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ABSTRACT

Wound healing is a complicated and multi-step biological phenomenon encompassing several stages such as
coagulation, inflammation, proliferation, and remodeling. Nevertheless, chronic wounds like diabetic foot ulcers, burns,
and those inflicted by bacterial infection pose a considerable problem for medical practice due to delayed healing,
susceptibility to infection, and the presence of inappropriate microenvironment in wounds. Existing wound healing
treatments are unable to ensure controlled drug delivery and adequate wound environment. Nanomaterials have proved
to be a breakthrough in wound therapy in recent years, providing sophisticated technologies for delivering drugs into
target wounds. Notably, nanocomposites have become increasingly popular for drug delivery as they increase drug
stability, provide high bioavailability, and promote controlled release. Specifically, pH-responsive drug delivery systems
have found wide application owing to the variation in wound microenvironment pH. The pH of a wound changes
depending on its location, health status, and the presence of infection; accordingly, pH-responsive systems can be used for
local release of drugs in response to changes in the microenvironment. Polysaccharides based nanocomposites prepared
from biopolymers such as chitosan, alginate, and hyaluronic acid have emerged to be highly promising owing to their
biocompatibility, biodegradability, and inherent ability to promote wound healing. Such materials may be developed to
form smart and stimuli-responsive systems which not only act as carriers for efficient drug delivery but also offer an
ideal platform for tissue regeneration. This paper focuses on the latest developments in the area of pH sensitive
polysaccharide nanocomposites for wound healing applications. Besides elaborating on various aspects like design and
mode of action, the paper also throws light on existing difficulties and future prospects of this emerging field of study.
Keywords: Wound healing, pH-sensitive drug delivery, polysaccharides, nanocomposites, smart biomaterials, controlled
release.
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INTRODUCTION

Wound healing is a very complicated and highly coordinated physiological procedure consisting of
several sequential processes: hemostasis, inflammation, proliferation, and remodeling. Wound healing is
extremely important for repairing the function and structure of damaged tissues. In most cases, acute
wounds take place within a reasonable period of time, while chronic wounds, which include diabetic
ulcers, pressure sores, burns, etc., are considered clinical problems because of the development of an
extended inflammation process, infections, and improper tissue repair [1]. Chronic wounds affect the
well-being of patients, as well as impose a great financial burden on health care systems [2].

Traditional wound dressings, which consist of gauze, bandages, cotton, etc., can be defined as protective
layers, preventing any external factors from coming into contact with the wound. Although they are used
commonly owing to low costs and ease of use, they have many disadvantages compared to modern
products because traditional dressings cannot contribute to wound healing in any way [3]. They cannot
create a proper wetness of the wound, release drugs, or prevent microorganisms from infecting the
wound [4].

In order to resolve the challenges faced by the conventional delivery approaches, there arises a necessity
for developing efficient and modern drug delivery systems which are capable of delivering the
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therapeutic drugs to the wounded site in a targeted, controlled and sustained manner. These delivery
systems aim at maximizing the bioavailability of the drugs, avoiding any systemic side effects and
providing an ideal environment for the wound healing process [5].

Nanotechnology deals with the engineering and utilization of materials in the nanometer range, usually
between 1-100 nm. In the field of wound management, there has been considerable promise shown by
nanotechnology-based systems like nanoparticles, nanofibers, and nanocomposites. The benefits offered
by these systems include high surface area, higher drug loading capability, deeper tissue penetration, and
better-controlled release [6]. Furthermore, nanocomposites, which involve the combination of multiple
materials at the nanometer level, provide synergy in terms of enhanced mechanical properties, stability,
and biological functions [7].

A notable development in the realm of nanotechnology-based drug delivery systems is the introduction of
stimuli-sensitive or "intelligent" systems. Stimuli-responsive systems are designed to respond to specific
external stimuli, such as temperature, pH, enzymes, or light, resulting in controlled and targeted drug
delivery. In particular, pH-sensitive systems are pertinent in wound management applications because
the pH levels vary with the different phases of wound management [8].

The normal state of healthy skin is that it is always characterized by a slight acidic nature with pH
ranging between 4.5 to 6.0 [9]. It is worth mentioning that chronic and infected wounds display
alkaline nature with pH range of 7.5 to 8.9, which fosters bacteria growth and delays healing. The
pH-responsive material responds to the difference in acidity by undergoing some physical and
chemical transformation including swelling, dissolution, and ionization to trigger the release of
encapsulated drug molecules in the targeted location [10].

Polysaccharides are known to be highly useful and valuable among other materials used in
designing pH-responsive drug delivery systems due to their natural composition, biocompatible and
biodegradable nature alongside biological functions. Nanocomposite based on polysaccharides,
including chitosan, alginate, and hyaluronic acid can deliver drugs to target locations and at the
same time accelerate wound healing due to antimicrobial actions, moisture retention, and cell
growth stimulation [11].

PHYSIOLOGY OF WOUND HEALING

The healing of wounds is an intricate process that requires proper regulation by biology to restore the
disrupted cells within tissues by following certain stages. The process entails the coordination of different
cell types and their interactions with other molecules such as growth factors, cytokines, and extracellular
matrix proteins. Wounds healing follows four overlapping stages: Hemostasis, Inflammation,
Proliferation, and Remodeling. Any interference in these stages may lead to delayed healing or even the
development of chronic wounds [12].

Phases of Wound Healing

Hemostasis

The process of hemostasis is the body’s reaction to any form of injury to tissues, taking place almost
immediately after wounding. Its main goal is to prevent bleeding and to create an initial protection
against microbes. In case of injury, blood vessels constrict, minimizing the amount of blood lost due to
damage. Platelets form a clot by sticking together and attaching to exposed collagen fibers, creating a
platelet plug [13].

Platelets release growth factors, including PDGF, TGF-f3, and VEGF. These growth factors activate further
processes involved in tissue regeneration and healing. At the same time, the process of coagulation
activates the coagulation cascade, where fibrinogen converts to fibrin, creating a stable clot and providing
a platform for cells to migrate [14].

Inflammation

The inflammatory phase follows soon after hemostasis and may last for up to several days. Inflammation
leads to vasodilation, thereby promoting blood flow, allowing immune cells to move to the injury site. The
first cells to appear at the wound site are neutrophils, which engage in phagocytosis to eliminate debris,
bacteria, and necrotic tissue [15].

The next cell type to arrive at the injury site is macrophages, which act as key coordinators of the healing
process. Macrophages release growth factors and cytokines that stimulate angiogenesis, fibroblast
proliferation, and the synthesis of extracellular matrix. While inflammation is vital for wound repair,
excess inflammation can result in tissue injury and chronic wounds [16].
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Figure 1: Physiology of Wound Healing
Proliferation
The proliferation stage is marked by the development of new tissues and normally takes place between
days 3 and 21 post-injury [17]. In this stage, fibroblasts move into the wounded area and manufacture
extracellular matrix products like collagen that act as the building blocks.
Another process that is common in this stage is angiogenesis, the development of new capillaries to
ensure there is an ample supply of nutrients and oxygen for the development of new tissues. Epithelial
cells grow and migrate over the injured part in a process called re-epithelialization. The wound bed will
be filled by granulation tissues that consist of fibroblasts, collagen, and new blood vessels [18].
Remodeling (Maturation)
The remodeling process is the last step in the wound healing process, and it may last for weeks, months,
or even years. In the remodeling process, the collagen formed earlier (of type 11I) is slowly replaced with
collagen of type I, which improves the tensile strength of the tissues [19].
Fibroblasts rearrange the extracellular matrix, and the surplus blood vessels, formed as a result of
angiogenesis, are reduced. Despite the fact that there will be a significant increase in strength in the tissue
being healed, it is unlikely to return to its normal strength.
Factors Affecting Wound Healing
Wound healing is influenced by various local and systemic factors that can either promote or delay the
healing process.
Infection
Infections are among the most important causes of problems in the healing process of wounds. The
microorganisms in wounds extend the inflammatory phase and cause the production of toxic substances
which harm tissues [21]. Moreover, infections hinder the processes of collagen production and
angiogenesis and delay wound closure and even lead to chronic wounds.
pH Changes
The pH of the wound microenvironment is vital in determining the success of wound healing. The normal
skin surface is mildly acidic and discourages microbial colonization and enzyme action. Chronic wounds,
on the other hand, have a high pH, thus allowing bacteria to flourish and preventing hemoglobin from
releasing oxygen [22].
High pH values also hinder fibroblast functions and collagen production, slowing down the wound-
healing process. Thus, it is vital to create the right pH environment, making it imperative to design pH-
sensitive delivery mechanisms.
Oxygen Supply
Oxygen plays a crucial role in many physiological processes related to wound healing, such as
collagen formation, vascular growth, and antibacterial mechanisms. Sufficient oxygen
concentrations promote the generation of reactive oxygen species (ROS) that act as a signal
molecule and are capable of eliminating microorganisms [23].
Conditions of hypoxia (oxygen deficiency) can negatively affect wound healing through the
inhibition of fibroblast activities, collagen accumulation, and epithelization. Wounds frequently
exhibit low oxygen supply because of inadequate blood flow.
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Chronic Diseases (Diabetes, etc.)

Systemic factors including diabetes mellitus have an immense influence on the wound healing
process. Hyperglycemia in the case of diabetics causes damage to the immune system, poor blood
circulation, and inadequate growth factor formation [24].

In addition, diabetic wounds exhibit high levels of inflammatory response, poor collagen formation,
and are highly prone to infections. Furthermore, other systemic disorders like vascular disorders
and immunological disorders impair the wound healing process, resulting in poorly healed wounds.

ROLE OF pH IN WOUND ENVIRONMENT

Wound pH is one of the most important parameters that play a crucial role in the wound healing process.
Wound pH affects several biological processes, such as enzyme activity, bacterial growth, oxygen delivery,
and cell multiplication. The ideal wound pH helps in wound healing, whereas deviation from the optimal
wound pH causes wound healing to be delayed or become infected [25].

Normal Skin pH vs Wound pH

Healthy skin usually keeps its natural acidity, which has a pH between 4.5 and 6.0, and is known as an
"acid mantle." This acidic nature is essential for keeping the skin safe from microbes because it
suppresses the proliferation of disease-causing bacteria and activates enzymes that ensure the
functioning of the skin barrier [26].

However, when the skin is damaged, the protective shield becomes vulnerable, and the pH balance within
the wound moves toward becoming neutral or even alkaline. Wounds just made have a pH value of about
7.0, whereas chronic wounds have an increased tendency to develop alkalinity with a pH range from 7.5
to 8.9 [27].

pH Variation in Acute vs Chronic Wounds

Unlike acute wounds, which tend to have a normal healing process and eventually achieve normal acidic
pH levels as healing occurs, chronic wounds like diabetic ulcers, pressure ulcers, and venous ulcers
maintain an inflammatory phase with high levels of alkalinity in the wound bed [28].

These chronic wounds have a difficult time progressing through the stages of healing due to their inability
to restore their pH to normal acidic levels, as they are usually kept in a highly alkaline environment that
hampers cell functioning and provides a good habitat for bacteria and biofilm formation [29].

Impact of Alkaline pH on Infection and Healing Delay

There are many negative impacts of wound exposure to an alkaline environment. First, it stimulates the
growth and multiplication of harmful bacteria that can cause an infection. The presence of bacteria results
in the formation of toxic enzymes which cause destruction of normal tissues [30].

Second, the alkali pH of wounds impairs the release of oxygen from hemoglobin (Bohr effect). As oxygen
plays a critical role in wound healing, any decrease in its concentration will hinder the healing process
[31].

Furthermore, an alkaline wound environment has a negative impact on the metabolism of fibroblasts and
keratinocytes required for wound repair and reconstruction. Enzyme functions responsible for the
remodeling of the extracellular matrix are also affected, thus prolonging the healing process [32].
Rationale for pH-Sensitive Drug Delivery

The difference in pH between healthy wounds and those inflicted with diseases makes it possible to
develop delivery systems that take advantage of this condition. pH-sensitive drug delivery systems are
designed specifically to recognize changes in pH of the wound site and release therapeutic compounds in
response [33].

At either an acidic or alkaline pH, the system will swell, undergo chemical changes, break down, or release
charged ions, thus releasing any drugs incorporated into the matrix [34]. It guarantees a site-specific
delivery of drugs and helps reduce adverse reactions since the drug is only released at the affected site.
Moreover, delivery systems with a pH-responsive behavior can be utilized for the release of antimicrobial
agents when dealing with alkaline infected wounds or release regenerative drugs in case of almost
normal wound conditions [35].

POLYSACCHARIDES IN WOUND HEALING

Polysaccharides refer to natural polymers made up of monosaccharides, which are joined together by
glycosidic bonds. Being very bio-compatible and degradable along with the functional diversity that they
offer, polysaccharides have attracted much interest due to their biomedical applications, especially
wound healing. They can easily be engineered to produce drug delivery systems, such as hydrogels and
films that aid wound healing [36].
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Introduction to Polysaccharides

Polysaccharides are mainly obtained from natural resources, which include plant, animal, and microbial
sources. These compounds' natural origin makes them biocompatible because they are unlikely to elicit
any harmful immune responses when introduced into the biological system. Moreover, they are
biodegradable, meaning that they will degrade into harmless compounds inside the body, thus avoiding
any buildup of toxicity [37].

The use of polysaccharides in wound healing is highly significant because they mimic ECM constituents
and facilitate cellular adhesion, proliferation, and migration. Since polysaccharides are structurally
similar to natural biological polymers, they have the ability to interact well with cells and tissues, leading
to faster and efficient wound healing [38]. They also have the capacity to form gels and films, making
them suitable for wound dressing applications.

Common Polysaccharides Used

Chitosan

Chitosan is a positively charged polymer that is produced from chitin, which can be extracted from the
hard shells of crustaceans through deacetylation. This compound has been extensively applied in the
treatment of wounds because of its biocompatibility, biodegradability, and antimicrobial activity.
Chitosan facilitates clotting by promoting platelet adhesion, as well as hastens wound healing by
promoting fibroblast proliferation and collagen synthesis [39].

Moreover, the positive charge on chitosan enables the substance to bind to the negatively charged
bacterial cell membranes, resulting in damage and preventing bacterial proliferation.

Alginate

Alginate is an anionic polysaccharide isolated from the brown algae. Alginate is made up of mannuronic
acid and guluronic acid. This molecule has excellent gelation properties when combined with divalent
ions such as calcium ions [40]. Alginate dressings have high absorbency capabilities, allowing them to
provide moist healing environment that is necessary for proper healing.

These bandages are especially important in treating exudating wounds because they help to keep the
wound moist by absorbing excess fluids. Alginate helps in cell migration, therefore promoting
regeneration.

Hyaluronic Acid

The hyaluronic acid is a glycosaminoglycan naturally present in the connective tissue of the body. The
substance is very important in maintaining hydration, lubrication, and cell signaling in tissues. Hyaluronic
acid helps in cell migration, angiogenesis, and inflammation during wound healing process [41].
Hyaluronic acid also assists in the formation of granulation tissue and promotes re-epithelialization. Due
to its ability to retain water, hyaluronic acid ensures that there is enough moisture in the wound, hence
aiding efficient wound healing. The substance is applied in dressing wounds through hydrogels and
nanocomposites.

Cellulose Derivatives

Cellulose is an example of a natural polysaccharide that can be extracted from the cell walls of plants. It is
one of the most common biopolymers found in nature. Derivatives of cellulose like CMC and HPMC have
been utilized extensively in wound care treatments owing to their superior film-forming and water-
binding capabilities [42].

Cellulose-based biomaterials impart strength, regulate moisture levels, and shield the wound from
mechanical stress and microorganism attack. They are frequently used in conjunction with other types of
polymers.

Dextran

Dextran is a polymer made up of glucose units arranged in a branched structure, synthesized by specific
types of bacteria through the fermentation process involving sucrose. Dextran is considered highly
biocompatible and possesses excellent water solubility. Dextran derivatives have been applied in wound
healing due to their capacity to induce cell attachment and proliferation [43].

Moreover, dextran may be derivatized to include functional groups, which allow for the controlled
delivery of drugs and improved binding with biological tissue.

Properties Relevant to Wound Healing

Biodegradability

Biodegradation represents the key property of polysaccharides, as this process helps to break down the
material into biocompatible degradation products in vivo. The removal from the body via surgery is not
required and decreases the risk of developing chronic inflammatory reactions and toxicity. It is possible
to manage the rate of biodegradation by altering the structure of the material, which allows it to mimic
the rate of tissue healing [44].
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Antimicrobial Activity

Some polysaccharides, especially chitosan, possess natural antimicrobial characteristics. They have the
ability to suppress bacterial and fungal growth by affecting the integrity of the cell membrane and
hindering metabolic activities within cells. Such an advantage proves very helpful during the process of
wound healing since it prevents infections and speeds up the healing process [45].

Moisture Retention

Wound hydration is an important factor in wound healing because it improves cell migration, prevents
dehydration, and decreases scabbing. Polysaccharides have superior water absorption and retention
properties, which help them achieve the necessary wound moisture balance. This contributes to faster
wound healing [46].

Film-Forming Ability

The polysaccharides exhibit good film-forming capabilities, which enable them to be used as wound
protective materials like films, membranes, and hydrogels. Such films serve as a physical barrier to
microbial attacks but allow the passage of oxygen and carbon dioxide gases through them. The films also
offer structural strength and enhance patient comfort during wound healing [47].

NANOCOMPOSITES IN DRUG DELIVERY

Nano composites have become an innovative form of material science in the domain of drug delivery
because of their novel physical and chemical properties as well as biological characteristics. Nano
composite materials can be designed by incorporating nano particles within polymers or inorganic
substances, resulting in the formation of new materials that possess improved functionalities. In wound
repair, nanocomposites provide many benefits, including precise drug delivery [48].

Definition and Classification

A multiphase material containing components that possess a size scale of 1-100 nm is called a
nanocomposite. Nanocomposites have been developed to exploit the strengths of various materials in a
single product. Examples of desirable features include mechanical robustness, biocompatibility, and drug
delivery capabilities [49]. Depending on the composition and structural aspects of the nanocomposites,
there are several types that can be used for drug delivery purposes, including the following:
Polymer-Based Nanocomposites

Nanocomposites made from polymers refer to natural or artificial polymers combined with nanoscale
particles, fibers, or clays. For use in wound healing, polymers such as chitosan, alginate, and cellulose,
which are natural and biodegradable, are often used [50].

The composite system allows for the development of a matrix that can enclose drugs and release them in
a controlled manner. Moreover, the matrix can be engineered to be responsive to stimuli such as pH,
temperature, and enzymes. Furthermore, polymer-based nanocomposites can be produced in diverse
formats, including hydrogels, films, and nanofiber scaffolds [51].

Hybrid Nanocomposites

Hybrid nanocomposites are formed by the inclusion of both organic and inorganic compounds to leverage
the best of both worlds. An illustration of this would be the use of polymers in combination with inorganic
nanoparticles like silver, zinc oxide, or silica, which help in achieving antimicrobial efficacy, mechanical
properties, and stability [52].

For wound healing applications, hybrid nanocomposites offer a lot of promise because they can confer
more than one property to the dressing, such as antimicrobial activity, drug delivery, and tissue
regeneration. In addition to these biological functions, the inclusion of an inorganic component offers
possibilities of additional physical properties like optical or electrical conductivity [53].

Advantages in Wound Healing

Nanocomposites offer several advantages over conventional drug delivery systems, making them highly
suitable for wound healing applications.

Controlled Drug Release

One of the key advantages of nanocomposites is their ability to provide controlled and sustained drug
release. The drug can be encapsulated within the nanocomposite matrix and released gradually over time,
maintaining therapeutic concentrations at the wound site [54].This controlled release reduces the need
for frequent dressing changes and minimizes fluctuations in drug levels, thereby improving patient
compliance and treatment effectiveness.

Targeted Delivery

With nanocomposites, the drugs can be delivered locally to the point where they are needed. As the drug-
loaded nanocomposites have been made responsive to various stimuli such as change in pH levels, the
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local administration of drugs can be achieved through stimuli responsiveness of the composite systems
[55]. This will lead to higher efficiency of the drugs.

Enhanced Stability

The drugs contained in the nanocomposites are shielded against any deterioration brought about by
environmental elements like sunlight, heat, and enzyme reactions. This increases their stability and
longevity [56].

In addition, the physical structure of the nanocomposites guarantees that the drugs stay intact up to the
point of delivery to the target area.

Improved Bioavailability

Nanocomposites improve the bioavailability of drugs due to increased solubility and penetration of drugs
into tissues. Nanocomposite materials have higher surface area at the nanoscale level, and thus, there is
improved penetration of drugs into tissues [57]. This is especially critical when dealing with wound
healing.

The effectiveness of drugs in wound healing depends on their ability to penetrate wounds.

pH-SENSITIVE POLYSACCHARIDE NANOCOMPOSITES

Polysaccharide-based nanocomposites that respond to changes in the environmental pH levels form an
advanced category of smart biomaterials. They combine the biodegradable and biocompatible properties
of polysaccharides with the properties of nanocomposites to deliver drugs in a controlled manner at
specific sites. This is advantageous in wound healing, where changes in pH between healthy and infected
wounds can be exploited for drug delivery [58].

Concept and Mechanism

It is important to note that the basic principle underlying pH-responsive nanocomposites is the fact that
the material can experience alterations in terms of its physicochemical properties as a result of
fluctuations in pH within the environment.

Swelling/Deswelling Behavior

One of the main reasons for pH responsiveness in nanoparticles is the swelling and deswelling process of
polymeric networks. Nanocomposites based on polysaccharides may have hydrophilic groups that absorb
water, causing the particles to swell at certain pH values. In one study, it was observed that when there
were high levels of osmotic pressure in the alkaline wound environment due to ionizable groups in the
polymeric network, it resulted in swelling and faster drug release [59].

However, depending on the pH values, the polymeric network can deswell, limiting drug release.
Ionization of Functional Groups

The other mechanism is related to the ionization of the functional groups found in the polysaccharide,
which include the amino group (-NH,), the carboxyl group (-COOH), and the hydroxyl group (-OH). The
functional groups are capable of accepting and donating protons based on the pH of the medium.

For instance, when the medium is acidic, the amino groups of chitosan will be protonated, making the
compound soluble and swollen; conversely, when the medium is basic, the carboxyl group of alginate will
be ionized, causing electrostatic repulsion and swelling of the polymer matrix [60].

Drug Release Triggered by pH

The combined action of swelling and ionization is such that eventually the delivery of drugs is induced by
pH. In the case of infected wounds, where there is normally an alkaline pH, the matrix of the
nanocomposites experiences physical alterations that aid in the delivery of antibiotics or growth factors
only where the damage occurs [61].

By doing so, wastage of the drugs is avoided, and hence there are minimal adverse reactions. It is possible
through pH-dependent systems to design the rate of drug release based on the intensity of the infection
or wound healing process.

Types of pH-Sensitive Systems

pH-sensitive polysaccharide nanocomposites can be fabricated into various forms depending on the
intended application and desired drug delivery profile.

Hydrogels

Hydrogels are formed by cross-linking of polymer chains that form a three-dimensional structure which
absorbs plenty of water. A hydrogel that is pH sensitive will expand or contract depending on
environmental changes in pH level for releasing drugs in a controlled manner. Hydrogels mimic natural
tissue structure, creating a moist environment suitable for wound healing [62].
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Nanoparticles

Nanoparticles are nanoparticles used to carry drugs and prevent their breakdown. pH-sensitive
nanoparticles are engineered to deliver the drug based on the pH level. They will be released to target
only the affected sites.

The small particles enable them to penetrate deep into the tissue and interact well with the cells [63].
Nanofibers

The nanofibers consist of fibers that have dimensions at the nanometer level. They are made through
methods like electrospinning. The materials offer a high ratio of surface area to volume, facilitating
effective drug delivery and release.

The pH-sensitive nanofibers can detect changes in wound pH levels, allowing them to release drugs and
act as scaffolding for cells [64].

Films and Membranes

Films and membranes are thin polymeric layers that form a protective layer over wounds. Films sensitive
to pH are capable of regulating drug release depending on the state of the wound site, as well as ensuring
gas diffusion and protection from bacteria [65].

Such films are especially effective in treating superficial wounds and burns.

METHODS OF PREPARATION

The synthesis process of pH-sensitive polysaccharide-based nano-composites is an important factor that
influences the properties, loading capacity, and drug release profile of the material. Different methods
have been adopted for the preparation of these complexes, based on the kind of polymer involved and its
intended application.

Ionic Gelation

Ionic gelation represents one of the common ways to synthesize nanocomposites using polysaccharides,
including those composed of chitosan and alginate. It is based on electrostatic interactions between ions
that have opposite charges. In particular, positively charged chitosan binds with negatively charged cross-
linkers, such as sodium tripolyphosphate, which results in forming a gel matrix [66].

This procedure is quite simple, safe, and non-invasive because no aggressive chemical substances or
elevated temperatures are involved, and thus it can be employed for encapsulation of sensitive
substances, e.g., proteins and growth factors.

Emulsion Cross-Linking

Emulsion crosslinking includes the preparation of the emulsion system, mainly of the W/0 or O/W type,
where the polymer dispersion exists as a continuous phase. The next step is the addition of the
crosslinking agent that will solidify the polymer droplets to form solid nanocomposites [67].

This technique can control the size and morphology of particles effectively. It is ideal for making
microspheres or nanoparticles with a highly efficient entrapment rate. On the other hand, the organic
solvent and surfactant used may demand some extra steps in the purification process.

Solvent Evaporation

Polymeric nanoparticles can be synthesized using the solvent evaporation method. This involves
dissolving the polymer and the drug in an organic solvent that can be evaporated, resulting in particles
that are suspended in an aqueous solution [68].

The method has its strengths and weaknesses; it works well for loading hydrophobic drugs and enables
precise control over the size and release kinetics of particles. On the downside, traces of solvent have to
be carefully eliminated to prevent toxicity.

Electrospinning

Electrospinning is an emerging method that is employed to develop nanofiber scaffolds having higher
surface area and porosity. During electrospinning, the polymeric solution is exposed to an electrical
voltage, which helps draw the fibers from the solution and collect them on a collector surface [69].

The electrospun nanofibers resemble the structure of extracellular matrix and thus serve well for wound
healing processes. Drugs can be loaded into the nanofibers while developing them.

Self-Assembly Techniques

Self-assembly refers to the phenomenon where molecules arrange themselves into definite structures due
to non-covalent bonds including hydrogen bonding, hydrophobic bonding, and electrostatic forces. The
ability of polysaccharides to produce nanocomposites by means of self-assembly exists under specific
environmental conditions [70].

The benefit of using this method is that it enables researchers to obtain highly regular nanostructures
without any additional cross-linking agents. It is especially applicable in the development of stimulus-
responsive materials such as pH-responsive drug delivery systems.
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DRUG LOADING AND RELEASE MECHANISM

The effectiveness of nanocomposite-based drug delivery systems depends largely on their ability to
efficiently encapsulate therapeutic agents and release them in a controlled manner at the target site.

Drug Encapsulation Techniques

The encapsulation of drugs relates to their inclusion within the nanocomposite matrix. It can be carried
out by means of various techniques, such as physical entrapping, adsorption, or chemical conjugation.
Physical entrapping consists in the inclusion of the drug within the polymeric matrix during the
production of nanoparticles or hydrogels. The technique is relatively simple and common but can cause
an immediate burst release. Adsorption implies the binding of the drug to the nanocomposite surface via
the use of weak interactions, such as van der Waals' forces or electrostatic interactions [71].

Chemical conjugation assumes that the covalent bonds are formed between the drug and polymer
molecules.

Release Kinetics Models

It is important to understand drug release kinetics in order to determine and improve the properties of
the drug delivery systems. Various mathematical models can be applied for description of the drug
release behavior.

Zero-order kinetic model represents constant release rate. Such model is perfect for maintaining constant
concentrations of the drugs.

First-order kinetic model implies that the release rate depends on concentration of the released drug in
the system [72].

The Higuchi model represents drug release due to the diffusion process from the polymer matrix.
Korsmeyer-Peppas model is applied frequently for describing various mechanisms of drug release
(Fickian diffusion, non-Fickian and case-II transport) [73].

FACTORS AFFECTING DRUG RELEASE

pH

The pH level is an important parameter which influences the drug release from nanocomposites sensitive
to changes in the pH level. It leads to changes in the ionization of the functional group in the polymer
which causes either swelling or degradation of the matrix that influences the release kinetics [74].

Type of Polymer

The influence on the drug release depends on the properties of the polymer like its nature, molecular
weight, and structure. The more hydrophilic the polymer, the more easily it swells, releasing the drug
faster, whereas hydrophobic polymers have the opposite effect on drug release [75].

Cross-Linking Density

It depends on the porosity and mechanical stability of the polymer matrix. High cross-linking density
means low porosity and low diffusion of the drug molecules, leading to slower release. On the other hand,
low cross-linking density allows faster release of the drug [76].

APPLICATIONS IN WOUND HEALING

The application of pH-sensitive polysaccharide nanocomposites has exhibited great promise for treating
wounds because of their ability to release active agents in a sustained and selective way. They can even be
customized for tackling various wound-related issues such as infections, inflammation, and regeneration
of tissues.

Antimicrobial Delivery

Antibiotics

It is vital for infected wounds to receive appropriate antimicrobial treatment to prevent further
propagation of infection and to facilitate healing. The application of pH-sensitive nanocomposites allows
encapsulation of antibiotics, which can be released selectively into infected wounds having an alkaline
environment, thus increasing their effectiveness without posing any harm to other parts of the body [77].
Silver Nanoparticles

There is significant use of silver nanoparticles due to their wide-ranging antibacterial properties. When
combined with polysaccharide nanocomposites, the nanoparticles exhibit antibacterial properties that
not only inhibit but also kill bacteria, fungi, and other forms of resistance against these agents. The
nanoparticles cause release of silver ions that act on the microbial cells [78].

Another application of the silver nanoparticles is in enhancing wound healing through reduction of
inflammation.
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Anti-inflammatory Agents

Inflammation is an important stage in the healing process; however, if it becomes too much or persists for
too long, the healing process can be slowed down. The use of pH-responsive nanocomposites is capable of
delivering anti-inflammatory agents such as non-steroidal anti-inflammatory drugs (NSAIDs) or even
natural components in a controlled way [79].

Through the control of the delivery of these anti-inflammatory agents, the healing process is facilitated
through decreasing inflammation and relieving pain.

Growth Factors and Bioactive Molecules

Growth factors like EGF, PDGF, and VEGF have been identified as vital components in tissue regrowth and
angiogenesis. But their use directly has been restricted by the problems related to fast breakdown and
short lifespan.

The nanocomposite-based approach creates a favorable environment that helps in the delivery of these
growth factors over an extended period of time. It stimulates the multiplication of cells, collagen
formation, and creation of blood vessels.

Chronic Wound Management (e.g., Diabetic Ulcers)

Chronic wounds like diabetic ulcers are associated with sustained inflammation, infection, and poor
tissue regeneration. The presence of pH-responsive nanocomposite formulations is advantageous for the
treatment of chronic wounds because they will react to the basic environment of these wounds and
provide the corresponding drug delivery [81].

They will provide the simultaneous delivery of antimicrobial, anti-inflammatory, and growth factors.

EVALUATION PARAMETERS

Performance and efficacy of pH-responsive polysaccharides-based nanocomposites are characterized
through various physical and chemical properties as well as in vitro and in vivo experiments.

10.1 Physicochemical Properties

Size of Particles

Size is an important property that significantly impacts drug loading capacity, release profile, and
internalization. Smaller particle sizes have a greater surface area, which facilitates efficient drug delivery
and tissue penetration [82].

Zeta Potential

The zeta potential determines the surface charge and affects the stability of the nanoparticle. High zeta
potential guarantees stable dispersion and prevents particle aggregation [83].

Morphology (SEM/TEM)

Application of techniques like SEM and TEM for morphology evaluation aids in studying the structural
and surface characteristics of the nanocomposite which have an influence on its drug delivery capabilities
and biocompatibility [84].

10.2 In Vitro Studies

Drug Release Studies

The drug release studies are performed in vitro to study the release profile of the drug from the
nanocomposites. In addition to helping in optimizing the formulation, these tests provide information on
the mechanism of release [85].

Swelling Studies

Swelling tests study the property of the matrix of absorbing fluids, which allows expansion of the polymer
matrix. Swelling is a crucial phenomenon to be studied in pH-sensitive systems, as the rate of drug release
depends on the swelling capacity of the polymer [86].

Antimicrobial Studies

The antimicrobial efficacy of the formulations is determined by testing their ability to stop microbial
growth through zone of inhibition or MIC assays [87].

In vivo Studies

Wound Contraction

Wound contraction studies measure the reduction in wound size over time. Faster wound contraction
indicates improved healing efficiency of the formulation [88].

Histopathology

Histopathological analysis involves microscopic examination of tissue samples to assess cellular
organization, collagen deposition, and tissue regeneration. It provides detailed insights into the healing
process [89].
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Healing Rate

The overall healing rate is evaluated by monitoring parameters such as epithelialization time, granulation
tissue formation, and complete wound closure. These studies confirm the therapeutic effectiveness of the
nanocomposite system [90].

ADVANTAGES AND LIMITATIONS

Advantages

Drug Release Targeted

The drug release is targeted because the nanocomposites respond to the acidity of the wound area,
allowing them to release the drugs only at the site [91].

Fewer Side Effects

Through the reduction of systemic drug exposure, there is an improvement in safety since controlled
release does not lead to any side effects or toxicities [92].

Improved Wound Healing

Due to the combination of drug release, anti-bacterial properties, and moisture retention, wound healing
is greatly improved through such systems.

Limitations

Nanocomposite Stability Problems

There is a chance that some nanocomposites could face stability issues like aggregation or degradation
when in storage mode. The conditions under which they were kept, such as temperature and humidity,
could also pose a problem [93].

High Cost of Production

The process of creating nanocomposites requires advanced techniques, which might make them
expensive to produce in large quantities for use in the clinic [94].

Scale-up Process

It is difficult to scale up nanocomposites from laboratory level production. Some challenges faced by
researchers include reproducibility and quality control [95].

RECENT ADVANCES

The field of pH-sensitive polysaccharide nanocomposites has witnessed significant advancements in
recent years, driven by innovations in nanotechnology, biomaterials, and drug delivery systems. These
developments have enhanced the effectiveness of wound healing strategies and opened new avenues for
advanced therapeutic interventions.

Smart Wound Dressings

The development of smart wound dressings is one of the most innovative advances in wound
management technologies. Smart dressings have the ability to sense changes in their surrounding wound
environments, including pH levels, temperature, and moisture. Nanocomposite polysaccharides with
sensitivity to pH are especially helpful for detecting the alkalinity level of infected wounds and releasing
medicinal compounds in response to that condition [96].

Today's advanced smart dressing technologies allow the monitoring of wound status, providing
information on the current wound conditions.

Stimuli-Responsive Multifunctional Systems

In recent times, there have been developments in nanocomposites that can be used to address different
stimuli like pH, temperature, enzymes, and oxidation. Such nanocomposites are intended to achieve more
than one function at a time like delivery of drugs, antimicrobial effects, and regeneration of tissues [98].
This means that a nanocomposite can release antibacterial medication when stimulated by pH changes
and, at the same time, provide growth factors for regenerating tissues.

Combination Therapies (Drug + Growth Factors)

The use of combination therapy for wound healing is a relatively new concept whereby more than one
medication is administered simultaneously to produce synergistic results.

Nanocomposite materials that respond to changes in pH levels may be used to incorporate drugs like
antibiotics, growth factors, and anti-inflammatory medications [97]. Combination therapies offer
numerous advantages, especially in the treatment of complex wounds.

Use of Nanotechnology with Bioactive Natural Compounds

The combination of nanotechnology with natural bioactive agents has attracted significant interest.
Natural agents like curcumin, aloe vera, chitosan-based derivatives, and botanical extracts have
antimicrobial, anti-inflammatory, and antioxidant effects.
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Their clinical usage, however, is hindered by issues related to solubility and stability. Their incorporation
within pH-responsive nanocomposites enhances bioavailability, stability, and sustained release,
increasing their clinical efficacy for wound repair [98].

FUTURE PERSPECTIVES

The potential for pH-responsive polysaccharide-based nanocomposites in wound repair is immense, with
current work concentrating on enhancing their performance capabilities and ease of application.
Personalized Wound Management

Personalized medicine will likely feature prominently in the treatment of wounds. Nanoengineered
composite materials can be designed to suit specific patient requirements by taking into account wound
characteristics, severity, and medical history [99].

Such a customized approach can enhance drug delivery mechanisms and maximize wound healing
outcomes, particularly among patients with pre-existing medical conditions like diabetes.

Integration with Al and Biosensors

The use of artificial intelligence (AI) and biosensors in wound dressings is becoming popular. The use of
biosensors in wound dressings ensures continuous monitoring of various parameters such as pH levels,
temperature, and infection. Artificial intelligence, through analysis of the data provided by biosensors,
helps make necessary decisions on how to change the method of treatment.

This helps avoid complications in treatment and improve treatment outcomes [100].

Commercialization Potential

Commercialization of these new products for wound management is quite promising due to the high level
of research and development going on. The new technologies have many advantages compared to
conventional dressing techniques such as better drug delivery and lower risk of infections [101].
Regulatory Challenges

Although nanocomposites hold great promise, there are certain regulatory hurdles that need to be
overcome in the translational process. Issues associated with safety, toxicity, quality control, and
standardization need to be dealt with comprehensively prior to clinical applications [102].

There is a need for detailed preclinical and clinical testing to confirm the safety and efficiency of such
advanced materials. The development of guidelines for nanomedicines is still one of the key priorities.

CONCLUSION

Polymer nanocomposites with pH-dependent properties offer an extremely exciting and innovative
technology in the domain of wound healing. These novel nanocomposites incorporate the exceptional
characteristics of polymers and the ability to respond to pH levels to achieve the precise targeting and
controlled release of active compounds. Due to the changes in pH that occur at wounded sites, especially
those that are infected or chronically unhealed, these polymer-based nanocomposites can effectively
release the medicines directly at the targeted location.

From a practical standpoint, there are numerous benefits offered by these systems over traditional
wound healing techniques. The simultaneous release of antiseptics, anti-inflammatories, and growth
factors in one formulation is highly effective for treating complicated wounds like diabetic ulcers, burn
injuries, and other non-healing conditions. Furthermore, they help in maintaining a moist wound
environment, stimulate tissue repair, and prevent infections.

The significance of pH-sensitive polysaccharide nanocomposites in health care is enormous. Such systems
can contribute to reducing the problem of chronic wounds, reducing hospital stay periods, and
minimizing expenses for treatment altogether. Moreover, taking into account the development of smart
technologies and biosensor applications, one should expect their significant impact on future wound care
within the framework of personalized medicine approaches.

In summary, the prospects associated with pH-sensitive polysaccharide nanocomposites are truly
exciting for modern wound care, and they will inevitably contribute to improving health care quality in
general.

REFERENCES

1. Guo S, DiPietro LA. (2010). Factors affecting wound healing. /] Dent Res. ;89(3):219-229.

2. Sen CK. (2019). Human wounds and its burden: an updated overview. Adv Wound Care. 8(2):39-48.

3. Boateng ]S, Matthews KH, Stevens HN, Eccleston GM. (2008). Wound healing dressings and drug delivery
systems. ] Pharm Sci. 97(8):2892-2923.

4. Dhivya S, Padma VV, Santhini E. (2015). Wound dressings - a review. Biomedicine. 5(4):22.

5. Pereira RF, Bartolo PJ. (2016). Traditional therapies for skin wound healing. Adv Wound Care.;5(5):208-229.

ABR Vol 17 [4] April 2026 136|Page © 2026 Author



11.

12.

13.
14.
15.
16.
17.

18.
19.
20.
21.

22.

23.
24.
25.
26.

27.
28.

29.

30.
31
32.
33.
34.

35.

36.

37.
38.

39.
40.
41.
42.

43.
44,
45.

46.
47.
48.
49.
50.
51.
52.

Zhang L, Pornpattananangkul D, Hu CM], Huang CM. (2010). Development of nanoparticles for antimicrobial
drug delivery. Curr Med Chem. 17(6):585-594.

Ahmed EM. (2015). Hydrogel: Preparation, characterization, and applications. ] Adv Res.;6(2):105-121.

Liechty WB, Kryscio DR, Slaughter BV, Peppas NA. (2010). Polymers for drug delivery systems. Annu Rev Chem
Biomol Eng. 1:149-173.

Gethin G. (2007). The significance of surface pH in chronic wounds. Wounds UK. 3(3):52-56.

. Buwalda SJ], Boere KW, Dijkstra PJ], Feijen ], Vermonden T, Hennink WE. (2014). Hydrogels in a historical

perspective. ] Control Release.190:254-273.

Dash M, Chiellini F, Ottenbrite RM, Chiellini E. (2011). Chitosan—A versatile semi-synthetic polymer in
biomedical applications. Prog Polym Sci. 36(8):981-1014.

Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. (2019). Wound healing: A cellular perspective. Physiol Rev.
99(1):665-706.

Kumar V, Abbas AK, Aster ]JC. (2020). Robbins and Cotran Pathologic Basis of Disease. 10th ed. Elsevier.

Clark RAF. (2001). Fibrin and wound healing. Ann N Y Acad Sci. 936:355-367.

Eming SA, Krieg T, Davidson JM. (2007). Inflammation in wound repair. ] Invest Dermatol. 127(3):514-525.

Koh TJ, DiPietro LA. (2011). Inflammation and wound healing. ] Dent Res. 90(9):1057-1066.

Midwood KS, Williams LV, Schwarzbauer JE. (2004). Tissue repair and the dynamics of the extracellular matrix.
Int ] Biochem Cell Biol. 36(6):1031-1037.

Singer A], Clark RAF. (1993). Cutaneous wound healing. N Engl ] Med. 341(10):738-746.

Baum CL, Arpey CJ. (2005). Normal cutaneous wound healing. ] Am Acad Dermatol. 52(2):161-176.

Reinke JM, Sorg H. (2012). Wound repair and regeneration. Eur Surg Res. 2012;49(1):35-43.

Bowler PG, Duerden BI, Armstrong DG. (2001). Wound microbiology and associated approaches. Clin Microbiol
Rev. 14(2):244-269.

Schreml S, Szeimies RM, Prantl L, et al. (2010). Oxygen in acute and chronic wound healing. Br | Dermatol.
;163(2):257-268.

Sen CK. (2009). Wound healing essentials: Let there be oxygen. Wound Repair Regen. 17(1):1-18.

Falanga V. (2005). Wound healing and its impairment in the diabetic foot. Lancet.366(9498):1736-1743.

Gethin G. (2007). The role of pH in wound healing. Int Wound J. 4(1):52-56.

Lambers H, Piessens S, Bloem A, Pronk H, Finkel P. (2006). Natural skin surface pH. Int ] Cosmet Sci.;28(5):359-
370.

Leveen HH, Falk G, Borek B, et al. (1973). Chemical acidification of wounds. Ann Surg. 178(6):745-753.
Schneider LA, Korber A, Grabbe S, Dissemond ]. (2007). Influence of pH on wound healing. Arch Dermatol Res.
;298(9):413-420.

Dissemond ], Witthoff M, Brauns TC, Haberer D, Goos M. (2003). pH values in chronic wounds. Dermatology.
;206(3):308-313.

Percival SL, McCarty SM, Lipsky B. (2015). Biofilms and wounds. Adv Wound Care. 4(7):373-381.

Hunt TK, Hopf H, Hussain Z. (2000). Physiology of wound healing. Adv Skin Wound Care. 13(2 Suppl):6-11.
Schreml S, Meier R], Kirschbaum M, et al. (2014). Luminescent dual sensors. Exp Dermatol. 23(9):644-647.
Buwalda SJ, Boere KW, Dijkstra PJ, et al. (2014). Hydrogels in drug delivery. / Control Release. 190:254-273.
Peppas NA, Bures P, Leobandung W, Ichikawa H. (2000). Hydrogels in pharmaceutical formulations. Eur ] Pharm
Biopharm. 50(1):27-46.

Alvarez GS, Hélary C, Mebert AM, et al. (2016). Smart dressings for wound healing. Mater Sci Eng C. 69:1185-
1195.

Jayakumar R, Prabaharan M, Sudheesh Kumar PT, Nair SV, Tamura H. (2011). Biomaterials based on chitin and
chitosan. Biotechnol Adv. 29(3):322-337.

Sinha VR, Kumria R. (2001). Polysaccharides in colon-specific drug delivery. Int ] Pharm. 224(1-2):19-38.

Liu S, Wang M, Duan Y, et al. (2020). Advances in polysaccharides for wound healing. Carbohydr Polym.;117:122-
135.

Dash M, Chiellini F, Ottenbrite RM, Chiellini E. (2011). Chitosan applications. Prog Polym Sci. ;36(8):981-1014.
Lee KY, Mooney DJ. (2012). Alginate properties and biomedical applications. Prog Polym Sci. 37(1):106-126.
Fallacara A, Baldini E, Manfredini S, Vertuani S. (2018). Hyaluronic acid in wound healing. Polymers. 10(7):701.
Klemm D, Heublein B, Fink HP, Bohn A. (2005). Cellulose: fascinating biopolymer. Angew Chem Int Ed.
44(22):3358-3393.

Mehvar R. (2000). Dextran for targeted drug delivery. ] Control Release. 69(1):1-25.

Silva SS, Mano JF, Reis RL. (2010). Polysaccharide-based biomaterials. Macromol Biosci. 10(1):12-27.

Rabea EI, Badawy ME, Stevens CV, Smagghe G, Steurbaut W. (2003). Chitosan antimicrobial activity.
Biomacromolecules.;4(6):1457-1465.

Boateng ]S, Catanzano 0. (2015). Advanced therapeutic dressings. ] Pharm Sci. 104(11):3653-3680.

Azeredo HM. (2009). Edible films from polysaccharides. Food Res Int.;42(9):1240-1253.

Sahoo SK, Labhasetwar V. (2003). Nanotech approaches to drug delivery. Drug Discov Today. 8(24):1112-1120.
Ray SS, Okamoto M. (2003). Polymer/layered silicate nanocomposites. Prog Polym Sci.28(11):1539-1641.

Kalia S, Kaith BS, Kaur L. (2014). Cellulose-based nanocomposites. Polym Eng Sci;54(3):613-626.

Kamaly N, Yameen B, Wu ], Farokhzad OC. (2016). Nanomedicines review. Chem Rev. 116(4):2602-2663.

Rai M, Yadav A, Gade A. (2009). Silver nanoparticles as antimicrobials. Biotechnol Adv. 27(1):76-83.

ABR Vol 17 [4] April 2026 137|Page © 2026 Author



53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.

65.

66.

67.
68.

69.
70.
71.

72.
73.

74.
75.
76.
77.

78.

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.

91.
92.

93.
97.
98.

99.

Zhang L, Webster T]. (2009). Nanotechnology and nanomaterials. Nano Today. 4(1):66-80.

Siepmann ], Siepmann F. (2012). Drug release mechanisms. Int | Pharm. 453(1):12-24.

Torchilin VP. (2014). Multifunctional nanocarriers. Nat Rev Drug Discov. 13(11):813-827.

Mohanraj V], Chen Y. (2006). Nanoparticles review. Trop ] Pharm Res. 5(1):561-573.

De Jong WH, Borm PJ. (2008). Drug delivery and nanoparticles. Int ] Nanomedicine. 3(2):133-149.

QiuY, Park K. (2012). Environment-sensitive hydrogels. Adv Drug Deliv Rev. 64:49-60.

Peppas NA, Khare AR. (1993). Hydrogels in drug delivery. Adv Drug Deliv Rev. 11(1-2):1-35.

Koetting MC, Peters JT, Steichen SD, Peppas NA. Stimuli-responsive hydrogels. Mater Sci Eng R. 2015;93:1-49.
Hoffman AS. (2012). Hydrogels for biomedical applications. Adv Drug Deliv Rev. 64:18-23.

Kumari A, Yadav SK, Yadav SC.(2010). Biodegradable nanoparticles. Colloids SurfB. ;75(1):1-18.

Bhardwaj N, Kundu SC. (2010). Electrospinning for nanofibers. Biotechnol Adv. 2010;28(3):325-347.

Calvo P, Remuiian-Lépez C, Vila-]Jato JL, Alonso M]. Chitosan nanoparticles by ionic gelation. ] Appl Polym Sci.
1997;63(1):125-132.

Jameela SR, Jayakrishnan A. Glutaraldehyde cross-linked chitosan microspheres. | Biomater Sci Polym Ed.
1995;6(7):621-632.

Fessi H, Puisieux F, Devissaguet JP, Ammoury N, Benita S. Nanocapsule formation by interfacial deposition. Int ]
Pharm. 1989;55(1):R1-R4.

Greiner A, Wendorff JH. (2007). Electrospinning: A fascinating method. Angew Chem Int Ed. 46(30):5670-5703.
Zhang S. (2003). Fabrication of novel biomaterials through molecular self-assembly. Nat Biotechnol
;21(10):1171-1178.

Vauthier C, Bouchemal K. (2009). Methods for nanoparticle preparation. Pharm Res. 26(5):1025-1058.
Siepmann ], Peppas NA. (2011). Higuchi equation and drug delivery. Int ] Pharm. 418(1):6-12.

Korsmeyer RW, Gurny R, Doelker E, Buri P, Peppas NA. (1983). Mechanisms of drug release. Int | Pharm.
;15(1):25-35.

QiuY, Park K.(2012). Environment-sensitive drug delivery. Adv Drug Deliv Rev. 64:49-60.

Liechty WB, Kryscio DR, Slaughter BV, Peppas NA. (2010). Polymers in drug delivery. Annu Rev Chem Biomol Eng.
;1:149-173.

Peppas NA, Merrill EW. (1977). Cross-linked hydrogels properties. ] Biomed Mater Res. 11(3):423-434.

Lipsky BA, Hoey C. (2009). Topical antimicrobial therapy. Clin Infect Dis. 49(10):1541-1549.

Rai M, Yadav A, Gade A. (2009). Silver nanoparticles antimicrobial activity. Biotechnol Adv. 27(1):76-83.

Ricciotti E, FitzGerald GA. (2011). Prostaglandins and inflammation. Arterioscler Thromb Vasc Biol. 31(5):986-
1000.

Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. (2008). Growth factors in wound healing.
Wound Repair Regen. 16(5):585-601.

Frykberg RG, Banks ]. (2015). Challenges in diabetic wound healing. Adv Wound Care. 4(9):560-582.

Danaei M, Dehghankhold M, Ataei S, et al. (2018). Impact of particle size. Pharmaceutics. 10(2):57.

Honary S, Zahir F. (2013). Effect of zeta potential. Trop ] Pharm Res. 12(2):255-264.

Costa P, Sousa Lobo JM. (2001). Modeling drug release. Eur ] Pharm Sci. 3(2):123-133.

Peppas NA, Huang Y. (2002). Hydrogels swelling. Adv Drug Deliv Rev. 54(1):1-15.

Balouiri M, Sadiki M, Ibnsouda SK. (2016). Antimicrobial testing methods. ] Pharm Anal.6(2):71-79.

Morton JJ, Malone MH. (1972). Wound healing evaluation. Arch Int Pharmacodyn Ther. 196(1):117-126.

Bancroft ]D, Gamble M. (2008). Theory and Practice of Histological Techniques. 6th ed. Elsevier.

BoatengJS, Catanzano 0. (2015). Advanced wound dressings. /] Pharm Sci. 104(11):3653-3680.

Torchilin VP. (2014). Targeted drug delivery. Nat Rev Drug Discov. 13(11):813-827.

Allen TM, Cullis PR. (2004). Drug delivery systems. Science. 303(5665):1818-1822.

Boateng ]S, Matthews KH, Stevens HN, Eccleston GM. (2008). Wound healing systems. ] Pharm Sci. 97(8):2892-
2923.

Mohanraj V], Chen Y. (2006). Nanoparticles stability. Trop ] Pharm Res. 5(1):561-573.

Etheridge ML, Campbell SA, Erdman AG, Haynes CL, Wolf SM, McCullough J. (2013). Nanomedicine challenges.
Nanomedicine. 9(1):1-14.

Desai N. (2012). Challenges in development of nanoparticle therapeutics. AAPS J.14(2):282-295.

Mostafalu P, et al. (2018). Smart bandages for wound monitoring. Adv Funct Mater. 28(33):1702399.

Hu X, et al. (2020). Multifunctional stimuli-responsive systems. Adv Mater. 32(13):1902000.

Hewlings SJ, Kalman DS. (2017). Curcumin applications. Foods.;6(10):92.

100.Rajkomar A, Dean ], Kohane I. (2019). Machine learning in medicine. N Engl ] Med. 380(14):1347-1358.
101.Sen CK. (2019). Human wounds and healing. Adv Wound Care. 8(2):39-48.
102.Ventola CL. (2017). Nanomedicine regulation. Pharm Ther. 42(12):742-755.

Copyright: © 2026 Author. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

ABR Vol 17 [4] April 2026 138|Page © 2026 Author




