. Both curcumin-free as well as -loaded nanoparticles were found to be
biocompatible with strong in vitro antibacterial activity against Gram-positive pathogens,
especially Staphylococcus. Wounded rats treated with curcumin-loaded lignin presented
greater wound closure compared to the control group. After 12 days, nearly full wound con-
traction was observed in treated groups versus approximately 43% wound contraction in the
untreated control group. Moreover, curcumin-loaded lignin nanoparticle-treated wounds
displayed enhanced granulation tissue formation and more collagen deposition [77].

One study examined the synergistic effect of polymers from different sources (natural,
synthetic and semisynthetic) with curcumin for the preparation of nanoparticles for wound
healing applications. In the study, chitosan, carboxy methyl cellulose, and polylactic co-
glycolic acid were used as natural, semisynthetic and synthetic sources. Based on the
source of the polymer, the fabrication method differed, where the ionotropic gelation
method was applied for chitosan and carboxymethyl cellulose, while the double-emulsion
solvent evaporation method was conducted for polylactic co-glycolic acid. The in vivo
model, Wistar male rats with an FTW on their backs, revealed the success of curcumin-
loaded chitosan nanoparticles in enhancing the healing process, which might be due to
the synergistic effect of the combination of both curcumin and chitosan. Also, results
showed that this combination led to the reduction in curcumin dose for efficient wound
healing [78]. Using natural polymers for the preparation of nanoparticles is considered a
safe and cost-effective strategy. This nanocarrier can be tailored for the delivery of other
water-insoluble drugs.

Another study highlighted the substantial benefits of nanoparticles in improving the
solubility of curcumin and the percent of its loading, hence the therapeutic efficacy. In
brief, curcumin-loaded nanoparticles (5 mg/mL) were prepared and loaded into methoxy
poly(ethylene glycol)–graft–chitosan composite film for wound healing purposes. By
investigating the wound healing ability of the fabricated films on FTW developed in
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rats, results showed that the antioxidant activity of curcumin did not change after its
incorporation in the nanoparticles firstly, then into the film compared to the unmodified
curcumin. Histopathological results revealed the superior improvement in the healing
process in the group treated with the medicated film compared to the unmedicated film,
where the epithelization process was faster and the formed collagen was compact and well
developed [79]. The obtained results suggested a promising carrier for insoluble drugs’
wound healing purposes.

3.5.3. Nanofibers

Nanofibers are a special type of nanomaterials that have their own qualities and
characteristics. Nanofibers have a diameter of around 10–100 nm as well as a large specific
surface area. They are made via electrospinning, which involves using electric force to
generate nanometric fibers from various polymer solutions. This method is inexpensive
and easy. These fibers can form a highly porous mesh with fine interconnectivity [80,81].

Nanofibers have the same size as natural ECM fibers, and can be simply designed to
simulate the stiffness of a wide range of soft tissue [74].

Curcumin-loaded nanofibers are an attractive and promising strategy to treat FTW,
but the main obstacle is the difficult solubilization due to its hydrophobic nature. Shefa et al.
overcame this drawback by formulating the physical cross-linkage of nanofibers using the
freeze–thaw technique. Pluronic F-127 was added to solubilize the drug, polyvinyl alcohol
to enhance the gelation properties and TEMPO-oxidized cellulose nanofibers were used
to enhance the porosity. The created hydrogel was a biocompatible and biodegradable
system for curcumin delivery. The results showed that the wound healing potential of the
developed nanofibers after examining the control and curcumin-loaded hydrogel one-week
post-application of the samples on FTW in a rat model that the wound closure in the treated
group was significantly higher than the untreated group: 29.9 ± 1.7% versus 8.3 ± 1.13%,
respectively. While the wound size in all groups decreased as time passed, the wound size
of the curcumin-loaded hydrogel groups was smaller than the others, and the wounds had
almost closed by 2 weeks [82].

Dhurai et al. reported the design of curcumin-loaded chitosan/poly(lactic acid)
nanofibers using electrospinning and examining the in vivo wound healing activity on
excision and incision wounds created in a rat model for a total of 21 days. Chitosan’s
role was the wettability gradient, which may directly enhance blood clot stabilization and
consequently wound healing. The examination revealed the significant reduction of wound
area when compared to untreated control. Significant wound area reduction was noticed
where the untreated control and treated groups showed 85.37% and 95.51% reduction, re-
spectively. This improvement might be attributed to the hemostatic role of chitosan, which
greatly controlled the bleeding and aided in speeding-up the epithelialization rate. In the
same context, curcumin reduced the levels of ROS by its excellent scavenging properties of
the free radicals produced in the wound [83].

In the same context, Moradkhannejhad et al. [84] followed the same idea of Dhurai et al. [83]
but with some minor modifications. Curcumin-loaded poly(lactic acid) nanofibers were
formed by electrospinning and the hydrophilicity of nanofibers was improved by the addi-
tion of poly(ethylene glycol) with molecular weight of 1500 in different concentrations (0, 5,
10, 15, and 20 wt% relative to the poly(lactic acid) content). The cell proliferation capability
of the designed curcumin-loaded nanofibers against MG-63 cells was investigated after 24 h
of cell incubation with the formulation. It was found that better cellular attachment and
proliferation were observed with nanofibers prepared using the highest concentration of
poly(ethylene glycol). This might be attributed to the increased hydrophilicity and wettabil-
ity of designed nanofibers compared to the nanofibers lacking the addition of poly(ethylene
glycol). Hydrophilic nanofibers could provide a suitable media for cell growth, attachment
and proliferation and thus could greatly enhance the wound healing applications [84].

The use of graphene-based dressings together with curcumin is another interesting
approach for wound healing applications owing to their antimicrobial characters. One
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study developed graphene oxide–TiO2–curcumin-integrated cellulose acetate nanofibers
for wound healing applications using simple electrospinning. The developed nanofibers
possessed higher tensile strength as well as better antibacterial activity than pure cellulose
acetate nanofibers. Moreover, the developed nanofibers showed better hemocompatibility.
Cell studies on fibroblasts showed better cellular proliferation, which might be attributed
to enhanced re-epithelialization and antibacterial properties [85].

Further in vivo studies are required to ensure the efficacy of developed curcumin-
loaded nanofibers and dressings.

3.6. Nanohydrogels

Merging the benefits of both conventional dosage forms with that of nanotechnology
improved the performance and overcame the limitations (poor integration with native
human skin tissue, low cellular uptake of genetic material used as aiding therapy in wound
healing and unsuitable microenvironment for wound healing) of each of them when used
solely [73,86].

This linkage has been proposed to be the cornerstone for the future applications
of wound healing and TE techniques, where the incorporation of the nanomaterials in
hydrogels can improve the performance and the therapeutic effect of drugs, making the
wound dressing more practical [73,87,88].

Nanohydrogels are one of the most important drug delivery systems for both time-
controlled release and targeted delivery of drugs. This system combines the marvelous
advantages of both the hydrogels and nanocarriers in one system [89]. Nanohydrogels can
hold drugs, macromolecules and are capable of responding to external stimuli. This makes
them suitable for wide range of applications [90].

Nanohydrogels are characterized by different properties that make them unique for
wound healing purposes. Firstly, controlled drug release, where the loaded nanocarriers
control the drug release through its matrix by tailoring their structure, particle size, and
manufacturing conditions. Moreover, the released drug molecules from the nanocarriers
need to pass through the hydrogel matrix through diffusion or swelling or chemically
controlled mechanisms. Secondly, the stimuli-responsive properties of some polymers can
aid in the preparation of drug-loaded nanohydrogels with controlled and targeted drug
release in response to certain stimuli (temperature, pH, light, etc.) [88,91–96].

This was proved by the proposed model of Han et al. where they made use of the
near-infrared responsive hydrogel (type of stimuli-responsive hydrogel), which can be
effectively controlled by changing the radiation intensity and exposure time to light source,
where polydopamine nanoparticles were introduced into a poly(N-isopropylacrylamide)
network to form a (polydopamine nanoparticles/poly(N-isopropylacrylamide) hydrogel
with near-infrared capability used for self-healing applications with increased cell/tissue
adhesiveness. The near-infrared-assisted healing was proved by in vivo FTW experiments,
demonstrating that (polydopamine nanoparticles/poly(N-isopropylacrylamide) had a
synergistic effect on accelerating wound healing [97]. Thirdly, site-specific drug delivery.
Nanohydrogels can entrap the loaded nanocarriers within 3D polymer matrices, allowing
better local drug delivery. Various nanohydrogels have been developed to target the drugs
to the spinal cord [98,99], the eye [100] and the skin [38].

Pathan et al. reported the formulation of curcumin-loaded fish scale collagen-hydroxy-
propyl methyl cellulose nanohydrogel for wound healing applications. By examining the
in vivo results it was revealed that the healing of wounds in Wistar rats showed better
response with medicated formulation compared to blank, where a significant increase
(p < 0.05) in contraction value (95.42 ± 12.20%) on the 20th day was obtained compared to
other formulations, where contraction values were less than 68.45 ±10.20%. This might be
due to the improved granulation tissue formation and re-epithelialization, which led to a
reduction in wound size [101].

Another study reported the successful preparation of composite dressing made by
mixing nanosilver nanohydrogel, Aloe vera, and curcumin with a gel system composed of
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polyvinyl alcohol, polyethylene oxide and carboxymethyl cellulose. This blend was later
coated onto hydrolyzed poly ester fabric to fabricate a wound dressing with antimicrobial,
infection control and wound healing nature. The antibacterial analysis of the fabricated
curcumin-loaded fabrics on Escherichia coli and Staphylococcus aureus showed a massive
bacterial reduction of over 80%, indicating the synergistic roles of both curcumin and
nanosilver nanohydrogel as antibacterial agents. Moreover, the treated wounds showed
faster healing with minimum scarring indicating the efficacy of the used fabric due to
speeding up the re-epithelialization rates [102].

Liposomes are considered the most abundant nanocarriers due to their biocompati-
bility and passive targeting abilities. However, some disadvantages limit their use, such
as difficulties in maintaining the drug concentration in the diseased area, while merging
liposomes within hydrogel matrix improves their clinical application [103].

Surgical wound healing rate is a key factor for chronic wounds, and quickening this
slow rate will definitely influence wound closure and healing time. Cardoso-Daodu et al.
succeeded in formulating lysine–collagen hydrogel-containing curcumin-loaded liposomes.
In vivo results on 15 male Wistar rats, weighing 350–400 g, showed that after 3 days of
the surgical procedure, the nanohydrogel formulation had the highest percentage wound
contraction and closure of 79.25% compared to the control group, which showed complete
closure by day 14 post-surgery with obvious scarification [104].

Metal nanocarriers and hydrogels have recently been combined to create composite
materials with novel or better characteristics. These hybrid materials permit biomedical
applications in a variety of ways by accurately manipulating the composition, configura-
tion, and interactions of their elements [105]. Combination of metal nanocarriers such as
silver [106], gold and copper nanocarriers with a hydrogel matrix could efficiently inhibit
bacterial growth and at the same time fasten the healing process of a wound [107].

Table 1 lists different studies highlighting the design of different curcumin-loaded
dosage forms intended for wound healing purposes.

Table 1. Different examples of curcumin-loaded dosage forms for wound healing purposes.

Formulation Type Polymers Used Key Findings Reference

Hydrogel membrane Chitosan and
sodium alginate

• The in vivo testing on FTW induced in rats
presented enhanced reepithelialization (75 ± 2.3%)
within 14 days post treatment compared to the
wounds covered with gauze. The formed tissues
showed well-defined epidermis and stratum
corneum with higher % of collagen.

[108]

Thermosensitive
hydrogels

Poloxamer 188 (1%)
and poloxamer

407 (24%).

• Hydrogels were prepared by the cold
swelling method.

• MTT assay indicated the safety of the developed
formulation and its tendency to enhance the
proliferation of human fibroblasts.

• The medicated hydrogels enhanced the wound
healing of the induced FTW in rats. New epithelium
and connective tissues were formed in an organized
and complete manner. The regenerated epithelium
and connective tissue arrangement of the wounds
were more standardized and complete than in the
control group.

[109]
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Table 1. Cont.

Formulation Type Polymers Used Key Findings Reference

Films Bacterial cellulose,
alginate and gelatin

• The developed films were considered as thin films
with excellent bioadhesive properties as well as
enhanced fluid uptake capability up to 700%.

• Good antibacterial activities against E. coli and
S. aureus were achieved.

• The prepared films were non-cytotoxic on human
keratinocyte. Additionally, the proliferated cellular
extensions were such as the vivo tissues.

[110]

Scaffolds Sodium alginate
and collagen

• The results of in vivo wound healing after 14 days
using Hematoxylin and Eosin staining indicated that
curcumin-loaded scaffold was more potent than the
untreated control.

[111]

Sponge
Cellulose sponge,
β-cyclodextrin
and chitosan

• The poor aqueous solubility of curcumin was
improved by its inclusion in β-cyclodextrin and
formation of inclusion complex.

• The cellulose sponges had a porous structure and its
mechanical properties were improved by inclusion
of both the cyclodextrin complex and chitosan.

• The presence of chitosan enhanced the antibacterial
properties of the formulation. The sponge was
compatible with NCTC L929 and NHDF cells.
Finally, it can be used as wound dressing especially
in chronic wound.

[112]

Liposomes Pluronic F127
augmented liposomes

• The influence of adding Pluronic F127 to the
curcumin-loaded liposomes was investigated on
human keratinocyte cell line. Results of MTT test
revealed the safety of the formulation.

• Pluronic F127 augmented liposomes improved the
cell migration as well as the expression of both the
nuclear factor erythroid-related factor 2 and kelch,
such as erythroid cell-derived protein 1 compared to
the pure curcumin powder and the unmedicated
liposomes, hence offering a promising formulation
for better wound healing.

[113]

Nanoparticles Tetramethyl orthosilicate
and chitosan

• The fabricated nanoparticles inhibited the growth of
MRSA in vitro as well as in an in vivo murine
burn model.

• Accelerated wound healing with better formation of
granulation tissues as well as collagen was observed
in curcumin-loaded nanoparticle-treated group
respective to the sulfadiazine-treated group.

• Less tissue loss post-injury procedure (early stages)
was detected in curcumin-loaded nanoparticles
group compared to the sulfadiazine-group.

• The obtained results offered the designed
nanoparticles as a promising platform for the
treatment of burns and suggested the reestimation of
the conventional burn therapy; sulfadiazine.

[114]
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Table 1. Cont.

Formulation Type Polymers Used Key Findings Reference

Mesoporous
silica particles

Mesoporous
silica powder

• Curcumin-loaded mesoporous silica
nanoformulation was prepared by simply mixing
curcumin solution along with mesoporous silica
powder under heating at 50 ◦C.

• Round excision wounds were created on the back of
the rats which were divided into two groups; one
group was treated with curcumin-loaded
mesoporous silica nanoformulation and the other
group with sulfadiazine. Curcumin-treated group
showed better improvements in the healing process
which was endorsed to the anti-inflammatory effect
of the formulation as well as its ability to enhance
the angiogenesis process, epithelization and
collagen synthesis.

[115]

Mixed
polymeric micelles

Chitosan, sodium
alginate, maltodextrin,

Pluronic® F127,
Pluronic® P123, and

Tween® 80

• Curcumin-loaded mixed micelles were prepared
using thin film hydration technique.

• Excellent wound healing was observed in the group
of animals treated using the mixed micelles which
was endorsed to the antioxidant and
anti-inflammatory effect of curcumin as well as to
the presence of both chitosan and sodium alginate
which are known to enhance the wound healing
process due to protection of the wounds from
bacterial infections.

• The proposed formulation is considered a safe,
biocompatible carrier for wound healing purposes.

[116]

Nanoemulgel

Labrafac PG (oil),
Tween® 80

(surfactant), and
PEG-400

(co-surfactant)

• The nanoemulgel was prepared using ultrasonic
emulsification method.

• The optimized nanoemulsion was 50 nm in size
using the least amount of the
surfactant concentration.

• Nanoemulgels were prepared by the incorporation
of the selected nanoemulsion into a 0.5% Carbopol®

940 hydrogel matrix for topical application.
• The designed nanoemulgel possessed excellent skin

penetrability and promising wound healing
capabilities in Wistar rats.

[117]

Nanoemulsion
Clove oil (oil), Tween®

80 (surfactant), and
PEG-400 (co-surfactant)

• Histopathological examination of the wounds
indicated the safety and the non-toxicity of the
applied nanoemulsion due to the lack of the
inflammatory cells.

• The selected formulation enhanced the wound
healing in rats due to the enhancement in the
proliferation of the epithelial cell proliferation.

• Additionally, the selected formulation showed
excellent anti-inflammatory effects for the healing of
edema in carrageenan-induced rat paw
edema model.

[118]
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Table 1. Cont.

Formulation Type Polymers Used Key Findings Reference

Carbon dots
Carbon dots,

protease-responsive
hydrogel

• The formulation of curcumin in the form of carbon
dots improved the solubility and stability of the
free curcumin.

• The enhanced proliferative, proangiogenic and
antibacterial activity of carbon dots made them a
good choice for wound healing applications.

• A cross-linker, protease-responsive hydrogel was
used to sustain the drug release.

• After application of the developed formulation on a
skin excision model, it was apparent that the carbon
dots supported with protease responsive hydrogel
showed faster wound contraction with enhanced
angiogenesis and full formation of the epithelium.

[119]

Nanofibrous scaffolds
Cellulose acetate and

10% poly
(ε-caprolactone)

• The nanofibrous scaffolds were fabricated
by electrospinning.

• Curcumin possessed bi-functional role as a drug and
as hydrophilicity enhancing agent due to the
hydrogen bonds formed between the components
which in turn enhanced the swelling capacity to
around 700 or 950% according to the % of the
added curcumin.

• The fabricated medicated scaffolds boosted the
expression of actin in fibroblasts than the
unmedicated ones.

[120]

Nanofibrous mats Gelatin

• The nanofibrous mats were fabricated
by electrospinning.

• Full-thickness wounds were created on the backs of
Sprague Dawley male rats. The wounds in one
group of the animals were treated with
curcumin/gelatin mats and compared to a group of
animals treated with gelatin mats lacking the
addition of curcumin. Results showed significantly
faster wound closure on 7th, 11th and 15th day
post-wounding with curcumin/gelatin nanofibrous
mats treated groups.

• This enhanced wound closure might be attributed to
the complete reepithelization and formation of
well-developed epidermis.

[121]

Nanohydrogel

Deformable
liposomes-in-chitosan

hydrogels
Lipoid S100 was used

for the preparation
of liposomes

• The developed nanohydrogel combined the wound
healing properties of both curcumin and chitosan.

• The positively charged liposomes prepared using
stearylamine as a positive charge inducer provided
better bioadhesion as well as enhanced and
sustained penetration through full-thickness human
skin compared to the neutral and anionic liposomes.

[122]

4. New Technologies

Bioprinting is a new type of technology that allows living cells, biomaterials, and
growth factors to be printed in complicated 3D structures. Bioprinting uses a computer-
controlled 3D printer to construct 3D structures in a layer-by-layer printing process, which
enables a great degree of flexibility and repeatability [96]. One promising example is the ex
vivo approach where the stem cells are extracted from the donor and seeded either on or
within a scaffold. After that, the cell-laden scaffold is triggered in a suitable environment in
bioreactors by certain signaling cues that promote the proliferation and thus healing of the
desired tissue type [12,123]. Because not all types of cells can perform repair after damage,
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such as cardiac muscle cells, stem cells have the ability to proliferate into the desired cell
types [124].

Three processes are usually included in bioprinting. Firstly, information about tissues
and organs is collected for model designation and material selection; secondly, the infor-
mation is converted into an electrical signal that controls the printer to print the tissues;
and thirdly, a stable structure is created [125]. Figure 4 displays the steps required for
3D bioprinting.

Figure 4. Illustrative diagram showing the steps for the 3D bioprinting.

It is well known that cell viability can be influenced by several factors, including the
bioprinting technique used, shear stress (influenced by the technique pressure and hydrogel
viscosity) [126]. In addition, resolution of light-assisted bioprinting may vary according to
several factors, such as density and viscosity of the inserted biological material [127], laser
pulse intensity, printing speed and structural organization).

The novel bioprinting process has been viewed as a cornerstone for future applications
of organ transplants. However, there will always be a demand on versatile new fabrication
techniques that may control the growing organ demand, shortage and poor tissue healing
as well as provide a highly precise method for cell patterning and architecture at the
micrometer scale for biomedical tissue engineering applications and wound healing [128].

One study discussed the preparation of 3D printed curcumin-loaded gelatin methacry-
loyl hydrogels which were stem cells-laden. Results showed that the developed hydrogels
prepared using 10% gelatin methacryloyl formed biocompatible hydrogels with good print-
ability. The selected hydrogel was applied to diabetic wounds on nude mice and the results
were promising. The loaded curcumin mitigated ROS production and enhanced the healing
process. The loaded stem cells augmented the role of curcumin in improving the wound
healing properties [129]. Clinical studies should be carried out for more investigations.

Advances in 3D bioprinting have paved the way for better wound healing applica-
tions. However, the high cost of the process limits its use. Several attempts have been
made by scientists to reduce the required costs. Among these attempts was the conversion
of commercially available 3D printers into a low-cost 3D bioprinter using cell-laden cus-
tomized bioink based on biocompatible polymers such as alginate and gelatin mixtures. By
adjusting the proportions of each component in the custom-made bioink, the rheological
properties of the bioink can be tuned for supporting the proliferation of the cell lines, with
higher accuracy and better resolution of the printed constructs [130].

5. Conclusions and Future Perspectives

Over the years, chemical and pharmaceutical companies have manufactured several
curcumin products for the treatment of multiple diseases. Based on the studies reported
in the preceding sections, it can be concluded that curcumin has a strong modulating
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effect on the wound healing process. Curcumin accelerates the rate of wound healing by
affecting all the wound healing phases owing to its antibacterial, antioxidant and anti-
inflammatory properties. Nevertheless, its poor oral bioavailability, low water solubility
and rapid metabolism limit its medical use, so tailoring new curcumin delivery systems
was adopted. Various topical formulations of curcumin-including nanoarchitectures have
been developed and evaluated that offer better solubility, bioavailability, and sustained
release to augment curcumin wound healing effects.

Hydrogels, flexible film, wafers, and sponges loaded with curcumin all showed
improved wound healing capabilities and better antibacterial effects when combined with
an antimicrobial therapy for infected wounds. Nanoparticles encapsulating curcumin
showed better stability to light, solubility and sustained release for days, resulting in
accelerated angiogenesis and wound healing processes. Combining the advantages of both
hydrogels and nanocarriers in the nanohydrogels has been proposed to be the cornerstone
of future applications of wound healing and tissue engineering techniques, as it improves
their performance and makes wound dressing more practical.

More efforts should be made by scientists to find new modalities for wider applica-
tions of 3D bioprinting in the wound healing field. New cost-effective strategies should
be introduced.

Although there is plenty of research that has been done on curcumin formulations,
most of the studies reported are in the preclinical phase, though with promising results. To
be able to maximize the benefits of curcumin as a wound healing aid, these formulations
need to reach clinical trials. Also, the scaling up and large-scale industrial production
of curcumin formulations for wound healing should be addressed and covered in future
work plans.

Author Contributions: Conceptualization, S.A.S., H.B.E.-N., A.R.F., A.N.E. and N.A.E.; software,
S.A.S., A.R.F. and N.A.E.; formal analysis, S.A.S., H.B.E.-N., A.R.F., A.N.E. and N.A.E.; investigation,
S.A.S., H.B.E.-N., A.R.F., A.N.E. and N.A.E.; resources, S.A.S., H.B.E.-N., A.R.F., A.N.E. and N.A.E.;
writing—original draft preparation, S.A.S.; writing—review and editing, S.A.S., H.B.E.-N., A.R.F.,
A.N.E. and N.A.E.; supervision, H.B.E.-N., A.R.F., A.N.E. and N.A.E. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

FTW full thickness wound
DM diabetes mellitus
ROS reactive oxygen species
ECM extracellular matrix

References
1. Boateng, J.S.; Matthews, K.H.; Stevens, H.N.E.; Eccleston, G.M. Wound healing dressings and drug delivery systems: A review.

J. Pharm. Sci. 2008, 97, 2892–2923. [CrossRef] [PubMed]
2. Cai, J.; Chen, X.; Wang, X.; Tan, Y.; Ye, D.; Jia, Y.; Liu, P.; Yu, H. High-water-absorbing calcium alginate fibrous scaffold fabricated

by microfluidic spinning for use in chronic wound dressings. RSC Adv. 2018, 8, 39463–39469. [CrossRef] [PubMed]
3. Alven, S.; Aderibigbe, B.A. Chitosan and cellulose-based hydrogels for wound management. Int. J. Mol. Sci. 2020, 21, 9656.

[CrossRef] [PubMed]
4. Eldeeb, A.E.; Salah, S.; Amer, M.S.; Elkasabgy, N.A. 3D nanocomposite alginate hydrogel loaded with pitavastatin nanovesicles as

a functional wound dressing with controlled drug release; preparation, in-vitro and in-vivo evaluation. J. Drug Deliv. Sci. Technol.
2022, 71, 103292. [CrossRef]

http://doi.org/10.1002/jps.21210
http://www.ncbi.nlm.nih.gov/pubmed/17963217
http://doi.org/10.1039/C8RA06922K
http://www.ncbi.nlm.nih.gov/pubmed/35558052
http://doi.org/10.3390/ijms21249656
http://www.ncbi.nlm.nih.gov/pubmed/33352826
http://doi.org/10.1016/j.jddst.2022.103292


Pharmaceutics 2023, 15, 38 17 of 21

5. Eaglstein, W.H.; Falanga, V. Chronic wounds. Surg. Clin. N. Am. 1997, 77, 689–700. [CrossRef] [PubMed]
6. Demidova-Rice, T.N.; Hamblin, M.R.; Herman, I.M. Acute and impaired wound healing: Pathophysiology and current methods

for drug delivery, part 1: Normal and chronic wounds: Biology, causes, and approaches to care. Adv. Skin Wound Care 2012,
25, 304. [CrossRef] [PubMed]

7. Frykberg, R.G.; Banks, J. Challenges in the Treatment of Chronic Wounds. Adv. Wound Care 2015, 4, 560–582. [CrossRef] [PubMed]
8. Adel, I.M.; ElMeligy, M.F.; Elkasabgy, N.A. Conventional and recent trends of scaffolds fabrication: A superior mode for tissue

engineering. Pharmaceutics 2022, 14, 306. [CrossRef]
9. Van Damme, L.; Blondeel, P.; Van Vlierberghe, S. Injectable biomaterials as minimal invasive strategy towards soft tissue

regeneration—An overview. J. Phys. Mater. 2021, 4, 022001. [CrossRef]
10. Kamel, R.; El-Wakil, N.A.; Abdelkhalek, A.A.; Elkasabgy, N.A. Topical cellulose nanocrystals-stabilized nanoemulgel loaded

with ciprofloxacin HCl with enhanced antibacterial activity and tissue regenerative properties. J. Drug Deliv. Sci. Technol. 2021,
64, 102553. [CrossRef]

11. Eldeeb, A.E.; Salah, S.; Mabrouk, M.; Amer, M.S.; Elkasabgy, N.A. Dual-Drug Delivery via Zein In Situ Forming Implants
Augmented with Titanium-Doped Bioactive Glass for Bone Regeneration: Preparation, In Vitro Characterization, and In Vivo
Evaluation. Pharmaceutics 2022, 14, 274. [CrossRef] [PubMed]

12. Fuchs, J.R.; Nasseri, B.A.; Vacanti, J.P. Tissue engineering: A 21st century solution to surgical reconstruction. Ann. Thorac. Surg.
2001, 72, 577–591. [CrossRef] [PubMed]

13. Hatcher, H.; Planalp, R.; Cho, J.; Torti, F.M.; Torti, S.V. Curcumin: From ancient medicine to current clinical trials. Cell. Mol. Life
Sci. 2008, 65, 1631–1652. [CrossRef] [PubMed]

14. Aggarwal, B.B.; Sundaram, C.; Malani, N.; Ichikawa, H. Curcumin: The Indian solid gold. In The Molecular Targets and Therapeutic
Uses of Curcumin in Health and Disease; Springer: Berlin/Heidelberg, Germany, 2007; pp. 1–75.

15. Racz, L.Z.; Racz, C.P.; Pop, L.-C.; Tomoaia, G.; Mocanu, A.; Barbu, I.; Sárközi, M.; Roman, I.; Avram, A.;
Tomoaia-Cotisel, M.; et al. Strategies for Improving Bioavailability, Bioactivity, and Physical-Chemical Behavior of Cur-
cumin. Molecules 2022, 27, 6854. [CrossRef] [PubMed]

16. Sohn, S.-I.; Priya, A.; Balasubramaniam, B.; Muthuramalingam, P.; Sivasankar, C.; Selvaraj, A.; Valliammai, A.; Jothi, R.; Pandian, S.
Biomedical Applications and Bioavailability of Curcumin&mdash;An Updated Overview. Pharmaceutics 2021, 13, 2102. [PubMed]

17. Akbik, D.; Ghadiri, M.; Chrzanowski, W.; Rohanizadeh, R. Curcumin as a wound healing agent. Life Sci. 2014, 116, 1–7. [CrossRef]
18. Jaroonwitchawan, T.; Chaicharoenaudomrung, N.; Namkaew, J.; Noisa, P. Curcumin attenuates paraquat-induced cell death in

human neuroblastoma cells through modulating oxidative stress and autophagy. Neurosci. Lett. 2017, 636, 40–47. [CrossRef]
19. Chaves, M.A.; Pinho, S.C. Curcumin-loaded proliposomes produced by the coating of micronized sucrose: Influence of the type

of phospholipid on the physicochemical characteristics of powders and on the liposomes obtained by hydration. Food Chem. 2019,
291, 7–15. [CrossRef]

20. Adel, I.M.; ElMeligy, M.F.; Abdelkhalek, A.A.; Elkasabgy, N.A. Design and characterization of highly porous curcumin loaded
freeze-dried wafers for wound healing. Eur. J. Pharm. Sci. 2021, 164, 105888. [CrossRef]

21. Barchitta, M.; Maugeri, A.; Favara, G.; Magnano San Lio, R.; Evola, G.; Agodi, A.; Basile, G. Nutrition and Wound Healing: An
Overview Focusing on the Beneficial Effects of Curcumin. Int. J. Mol. Sci. 2019, 20, 1119. [CrossRef]

22. Thangapazham, R.L.; Sharma, A.; Maheshwari, R.K. Beneficial role of curcumin in skin diseases. In The Molecular Targets and
Therapeutic Uses of Curcumin in Health and Disease; Aggarwal, B.B., Surh, Y.-J., Shishodia, S., Eds.; Springer: Boston, MA, USA,
2007; pp. 343–357. [CrossRef]

23. Feng, T.; Wei, Y.; Lee, R.J.; Zhao, L. Liposomal curcumin and its application in cancer. Int J Nanomed. 2017, 12, 6027–6044.
[CrossRef] [PubMed]

24. Jang, J.-H.; Lee, E.; Park, J.; Kim, G.; Hong, S.; Kwon, Y.-U. Rational syntheses of core-shell Fex@Pt nanoparticles for the study of
electrocatalytic oxygen reduction reaction. Sci. Rep. 2013, 3, 2872. [CrossRef] [PubMed]

25. Kharat, M.; Du, Z.; Zhang, G.; McClements, D.J. Physical and Chemical Stability of Curcumin in Aqueous Solutions and
Emulsions: Impact of pH, Temperature, and Molecular Environment. J. Agric. Food Chem. 2017, 65, 1525–1532. [CrossRef]
[PubMed]

26. Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of Curcumin: Problems and Promises. Mol.
Pharm. 2007, 4, 807–818. [CrossRef] [PubMed]

27. Tabanelli, R.; Brogi, S.; Calderone, V. Improving Curcumin Bioavailability: Current Strategies and Future Perspectives. Pharmaceu-
tics 2021, 13, 1715. [CrossRef]

28. Dei Cas, M.; Ghidoni, R. Dietary Curcumin: Correlation between Bioavailability and Health Potential. Nutrients 2019, 11, 2147.
[CrossRef]

29. Panahi, Y.; Fazlolahzadeh, O.; Atkin, S.L.; Majeed, M.; Butler, A.E.; Johnston, T.P.; Sahebkar, A. Evidence of curcumin and
curcumin analogue effects in skin diseases: A narrative review. J. Cell. Physiol. 2019, 234, 1165–1178. [CrossRef]

30. Ajmal, G.; Bonde, G.V.; Thokala, S.; Mittal, P.; Khan, G.; Singh, J.; Pandey, V.K.; Mishra, B. Ciprofloxacin HCl and quercetin
functionalized electrospun nanofiber membrane: Fabrication and its evaluation in full thickness wound healing. Artif. Cells
Nanomed. Biotechnol. 2019, 47, 228–240. [CrossRef]

31. Blanco-Fernandez, B.; Castaño, O.; Mateos-Timoneda, M.Á.; Engel, E.; Pérez-Amodio, S. Nanotechnology approaches in chronic
wound healing. Adv. Wound Care 2021, 10, 234–256. [CrossRef]

http://doi.org/10.1016/S0039-6109(05)70575-2
http://www.ncbi.nlm.nih.gov/pubmed/9194887
http://doi.org/10.1097/01.ASW.0000416006.55218.d0
http://www.ncbi.nlm.nih.gov/pubmed/22713781
http://doi.org/10.1089/wound.2015.0635
http://www.ncbi.nlm.nih.gov/pubmed/26339534
http://doi.org/10.3390/pharmaceutics14020306
http://doi.org/10.1088/2515-7639/abd4f3
http://doi.org/10.1016/j.jddst.2021.102553
http://doi.org/10.3390/pharmaceutics14020274
http://www.ncbi.nlm.nih.gov/pubmed/35214007
http://doi.org/10.1016/S0003-4975(01)02820-X
http://www.ncbi.nlm.nih.gov/pubmed/11515900
http://doi.org/10.1007/s00018-008-7452-4
http://www.ncbi.nlm.nih.gov/pubmed/18324353
http://doi.org/10.3390/molecules27206854
http://www.ncbi.nlm.nih.gov/pubmed/36296447
http://www.ncbi.nlm.nih.gov/pubmed/34959384
http://doi.org/10.1016/j.lfs.2014.08.016
http://doi.org/10.1016/j.neulet.2016.10.050
http://doi.org/10.1016/j.foodchem.2019.04.013
http://doi.org/10.1016/j.ejps.2021.105888
http://doi.org/10.3390/ijms20051119
http://doi.org/10.1007/978-0-387-46401-5_15
http://doi.org/10.2147/IJN.S132434
http://www.ncbi.nlm.nih.gov/pubmed/28860764
http://doi.org/10.1038/srep02872
http://www.ncbi.nlm.nih.gov/pubmed/24096587
http://doi.org/10.1021/acs.jafc.6b04815
http://www.ncbi.nlm.nih.gov/pubmed/27935709
http://doi.org/10.1021/mp700113r
http://www.ncbi.nlm.nih.gov/pubmed/17999464
http://doi.org/10.3390/pharmaceutics13101715
http://doi.org/10.3390/nu11092147
http://doi.org/10.1002/jcp.27096
http://doi.org/10.1080/21691401.2018.1548475
http://doi.org/10.1089/wound.2019.1094


Pharmaceutics 2023, 15, 38 18 of 21

32. Alavi, A.; Kirsner, R.S. Local wound care and topical management of hidradenitis suppurativa. J. Am. Acad. Dermatol. 2015, 73,
S55–S61. [CrossRef]

33. Tsourdi, E.; Barthel, A.; Rietzsch, H.; Reichel, A.; Bornstein, S.R. Current Aspects in the Pathophysiology and Treatment of
Chronic Wounds in Diabetes Mellitus. BioMed Res. Int. 2013, 2013, 385641. [CrossRef] [PubMed]

34. Bai, Q.; Han, K.; Dong, K.; Zheng, C.; Zhang, Y.; Long, Q.; Lu, T. Potential applications of nanomaterials and technology for
diabetic wound healing. Int. J. Nanomed. 2020, 15, 9717. [CrossRef] [PubMed]

35. Wynn, M.O. The impact of infection on the four stages of acute wound healing: An overview. Wounds UK 2021, 17, 26–32.
36. Enoch, S.; Leaper, D.J. Basic science of wound healing. Surgery 2008, 26, 31–37. [CrossRef]
37. Strodtbeck, F. Physiology of wound healing. Newborn Infant Nurs. Rev. 2001, 1, 43–52. [CrossRef]
38. Guo, S.; DiPietro, L.A. Factors Affecting Wound Healing. J. Dent. Res. 2010, 89, 219–229. [CrossRef]
39. Alqatawni, A.; Sharma, A.L.; Attilus, B.; Tyagi, M.; Daniel, R. Shedding light on the role of extracellular vesicles in HIV infection

and wound healing. Viruses 2020, 12, 584. [CrossRef]
40. Ahmad, N.; Ahmad, R.; Al-Qudaihi, A.; Alaseel, S.E.; Fita, I.Z.; Khalid, M.S.; Pottoo, F.H.; Bolla, S.R. A novel self-nanoemulsifying

drug delivery system for curcumin used in the treatment of wound healing and inflammation. 3 Biotech 2019, 9, 1–20. [CrossRef]
41. Asadi, N.; Pazoki-Toroudi, H.; Del Bakhshayesh, A.R.; Akbarzadeh, A.; Davaran, S.; Annabi, N. Multifunctional hydrogels for

wound healing: Special focus on biomacromolecular based hydrogels. Int. J. Biol. Macromol. 2021, 170, 728–750. [CrossRef]
42. Xiang, J.; Shen, L.; Hong, Y. Status and future scope of hydrogels in wound healing: Synthesis, materials and evaluation. Eur.

Polym. J. 2020, 130, 109609. [CrossRef]
43. Liang, Y.; He, J.; Guo, B. Functional Hydrogels as Wound Dressing to Enhance Wound Healing. ACS Nano 2021, 15, 12687–12722.

[CrossRef] [PubMed]
44. Balitaan, J.N.I.; Hsiao, C.-D.; Yeh, J.-M.; Santiago, K.S. Innovation inspired by nature: Biocompatible self-healing injectable

hydrogels based on modified-β-chitin for wound healing. Int. J. Biol. Macromol. 2020, 162, 723–736. [CrossRef] [PubMed]
45. Hobza, P.; Müller-Dethlefs, K. Non-Covalent Interactions: Theory and Experiment; Royal Society of Chemistry: London, UK, 2010;

Volume 2.
46. Hobza, P.; Zahradník, R.; Müller-Dethlefs, K. The world of non-covalent interactions: 2006. Collect. Czechoslov. Chem. Commun.

2006, 71, 443–531. [CrossRef]
47. Wang, W.; Zhang, Y.; Liu, W. Bioinspired fabrication of high strength hydrogels from non-covalent interactions. Prog. Polym. Sci.

2017, 71, 1–25. [CrossRef]
48. Dimatteo, R.; Darling, N.J.; Segura, T. In situ forming injectable hydrogels for drug delivery and wound repair. Adv. Drug Deliv.

Rev. 2018, 127, 167–184. [CrossRef] [PubMed]
49. Abo Elela, M.M.; ElKasabgy, N.A.; Basalious, E.B. Bio-shielding In Situ Forming Gels (BSIFG) Loaded With Lipospheres for Depot

Injection of Quetiapine Fumarate: In Vitro and In Vivo Evaluation. AAPS PharmSciTech 2017, 18, 2999–3010. [CrossRef]
50. Li, Q.; Zhang, G.; Wu, Y.; Wang, Y.; Liang, Y.; Yang, X.; Qi, W.; Su, R.; He, Z. Control of peptide hydrogel formation and stability

via heating treatment. J. Colloid Interface Sci. 2021, 583, 234–242. [CrossRef] [PubMed]
51. Barrett, D.G.; Fullenkamp, D.E.; He, L.; Holten-Andersen, N.; Lee, K.Y.C.; Messersmith, P.B. pH-based regulation of hydrogel

mechanical properties through mussel-inspired chemistry and processing. Adv. Funct. Mater. 2013, 23, 1111–1119. [CrossRef]
[PubMed]

52. Noble, L.; Gray, A.I.; Sadiq, L.; Uchegbu, I.F. A non-covalently cross-linked chitosan based hydrogel. Int. J. Pharm. 1999, 192,
173–182. [CrossRef]

53. Li, J.; Xing, R.; Bai, S.; Yan, X. Recent advances of self-assembling peptide-based hydrogels for biomedical applications. Soft
Matter 2019, 15, 1704–1715. [CrossRef]

54. Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18–23. [CrossRef]
55. Elisseeff, J.; Anseth, K.; Sims, D.; McIntosh, W.; Randolph, M.; Langer, R. Transdermal photopolymerization for minimally

invasive implantation. Proc. Natl. Acad. Sci. USA 1999, 96, 3104–3107. [CrossRef] [PubMed]
56. Pham, L.; Dang, L.H.; Truong, M.D.; Nguyen, T.H.; Le, L.; Le, V.T.; Nam, N.D.; Bach, L.G.; Nguyen, V.T.; Tran, N.Q. A dual

synergistic of curcumin and gelatin on thermal-responsive hydrogel based on Chitosan-P123 in wound healing application.
Biomed. Pharmacother. 2019, 117, 109183. [CrossRef] [PubMed]

57. Fletcher, J. Using film dressings. Nurs. Times 2003, 99, 57. [PubMed]
58. Gopinath, D.; Ahmed, M.R.; Gomathi, K.; Chitra, K.; Sehgal, P.K.; Jayakumar, R. Dermal wound healing processes with curcumin

incorporated collagen films. Biomaterials 2004, 25, 1911–1917. [CrossRef] [PubMed]
59. Adel, I.M.; ElMeligy, M.F.; Abdelrahim, M.E.A.; Maged, A.; Abdelkhalek, A.A.; Abdelmoteleb, A.M.M.; Elkasabgy, N.A. Design

and characterization of spray-dried proliposomes for the pulmonary delivery of curcumin. Int. J. Nanomed. 2021, 16, 2667–2687.
[CrossRef]

60. Ghurghure, S.M.; Pathan, M.S.A.; Surwase, P.R. Nanosponges: A novel approach for targeted drug delivery system. Int. J. Chem.
Stud. 2018, 2, 2.

61. Nguyen, V.C.; Nguyen, V.B.; Hsieh, M.-F. Curcumin-Loaded Chitosan/Gelatin Composite Sponge for Wound Healing Application.
Int. J. Polym. Sci. 2013, 2013, 106570. [CrossRef]

62. Adel, S.; ElKasabgy, N.A. Design of innovated lipid-based floating beads loaded with an antispasmodic drug: In-vitro and in-vivo
evaluation. J. Liposome Res. 2014, 24, 136–149. [CrossRef]

http://doi.org/10.1016/j.jaad.2015.07.048
http://doi.org/10.1155/2013/385641
http://www.ncbi.nlm.nih.gov/pubmed/23653894
http://doi.org/10.2147/IJN.S276001
http://www.ncbi.nlm.nih.gov/pubmed/33299313
http://doi.org/10.1016/j.mpsur.2007.11.005
http://doi.org/10.1053/nbin.2001.23176
http://doi.org/10.1177/0022034509359125
http://doi.org/10.3390/v12060584
http://doi.org/10.1007/s13205-019-1885-3
http://doi.org/10.1016/j.ijbiomac.2020.12.202
http://doi.org/10.1016/j.eurpolymj.2020.109609
http://doi.org/10.1021/acsnano.1c04206
http://www.ncbi.nlm.nih.gov/pubmed/34374515
http://doi.org/10.1016/j.ijbiomac.2020.06.129
http://www.ncbi.nlm.nih.gov/pubmed/32553972
http://doi.org/10.1135/cccc20060443
http://doi.org/10.1016/j.progpolymsci.2017.04.001
http://doi.org/10.1016/j.addr.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29567395
http://doi.org/10.1208/s12249-017-0789-y
http://doi.org/10.1016/j.jcis.2020.09.032
http://www.ncbi.nlm.nih.gov/pubmed/33002695
http://doi.org/10.1002/adfm.201201922
http://www.ncbi.nlm.nih.gov/pubmed/23483665
http://doi.org/10.1016/S0378-5173(99)00306-3
http://doi.org/10.1039/C8SM02573H
http://doi.org/10.1016/j.addr.2012.09.010
http://doi.org/10.1073/pnas.96.6.3104
http://www.ncbi.nlm.nih.gov/pubmed/10077644
http://doi.org/10.1016/j.biopha.2019.109183
http://www.ncbi.nlm.nih.gov/pubmed/31261029
http://www.ncbi.nlm.nih.gov/pubmed/12861644
http://doi.org/10.1016/S0142-9612(03)00625-2
http://www.ncbi.nlm.nih.gov/pubmed/14738855
http://doi.org/10.2147/IJN.S306831
http://doi.org/10.1155/2013/106570
http://doi.org/10.3109/08982104.2013.857355


Pharmaceutics 2023, 15, 38 19 of 21

63. Hegge, A.B.; Andersen, T.; Melvik, J.E.; Bruzell, E.; Kristensen, S.; Tønnesen, H.H. Formulation and Bacterial Phototoxicity of
Curcumin Loaded Alginate Foams for Wound Treatment Applications: Studies on Curcumin and Curcuminoides XLII. J. Pharm.
Sci. 2011, 100, 174–185. [CrossRef]

64. Kamel, R.; Afifi, S.M.; Kassem, I.A.A.; Elkasabgy, N.A.; Farag, M.A. Arabinoxylan and rhamnogalacturonan mucilage: Outgoing
and potential trends of pharmaceutical, environmental, and medicinal merits. Int. J. Biol. Macromol. 2020, 165, 2550–2564.
[CrossRef] [PubMed]

65. Elkasabgy, N.A.; Salama, A.; Salama, A.H. Exploring the effect of intramuscularly injected polymer/lipid hybrid nanoparticles
loaded with quetiapine fumarate on the behavioral and neurological changes in cuprizone-induced schizophrenia in mice.
J. Drug Deliv. Sci. Technol. 2023, 79, 104064. [CrossRef]

66. Hamdan, S.; Pastar, I.; Drakulich, S.; Dikici, E.; Tomic-Canic, M.; Deo, S.; Daunert, S. Nanotechnology-Driven Therapeutic
Interventions in Wound Healing: Potential Uses and Applications. ACS Cent. Sci. 2017, 3, 163–175. [CrossRef] [PubMed]

67. Tetteh-Quarshie, S.; Blough, E.R.; Jones, C.B. Exploring Dendrimer Nanoparticles for Chronic Wound Healing. Front. Med. Technol.
2021, 3, 19. [CrossRef]

68. Küchler, S.; Wolf, N.B.; Heilmann, S.; Weindl, G.; Helfmann, J.; Yahya, M.M.; Stein, C.; Schäfer-Korting, M. 3D-Wound healing
model: Influence of morphine and solid lipid nanoparticles. J. Biotechnol. 2010, 148, 24–30. [CrossRef]

69. Jangde, R.; Singh, D. Preparation and optimization of quercetin-loaded liposomes for wound healing, using response surface
methodology. Artif. Cells Nanomed. Biotechnol. 2016, 44, 635–641. [CrossRef]

70. Deng, X.; Li, X.; Chen, W.; Zhao, T.; Huang, W.; Qian, H. Design, synthesis and biological evaluation of peptide dendrimers with
wound healing promoting activity. Med. Chem. Res. 2017, 26, 580–586. [CrossRef]

71. Ghodrati, M.; Farahpour, M.R.; Hamishehkar, H. Encapsulation of Peppermint essential oil in nanostructured lipid carriers:
In-vitro antibacterial activity and accelerative effect on infected wound healing. Colloids Surf. A: Physicochem. Eng. Asp. 2019, 564,
161–169. [CrossRef]

72. Elkhoury, K.; Koçak, P.; Kang, A.; Arab-Tehrany, E.; Ellis Ward, J.; Shin, S.R. Engineering Smart Targeting Nanovesicles and Their
Combination with Hydrogels for Controlled Drug Delivery. Pharmaceutics 2020, 12, 849. [CrossRef]

73. Liu, Y.; Song, S.; Liu, S.; Zhu, X.; Wang, P. Application of Nanomaterial in Hydrogels Related to Wound Healing. J. Nanomater.
2022, 2022, 4656037. [CrossRef]

74. Hu, L.; Wang, J.; Zhou, X.; Xiong, Z.; Zhao, J.; Yu, R.; Huang, F.; Zhang, H.; Chen, L. Exosomes derived from human adipose
mensenchymal stem cells accelerates cutaneous wound healing via optimizing the characteristics of fibroblasts. Sci. Rep. 2016,
6, 32993. [CrossRef] [PubMed]

75. Kianvash, N.; Bahador, A.; Pourhajibagher, M.; Ghafari, H.; Nikoui, V.; Rezayat, S.M.; Dehpour, A.R.; Partoazar, A. Evaluation
of propylene glycol nanoliposomes containing curcumin on burn wound model in rat: Biocompatibility, wound healing, and
anti-bacterial effects. Drug Deliv. Transl. Res. 2017, 7, 654–663. [CrossRef] [PubMed]

76. Chereddy, K.K.; Coco, R.; Memvanga, P.B.; Ucakar, B.; des Rieux, A.; Vandermeulen, G.; Préat, V. Combined effect of PLGA and
curcumin on wound healing activity. J. Control. Release 2013, 171, 208–215. [CrossRef] [PubMed]

77. Alqahtani, M.S.; Alqahtani, A.; Kazi, M.; Ahmad, M.Z.; Alahmari, A.; Alsenaidy, M.A.; Syed, R. Wound-healing potential of
curcumin loaded lignin nanoparticles. J. Drug Deliv. Sci. Technol. 2020, 60, 102020. [CrossRef]

78. Shende, P.; Gupta, H. Formulation and comparative characterization of nanoparticles of curcumin using natural, synthetic and
semi-synthetic polymers for wound healing. Life Sci. 2020, 253, 117588. [CrossRef] [PubMed]

79. Li, X.; Nan, K.; Li, L.; Zhang, Z.; Chen, H. In vivo evaluation of curcumin nanoformulation loaded methoxy poly(ethylene
glycol)-graft-chitosan composite film for wound healing application. Carbohydr. Polym. 2012, 88, 84–90. [CrossRef]

80. Bhattacharya, D.; Ghosh, B.; Mukhopadhyay, M. Development of nanotechnology for advancement and application in wound
healing: A review. IET Nanobiotechnol. 2019, 13, 778–785. [CrossRef]

81. Delan, W.K.; Ali, I.H.; Zakaria, M.; Elsaadany, B.; Fares, A.R.; ElMeshad, A.N.; Mamdouh, W. Investigating the bone regeneration
activity of PVA nanofibers scaffolds loaded with simvastatin/chitosan nanoparticles in an induced bone defect rabbit model. Int.
J. Biol. Macromol. 2022, 222, 2399–2413. [CrossRef]

82. Shefa, A.A.; Sultana, T.; Park, M.K.; Lee, S.Y.; Gwon, J.-G.; Lee, B.-T. Curcumin incorporation into an oxidized cellulose
nanofiber-polyvinyl alcohol hydrogel system promotes wound healing. Mater. Des. 2020, 186, 108313. [CrossRef]

83. Dhurai, B.; Saraswathy, N.; Maheswaran, R.; Sethupathi, P.; Vanitha, P.; Vigneshwaran, S.; Rameshbabu, V. Electrospinning of
curcumin loaded chitosan/poly (lactic acid) nanofilm and evaluation of its medicinal characteristics. Front. Mater. Sci. 2013, 7,
350–361. [CrossRef]

84. Moradkhannejhad, L.; Abdouss, M.; Nikfarjam, N.; Shahriari, M.H.; Heidary, V. The effect of molecular weight and content of
PEG on in vitro drug release of electrospun curcumin loaded PLA/PEG nanofibers. J. Drug Deliv. Sci. Technol. 2020, 56, 101554.
[CrossRef]

85. Prakash, J.; Venkataprasanna, K.S.; Bharath, G.; Banat, F.; Niranjan, R.; Venkatasubbu, G.D. In-vitro evaluation of electrospun cel-
lulose acetate nanofiber containing Graphene oxide/TiO2/Curcumin for wound healing application. Colloids Surf. A Physicochem.
Eng. Asp. 2021, 627, 127166. [CrossRef]

86. Pang, C.; Fan, K.S.; Wei, L.; Kolar, M.K. Gene therapy in wound healing using nanotechnology. Wound Repair Regen. 2021, 29,
225–239. [CrossRef] [PubMed]

87. Haag, S.L.; Bernards, M.T. Enhanced Biocompatibility of Polyampholyte Hydrogels. Langmuir 2020, 36, 3292–3299. [CrossRef]

http://doi.org/10.1002/jps.22263
http://doi.org/10.1016/j.ijbiomac.2020.10.175
http://www.ncbi.nlm.nih.gov/pubmed/33115647
http://doi.org/10.1016/j.jddst.2022.104064
http://doi.org/10.1021/acscentsci.6b00371
http://www.ncbi.nlm.nih.gov/pubmed/28386594
http://doi.org/10.3389/fmedt.2021.661421
http://doi.org/10.1016/j.jbiotec.2010.01.001
http://doi.org/10.3109/21691401.2014.975238
http://doi.org/10.1007/s00044-016-1777-6
http://doi.org/10.1016/j.colsurfa.2018.12.043
http://doi.org/10.3390/pharmaceutics12090849
http://doi.org/10.1155/2022/4656037
http://doi.org/10.1038/srep32993
http://www.ncbi.nlm.nih.gov/pubmed/27615560
http://doi.org/10.1007/s13346-017-0405-4
http://www.ncbi.nlm.nih.gov/pubmed/28707264
http://doi.org/10.1016/j.jconrel.2013.07.015
http://www.ncbi.nlm.nih.gov/pubmed/23891622
http://doi.org/10.1016/j.jddst.2020.102020
http://doi.org/10.1016/j.lfs.2020.117588
http://www.ncbi.nlm.nih.gov/pubmed/32220621
http://doi.org/10.1016/j.carbpol.2011.11.068
http://doi.org/10.1049/iet-nbt.2018.5312
http://doi.org/10.1016/j.ijbiomac.2022.10.026
http://doi.org/10.1016/j.matdes.2019.108313
http://doi.org/10.1007/s11706-013-0222-8
http://doi.org/10.1016/j.jddst.2020.101554
http://doi.org/10.1016/j.colsurfa.2021.127166
http://doi.org/10.1111/wrr.12881
http://www.ncbi.nlm.nih.gov/pubmed/33377593
http://doi.org/10.1021/acs.langmuir.0c00114


Pharmaceutics 2023, 15, 38 20 of 21

88. Jiang, Y.; Krishnan, N.; Heo, J.; Fang, R.H.; Zhang, L. Nanoparticle–hydrogel superstructures for biomedical applications.
J. Control. Release 2020, 324, 505–521. [CrossRef]

89. Hamidi, M.; Azadi, A.; Rafiei, P. Hydrogel nanoparticles in drug delivery. Adv. Drug Deliv. Rev. 2008, 60, 1638–1649. [CrossRef]
[PubMed]

90. Pinelli, F.; Ortolà, Ó.F.; Makvandi, P.; Perale, G.; Rossi, F. In vivo drug delivery applications of nanogels: A review. Nanomedicine
2020, 15, 2707–2727. [CrossRef]

91. Gobin, A.M.; Lee, M.H.; Halas, N.J.; James, W.D.; Drezek, R.A.; West, J.L. Near-Infrared Resonant Nanoshells for Combined
Optical Imaging and Photothermal Cancer Therapy. Nano Lett. 2007, 7, 1929–1934. [CrossRef]

92. Ribeiro, A.M.; Flores-Sahagun, T.H.S. Application of stimulus-sensitive polymers in wound healing formulation. Int. J. Polym.
Mater. Polym. Biomater. 2020, 69, 979–989. [CrossRef]

93. Sharma, A.; Mittal, P.; Yadav, A.; Mishra, A.K.; Hazari, P.P.; Sharma, R.K. Sustained Activity of Stimuli-Responsive Curcumin and
Acemannan Based Hydrogel Patches in Wound Healing. ACS Appl. Bio Mater. 2022, 5, 598–609. [CrossRef]

94. Molina, M.; Asadian-Birjand, M.; Balach, J.; Bergueiro, J.; Miceli, E.; Calderón, M. Stimuli-responsive nanogel composites and
their application in nanomedicine. Chem. Soc. Rev. 2015, 44, 6161–6186. [CrossRef] [PubMed]

95. Willner, I. Stimuli-Controlled Hydrogels and Their Applications. Acc Chem Res 2017, 50, 657–658. [CrossRef] [PubMed]
96. Eldeeb, A.E.; Salah, S.; Elkasabgy, N.A. Biomaterials for Tissue Engineering Applications and Current Updates in the Field: A

Comprehensive Review. AAPS PharmSciTech 2022, 23, 267. [CrossRef] [PubMed]
97. Han, L.; Zhang, Y.; Lu, X.; Wang, K.; Wang, Z.; Zhang, H. Polydopamine Nanoparticles Modulating Stimuli-Responsive PNIPAM

Hydrogels with Cell/Tissue Adhesiveness. ACS Appl. Mater. Interfaces 2016, 8, 29088–29100. [CrossRef]
98. Chvatal, S.A.; Kim, Y.-T.; Bratt-Leal, A.M.; Lee, H.; Bellamkonda, R.V. Spatial distribution and acute anti-inflammatory effects of

Methylprednisolone after sustained local delivery to the contused spinal cord. Biomaterials 2008, 29, 1967–1975. [CrossRef]
99. Baumann, M.D.; Kang, C.E.; Tator, C.H.; Shoichet, M.S. Intrathecal delivery of a polymeric nanocomposite hydrogel after spinal

cord injury. Biomaterials 2010, 31, 7631–7639. [CrossRef]
100. Gulsen, D.; Li, C.-C.; Chauhan, A. Dispersion of DMPC Liposomes in Contact Lenses for Ophthalmic Drug Delivery. Curr. Eye

Res. 2005, 30, 1071–1080. [CrossRef]
101. Pathan, I.B.; Munde, S.J.; Shelke, S.; Ambekar, W.; Mallikarjuna Setty, C. Curcumin loaded fish scale collagen-HPMC nanogel for

wound healing application: Ex-vivo and In-vivo evaluation. Int. J. Polym. Mater. Polym. Biomater. 2019, 68, 165–174. [CrossRef]
102. Anjum, S.; Gupta, A.; Sharma, D.; Gautam, D.; Bhan, S.; Sharma, A.; Kapil, A.; Gupta, B. Development of novel wound care

systems based on nanosilver nanohydrogels of polymethacrylic acid with Aloe vera and curcumin. Mater. Sci. Eng. C 2016, 64,
157–166. [CrossRef]

103. Cheng, R.; Liu, L.; Xiang, Y.; Lu, Y.; Deng, L.; Zhang, H.; Santos, H.A.; Cui, W. Advanced liposome-loaded scaffolds for therapeutic
and tissue engineering applications. Biomaterials 2020, 232, 119706. [CrossRef]

104. Cardoso-Daodu, I.M.; Ilomuanya, M.O.; Azubuike, C.P. Development of curcumin-loaded liposomes in lysine–collagen hydrogel
for surgical wound healing. Beni-Suef Univ. J. Basic Appl. Sci. 2022, 11, 1–13. [CrossRef]

105. Clasky, A.J.; Watchorn, J.D.; Chen, P.Z.; Gu, F.X. From prevention to diagnosis and treatment: Biomedical applications of metal
nanoparticle-hydrogel composites. Acta Biomater. 2021, 122, 1–25. [CrossRef] [PubMed]

106. Lara, H.H.; Ayala-Núñez, N.V.; Ixtepan Turrent, L.d.C.; Rodríguez Padilla, C. Bactericidal effect of silver nanoparticles against
multidrug-resistant bacteria. World J. Microbiol. Biotechnol. 2010, 26, 615–621. [CrossRef]

107. Vijayakumar, V.; Samal, S.K.; Mohanty, S.; Nayak, S.K. Recent advancements in biopolymer and metal nanoparticle-based
materials in diabetic wound healing management. Int. J. Biol. Macromol. 2019, 122, 137–148. [CrossRef]

108. Albarqi, H.A.; Alqahtani, A.A.; Ullah, I.; Khan, N.R.; Basit, H.M.; Iftikhar, T.; Wahab, A.; Ali, M.; Badar, M. Microwave-Assisted
Physically Cross-Linked Chitosan-Sodium Alginate Hydrogel Membrane Doped with Curcumin as a Novel Wound Healing
Platform. AAPS PharmSciTech 2022, 23, 1–13. [CrossRef]

109. Zhang, Z.; Chen, H.; Shen, W.; Deng, J.; Bai, C.; Xiao, Y.; Lyu, L. Localized delivery of curcumin by thermosensitive hydrogels for
promoting wound healing. J. Cosmet. Dermatol. 2022, 21, 5081–5091. [CrossRef]

110. Chiaoprakobkij, N.; Suwanmajo, T.; Sanchavanakit, N.; Phisalaphong, M. Curcumin-Loaded Bacterial Cellulose/Alginate/Gelatin
as A Multifunctional Biopolymer Composite Film. Molecules 2020, 25, 3800. [CrossRef]

111. Mobaraki, M.; Bizari, D.; Soltani, M.; Khshmohabat, H.; Raahemifar, K.; Akbarzade Amirdehi, M. The Effects of Curcumin
Nanoparticles Incorporated into Collagen-Alginate Scaffold on Wound Healing of Skin Tissue in Trauma Patients. Polymers 2021,
13, 4291. [CrossRef]

112. Kiti, K.; Suwantong, O. The potential use of curcumin-β-cyclodextrin inclusion complex/chitosan-loaded cellulose sponges for
the treatment of chronic wound. Int. J. Biol. Macromol. 2020, 164, 3250–3258. [CrossRef]

113. Zhou, Q.; Cai, X.; Huang, Y.; Zhou, Y. Pluronic F127-liposome-encapsulated curcumin activates Nrf2/Keap1 signaling pathway to
promote cell migration of HaCaT cells. Mol. Cell. Biochem. 2022. online ahead of print. [CrossRef]

114. Krausz, A.E.; Adler, B.L.; Cabral, V.; Navati, M.; Doerner, J.; Charafeddine, R.A.; Chandra, D.; Liang, H.; Gunther, L.;
Clendaniel, A.; et al. Curcumin-encapsulated nanoparticles as innovative antimicrobial and wound healing agent. Nanomed.
Nanotechnol. Biol. Med. 2015, 11, 195–206. [CrossRef] [PubMed]

115. Hamam, F.; Nasr, A. Curcumin-Loaded Mesoporous Silica Particles as Wound-Healing Agent: An In vivo Study. Saudi J. Med.
Med. Sci. 2020, 8, 17–24. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jconrel.2020.05.041
http://doi.org/10.1016/j.addr.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/18840488
http://doi.org/10.2217/nnm-2020-0274
http://doi.org/10.1021/nl070610y
http://doi.org/10.1080/00914037.2019.1655744
http://doi.org/10.1021/acsabm.1c01078
http://doi.org/10.1039/C5CS00199D
http://www.ncbi.nlm.nih.gov/pubmed/26505057
http://doi.org/10.1021/acs.accounts.7b00142
http://www.ncbi.nlm.nih.gov/pubmed/28415844
http://doi.org/10.1208/s12249-022-02419-1
http://www.ncbi.nlm.nih.gov/pubmed/36163568
http://doi.org/10.1021/acsami.6b11043
http://doi.org/10.1016/j.biomaterials.2008.01.002
http://doi.org/10.1016/j.biomaterials.2010.07.004
http://doi.org/10.1080/02713680500346633
http://doi.org/10.1080/00914037.2018.1429437
http://doi.org/10.1016/j.msec.2016.03.069
http://doi.org/10.1016/j.biomaterials.2019.119706
http://doi.org/10.1186/s43088-022-00284-2
http://doi.org/10.1016/j.actbio.2020.12.030
http://www.ncbi.nlm.nih.gov/pubmed/33352300
http://doi.org/10.1007/s11274-009-0211-3
http://doi.org/10.1016/j.ijbiomac.2018.10.120
http://doi.org/10.1208/s12249-022-02222-y
http://doi.org/10.1111/jocd.14967
http://doi.org/10.3390/molecules25173800
http://doi.org/10.3390/polym13244291
http://doi.org/10.1016/j.ijbiomac.2020.08.190
http://doi.org/10.1007/s11010-022-04481-6
http://doi.org/10.1016/j.nano.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25240595
http://doi.org/10.4103/sjmms.sjmms_2_19
http://www.ncbi.nlm.nih.gov/pubmed/31929774


Pharmaceutics 2023, 15, 38 21 of 21

116. Akbar, M.U.; Zia, K.M.; Akash, M.S.H.; Nazir, A.; Zuber, M.; Ibrahim, M. In-vivo anti-diabetic and wound healing potential of
chitosan/alginate/maltodextrin/pluronic-based mixed polymeric micelles: Curcumin therapeutic potential. Int. J. Biol. Macromol.
2018, 120, 2418–2430. [CrossRef] [PubMed]

117. Algahtani, M.S.; Ahmad, M.Z.; Nourein, I.H.; Albarqi, H.A.; Alyami, H.S.; Alyami, M.H.; Alqahtani, A.A.; Alasiri, A.;
Algahtani, T.S.; Mohammed, A.A. Preparation and characterization of curcumin nanoemulgel utilizing ultrasonication technique
for wound healing: In vitro, ex vivo, and in vivo evaluation. Gels 2021, 7, 213. [CrossRef]

118. Ahmad, N.; Ahmad, R.; Al-Qudaihi, A.; Alaseel, S.E.; Fita, I.Z.; Khalid, M.S.; Pottoo, F.H. Preparation of a novel curcumin
nanoemulsion by ultrasonication and its comparative effects in wound healing and the treatment of inflammation. RSC Adv.
2019, 9, 20192–20206. [CrossRef]

119. Sharma, A.; Panwar, V.; Salaria, N.; Ghosh, D. Protease-responsive hydrogel, cross-linked with bioactive curcumin-derived carbon
dots, encourage faster wound closure. Biomater. Adv. 2022, 139, 212978. [CrossRef]

120. Suteris, N.N.; Yasin, A.; Misnon, I.I.; Roslan, R.; Zulkifli, F.H.; Rahim, M.H.A.; Venugopal, J.R.; Jose, R. Curcumin loaded waste
biomass resourced cellulosic nanofiber cloth as a potential scaffold for regenerative medicine: An in-vitro assessment. Int. J. Biol.
Macromol. 2022, 198, 147–156. [CrossRef]

121. Dai, X.; Liu, J.; Zheng, H.; Wichmann, J.; Hopfner, U.; Sudhop, S.; Prein, C.; Shen, Y.; Machens, H.-G.; Schilling, A.F. Nano-
formulated curcumin accelerates acute wound healing through Dkk-1-mediated fibroblast mobilization and MCP-1-mediated
anti-inflammation. NPG Asia Mater. 2017, 9, e368. [CrossRef]

122. Ternullo, S.; Schulte Werning, L.V.; Holsæter, A.M.; Škalko-Basnet, N. Curcumin-In-Deformable Liposomes-In-Chitosan-Hydrogel
as a Novel Wound Dressing. Pharmaceutics 2020, 12, 8. [CrossRef]

123. He, P.; Zhao, J.; Zhang, J.; Li, B.; Gou, Z.; Gou, M.; Li, X. Bioprinting of skin constructs for wound healing. Burns Trauma 2018, 6.
[CrossRef]

124. Grounds, M.D.; White, J.D.; Rosenthal, N.; Bogoyevitch, M.A. The Role of Stem Cells in Skeletal and Cardiac Muscle Repair.
J. Histochem. Cytochem. 2002, 50, 589–610. [CrossRef] [PubMed]

125. Zhu, W.; Ma, X.; Gou, M.; Mei, D.; Zhang, K.; Chen, S. 3D printing of functional biomaterials for tissue engineering. Curr. Opin.
Biotechnol. 2016, 40, 103–112. [CrossRef] [PubMed]

126. Blaeser, A.; Duarte Campos, D.F.; Puster, U.; Richtering, W.; Stevens, M.M.; Fischer, H. Controlling shear stress in 3D bioprinting
is a key factor to balance printing resolution and stem cell integrity. Adv. Healthc. Mater. 2016, 5, 326–333. [CrossRef]

127. Li, J.; Chen, M.; Fan, X.; Zhou, H. Recent advances in bioprinting techniques: Approaches, applications and future prospects.
J. Transl. Med. 2016, 14, 271. [CrossRef] [PubMed]

128. Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.-H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 2016, 34, 422–434.
[CrossRef] [PubMed]

129. Xia, S.; Weng, T.; Jin, R.; Yang, M.; Yu, M.; Zhang, W.; Wang, X.; Han, C. Curcumin-incorporated 3D bioprinting gelatin
methacryloyl hydrogel reduces reactive oxygen species-induced adipose-derived stem cell apoptosis and improves implanting
survival in diabetic wounds. Burns Trauma 2022, 10, tkac001. [CrossRef]

130. Ioannidis, K.; Danalatos, R.I.; Champeris Tsaniras, S.; Kaplani, K.; Lokka, G.; Kanellou, A.; Papachristou, D.J.; Bokias, G.;
Lygerou, Z.; Taraviras, S. A Custom Ultra-Low-Cost 3D Bioprinter Supports Cell Growth and Differentiation. Front. Bioeng.
Biotechnol. 2020, 8, 580889. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ijbiomac.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30195611
http://doi.org/10.3390/gels7040213
http://doi.org/10.1039/C9RA03102B
http://doi.org/10.1016/j.bioadv.2022.212978
http://doi.org/10.1016/j.ijbiomac.2021.12.006
http://doi.org/10.1038/am.2017.31
http://doi.org/10.3390/pharmaceutics12010008
http://doi.org/10.1186/s41038-017-0104-x
http://doi.org/10.1177/002215540205000501
http://www.ncbi.nlm.nih.gov/pubmed/11967271
http://doi.org/10.1016/j.copbio.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27043763
http://doi.org/10.1002/adhm.201500677
http://doi.org/10.1186/s12967-016-1028-0
http://www.ncbi.nlm.nih.gov/pubmed/27645770
http://doi.org/10.1016/j.biotechadv.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26724184
http://doi.org/10.1093/burnst/tkac001
http://doi.org/10.3389/fbioe.2020.580889

	Introduction 
	Wound Healing 
	Curcumin-Loaded Delivery Systems for Wound Healing 
	Hydrogels 
	Noncovalent Hydrogels (Physical Hydrogels) 
	Covalent Hydrogels 

	Films 
	Wafers 
	Sponges and Foams 
	Application of Different Nanotechnology-Based Approaches in Wound Healing 
	Liposomes 
	Nanoparticles 
	Nanofibers 

	Nanohydrogels 

	New Technologies 
	Conclusions and Future Perspectives 
	References

