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Abstract 

Pressure ulcers, also referred to as decubitus ulcers, are localized injuries to the skin and underlying tissues, typically occurring over bony 

prominences due to prolonged pressure, friction, or shear forces. Despite being largely preventable, they remain a significant global health 

concern, affecting approximately 10–15% of hospitalized patients and contributing to prolonged morbidity, elevated mortality risk, and 

increased healthcare expenditures. Traditional management strategies including frequent repositioning, debridement, infection control, and 

standard dressings often fail to fully address the complex pathophysiology involving chronic inflammation, oxidative stress, microbial 

colonization, and impaired angiogenesis. Recent advances in topical therapies incorporating bioactive compounds have shown considerable 

promise in enhancing pressure ulcer healing. Natural compounds such as phenolics (curcumin, resveratrol), terpenoids (asiaticoside), 

polysaccharides (chitosan, hyaluronic acid), and growth factor–mimetic peptides demonstrate potent antioxidant, anti-inflammatory, and 

pro-regenerative effects. Innovative delivery platforms—including nanocarriers, lipid-based systems, hydrogels, and stimuli-responsive 

polymers—improve solubility, stability, and targeted delivery of these labile compounds to the wound microenvironment. By modulating 

critical molecular pathways (e.g., NF-κB, MAPK, TGF-β, VEGF), these approaches promote collagen deposition, angiogenesis, and bacterial 

biofilm disruption. This review provides a comprehensive analysis of the mechanistic basis, formulation strategies, preclinical and clinical 

outcomes, and translational challenges associated with bioactive compound–loaded topical systems. Special emphasis is placed on smart 

delivery platforms and personalized wound care strategies, which collectively offer potential to improve healing outcomes and establish 

next-generation standards in chronic pressure ulcer management. 
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Introduction 

Pressure ulcers, also referred to as pressure injuries, remain a major healthcare challenge associated with prolonged 

immobility, neurological impairment, ageing, critical illness, and chronic systemic disorders [1]. These lesions arise secondary 

to sustained pressure, shear stress, and microvascular compromise over bony prominences, resulting in localized ischemia, 

tissue necrosis, and progressive destruction of the skin and underlying soft tissues. Despite substantial advances in preventive 

care, pressure ulcers continue to contribute significantly to morbidity, prolonged hospitalization, impaired quality of life, and 

healthcare expenditure worldwide. Their burden is particularly pronounced among elderly individuals, patients with spinal 

cord injury, critically ill patients, and those requiring long-term institutional care. 
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Globally, pressure ulcers affect millions of individuals annually, with prevalence varying according to clinical setting, patient 

population, and healthcare infrastructure. Hospital-based studies report substantially higher prevalence in intensive care units, 

rehabilitation centers, and neurotrauma facilities where prolonged immobilization and impaired sensory perception 

predispose patients to chronic wound formation [2-3]. In India and other low- and middle-income countries, the burden 

remains under-recognized due to inadequate surveillance systems, delayed diagnosis, nutritional deficiencies, limited access to 

advanced wound care, and inconsistencies in preventive protocols. Importantly, recurrent ulceration, secondary infection, 

osteomyelitis, and sepsis continue to represent major clinical concerns in advanced-stage disease. 

Pressure ulcers are commonly classified into stages according to the depth and extent of tissue involvement, ranging from 

non-blanchable erythema to extensive full-thickness tissue destruction involving fascia, muscle, or bone. The severity and 

staging of pressure ulcers are illustrated in Figure 1. Pathophysiologically, pressure ulcer formation is a multifactorial process 

involving ischemia–reperfusion injury, oxidative stress, mitochondrial dysfunction, persistent inflammation, extracellular 

matrix degradation, microbial colonization, and impaired angiogenesis. Sustained tissue compression exceeding capillary 

perfusion pressure disrupts local blood flow and lymphatic drainage, thereby initiating cellular hypoxia and metabolic failure. 

Subsequent reperfusion further amplifies tissue damage through excessive generation of reactive oxygen species (ROS), 

inflammatory cytokine release, endothelial dysfunction, and activation of proteolytic pathways. These molecular disturbances 

collectively impair fibroblast activity, collagen synthesis, keratinocyte migration, and tissue remodeling, ultimately promoting 

chronic non-healing wounds [4]. 

Current management strategies primarily focus on pressure redistribution, infection control, debridement of necrotic tissue, 

exudate management, nutritional optimization, and maintenance of a moist wound environment through conventional 

dressings. Although these interventions remain clinically essential, therapeutic outcomes are frequently suboptimal in chronic 

or advanced ulcers because conventional approaches inadequately address the complex biochemical and cellular 

abnormalities within the wound microenvironment. Furthermore, prolonged treatment duration, recurrent infection, bacterial 

biofilm formation, antimicrobial resistance, and poor vascularization substantially limit healing efficacy. These limitations have 

accelerated interest in the development of advanced topical therapeutic systems capable of simultaneously modulating 

inflammation, oxidative stress, microbial burden, and tissue regeneration [5]. 

In this context, bioactive compounds derived from natural and biological sources have emerged as promising therapeutic 

candidates for pressure ulcer management. These compounds include phenolics, flavonoids, terpenoids, alkaloids, 

polysaccharides, peptides, and growth factor–mimetic biomolecules obtained from plants, marine organisms, microorganisms, 

and animal-derived matrices. Owing to their antioxidant, anti-inflammatory, antimicrobial, angiogenic, and extracellular 

matrix-modulating properties, bioactive compounds possess significant potential to target multiple pathological mechanisms 

associated with chronic wound progression. However, their clinical translation is frequently hindered by poor aqueous 

solubility, instability, limited tissue penetration, rapid degradation, and insufficient retention at the wound site [6-7, 22]. 

To overcome these limitations, substantial attention has been directed toward innovative topical formulation strategies 

incorporating nanotechnology-based carriers, lipidic systems, hydrogels, smart polymers, electrospun matrices, and stimuli-

responsive delivery platforms. These advanced systems may enhance bioactive stability, improve penetration into ulcer 

tissues, prolong local retention, enable controlled release, and optimize therapeutic bioavailability within the hostile wound 

microenvironment. Consequently, the integration of bioactive compounds with advanced topical delivery technologies 

represents a rapidly evolving and translationally relevant area in modern wound therapeutics [8]. 

The present review critically evaluates the mechanistic basis, formulation strategies, therapeutic efficacy, and translational 

potential of bioactive compound-incorporated topical formulations for pressure ulcer management. Particular emphasis is 
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placed on molecular pathways involved in wound repair, advanced drug-delivery approaches, preclinical and clinical evidence, 

and emerging translational challenges that may influence future clinical adoption and personalized wound-care strategies. 

 

Fig: 1 Severity of pressure ulcer 

 

Introduction to Bioactive Compounds: Natural Sources and Therapeutic Potential in Wound Repair  

Natural bioactive compounds have been utilized for wound management for centuries within traditional systems of medicine, 

particularly in Chinese, Indian, Egyptian, and Greco-Arabic therapeutic practices. In recent decades, growing scientific interest 

has focused on these compounds because of their ability to modulate multiple phases of wound healing simultaneously, 

including inflammation, oxidative stress, microbial colonization, angiogenesis, extracellular matrix remodeling, and tissue 

regeneration. Unlike single-target synthetic agents, naturally derived bioactive molecules often exhibit pleiotropic 

pharmacological activities, making them attractive candidates for the management of chronic and complex wounds such as 

pressure ulcers [9-10].  

Bioactive compounds are biologically active molecules obtained from plants, microorganisms, marine organisms, and animal-

derived sources that exert therapeutic effects through biochemical or cellular modulation. These compounds encompass 

diverse chemical classes including polyphenols, flavonoids, terpenoids, alkaloids, polysaccharides, peptides, and glycosides. 

Their therapeutic significance in wound repair is primarily attributed to antioxidant, anti-inflammatory, antimicrobial, 

angiogenic, collagen-stimulating, and immunomodulatory properties. Figure 2 illustrates major classes of bioactive compounds 

and their mechanistic relevance in pressure ulcer healing [11-12].  

Among anti-inflammatory bioactive molecules, myricetin has gained attention due to its ability to suppress inflammatory 

mediator release and regulate immune responses during tissue repair. This naturally occurring flavonoid, commonly found in 

fruits and medicinal plants, exhibits anti-inflammatory, anti-allergic, and immunomodulatory activities that may contribute to 

attenuation of chronic inflammatory responses within the wound microenvironment. Similarly, steroidal glycosides possess 

significant anti-inflammatory potential through modulation of cytokine-associated signaling pathways, including regulation of 

interleukins such as IL-2, IL-4, and IL-10, thereby facilitating resolution of persistent inflammation and progression toward 

tissue remodeling [13-14].  

Oxidative stress plays a central role in chronic wound progression by promoting cellular injury, mitochondrial dysfunction, and 

impaired angiogenesis. Consequently, antioxidant-rich bioactive compounds have emerged as promising therapeutic 
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candidates for pressure ulcer management. Curcumin, a polyphenolic compound isolated from *Curcuma longa*, 

demonstrates potent antioxidant and anti-inflammatory effects by scavenging reactive oxygen species, inhibiting lipid 

peroxidation, and protecting dermal fibroblasts and keratinocytes from oxidative injury. In addition, curcumin has been 

reported to enhance collagen deposition and accelerate re-epithelialization during wound healing. Quercetin, another 

naturally occurring flavonoid, exerts wound-healing activity through regulation of oxidative stress pathways, cytokine 

signaling, fibroblast migration, and cellular proliferation. Catechins, particularly those derived from green tea, also exhibit 

substantial antioxidant properties through intracellular ROS suppression and modulation of inflammatory cascades, thereby 

promoting tissue repair and reducing oxidative tissue damage [15].  

Microbial colonization and biofilm formation represent major barriers to successful pressure ulcer healing. Several naturally 

derived bioactive compounds possess intrinsic antimicrobial properties capable of limiting bacterial proliferation and 

preventing secondary infection. Chitosan and chitin, naturally occurring polysaccharides primarily derived from crustacean 

exoskeletons, fungi, and marine organisms, have demonstrated significant wound-healing and antimicrobial activities. Their 

biocompatibility, biodegradability, and ability to promote cellular adhesion and hemostasis further support their utility in 

wound-care applications. Propolis, a resinous substance produced by honeybees from botanical sources, contains flavonoids, 

phenolic acids, amino acids, and aromatic compounds that collectively contribute to broad-spectrum antimicrobial and anti-

inflammatory effects. Tannins have also shown antibacterial activity through inhibition of bacterial protein synthesis, 

disruption of nucleic acid function, and alteration of microbial cell-wall integrity. Similarly, allicin, the principal sulfur-

containing compound derived from garlic (*Allium sativum*), demonstrates potent antibacterial activity against common 

wound pathogens, including *Staphylococcus aureus*, through modification of essential bacterial proteins and metabolic 

pathways [16-17].  

Collectively, these bioactive compounds possess substantial therapeutic potential in pressure ulcer management because of 

their capacity to target multiple pathological mechanisms involved in chronic wound progression [19-20]. Their multimodal 

pharmacological activities may facilitate reduction of oxidative injury, modulation of excessive inflammation, suppression of 

microbial burden, stimulation of angiogenesis, enhancement of collagen synthesis, and acceleration of tissue regeneration. 

Consequently, incorporation of these compounds into advanced topical delivery systems has emerged as a promising strategy 

for improving therapeutic efficacy and overcoming the limitations associated with conventional wound-care approaches [20-

22]. 

Figure 2 summarizes the major classes of bioactive compounds and their multifunctional roles in modulating inflammation, 

oxidative stress, microbial burden, and tissue regeneration during pressure ulcer healing.  

 

Fig:2 Various bioactive compound in pressure ulcer 
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Phenolic compound  

Phenolic compound has showed wound healing activity both in vivo and in vitro by various mechanism. The mechanism 

includes lowering of oxidative stress, increasing antioxidant activity, inflammatory response adjustment, reducing time of 

healing and increasing healing rate and mange regeneration of tissues. There are many compounds from endophytic microbes 

that have biological activity which show effect in wound healing.Neurospora crassa stain from lyceum shawii leaves from Egypt 

produced benzoic acid which demonstrated strong antimicrobial activity against bacteria of gram positive and gram negative 

including staphylococcus aureus and Pseudomonas aeroginosa. Benzoic acid show contraction of wound and epithelialisation 

[22]. 

 

Terpenoids 

Terpenoids are also called as isoprenoids are structurally diverse product of plant. There are various type of terpenoid like 

hemiterpenoids, monoterpenoids, iridous, diterpenoids, triterpenoids, tetraterpenoids, sesquiterpenoids and irregular 

terpenoids. These metabolites may present in plant like family like apocynaceae, Gentianaceae, and many others. In the 
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management of wound terpenoid have wound dressing capacity in combination with halloysite nanocomposite because of 

their antimicrobial potential. Iridoid compound have biological activities like anticancer, antiprotozoal, anti-inflammatory with 

antimicrobial activity in a compound found in scrophulariaceous genus. Another study also suggest extract of iridoid glycoside 

of laemophloeids rotate may help in wound healing process by performing M2 macrophages polarization [23-24]. 

 

Antioxidant Activity 

Multiple healing processes occur after injury which utilizes oxygen to synthesize ATP. The main energy source reactive oxygen 

species concentration consequently. Increased concentration of reactive oxygen species is linked with chronic inflammation 

which disturb healing process. Balanced level of reactive oxygen species requires in body to keep body functioning normally 

which help in wound healing. Reactive oxygen species is involved in body haemostasis, re-epithelialization and angiogenesis. 

Excessive presence of reactive oxygen species can impair healing hence body has an antioxidant system to predict abnormal 

level of antioxidant that can determine abnormal level of oxidant and react accordingly to maintain balance of ecosystem. 

Antioxidant is category which act to control the biomolecules oxidation. Which occur due to reaction with reactive oxygen 

species and behave as chelating agent at site of many injury free radical are generated as byproduct of healing process and 

antioxidant will alleviate the damage occur due to free radical. Phenolic compound like flavanoid, phenolicacid, tannins, 

lignanes, stibleneswill be responsible for antioxidant activity which act at different phases of healing to prevent damage. 

Flavonoids are also contributing for durability of collagen fibres to heal wound contraction. Tannins is the secondary metabolite 

has wound healing capability by scavenging of reactive oxygen species and free radical. Vitamin E a plant-based antioxidant 

protects cell membrane from lipid peroxidation by neutralizing peroxyl radical, superoxide and oxygen. Vitamin C also boost 

antioxidant effect by neutralization of tocopherol radical. Plant derived genistein also has antioxidant activity [25-34]. 

 

Anti-Inflammatory Effects 

Plant metabolite is known to have anti-inflammatory effect to support wound healing. To protect injured cell against physical 

injury, microbial attack, defective immunity. While prolonged inflammation can be responsible for non-healing wound. 

Inflammation can be acute or chronic both play important role in maintaining healing. Anti-inflammatory effect of plant 

metabolite is useful in inflammatory response for treatment of chronic wound and accelerates healing. Flavonoid, tannins, 

alkaloid and terpenoids are some important metabolites for wound inflammation control. Flavonoids are plant phenol have in 

vivo and in vitro inflammatory activity. They show inflammatory activity by acting on molecules like NF-KB, INOS cytokines, 

cyclooxygenase and metalloproteinases. Wounds are sensitive to contamination and affect surrounding micro-environment 

which cause down regulation of pro-inflammatory cytokines. Imbalance of ph, release of toxin and high reactive species 

molecule. This will affect re-epithelization, growth factor regulation and other component of extracellular matrix of pro-

healing. Flavonoids triterpenoids tannins have been contributed to improve wound microenvironment by multi action like anti-

inflammatory and antimicrobial. However anti-microbial contamination of wound is protected by anti-microbial capacity. These 

phytochemicals maintain expression of IL-10 and reduce expression of IL-10 and spike of TNF and IL-6 and IL-10. IL-10 reduce 

expression of profibrotic mediator of pro-inflammation. Which cause decrease infiltration of inflammatory cell at wound site. 

The TNF reduce production of collagen and hydroxyproline important for wound healing regeneration. Anti-inflammatory 

phytochemicalpresent chemical structure of natural compound like pathenolide, sesquiterpenes, lactone, which inhibit NF-KB 

and reduceIL-6 and TNF-a. turmeric active constituent curcumin interact with MAPK and NF-KB to enhance TNF-a, IL-1 and IL-6 

release. Quercetin a flavonoid found in fruit vegetable increase IL-10 production and decrease oxidative stress. Derivatives of 
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caffeic acid and Echinacea polysaccharides maintain activity of immune cell and decrease pro-inflammatory mediator 

synthesis[35-38]. 

 

 Antimicrobial Properties 

Different phytoconstituent have been studied for their role in various phases of wound healing. This bioactive compound is 

used as single isolated compound or mixture of plant extract to treat wound. In the management of wound one of the 

important challenges is contamination by microbial burden. Use of bioactive compound as antimicrobial in treatment of wound 

has put light on curbing this issue as use of antibiotic can cause antibiotic resistant infection. Infection of wound with antibiotic 

pathogen resistant can cause high mortality and morbidity. While it is not possiblycreating a wound environment which is 

sterile without bacteria. It is important to create an environment where bioburden is manageable and favorable for healing. 

The plant bioactive compound antibacterial application in wound healing has been documented. The lipophilic alkaloid and 

essential oil have antiseptic properties. Entrapment of bioactive compound in wound dressing has proven to increase wound 

healing. Enhanced bactericidal activity is observed by infusion of flavonoids and polyphenols in hydrogel. In vivo study shows 

that quercetin has antimicrobial property which protect injury from bacterial infection and favorable ECM required for 

proliferation of cell and differentiation in wound closure. 

 

Natural compound shows their antimicrobial effect by interacting with surface of cell to penetrate phospholipid bilayer of cell 

membrane of bacteria. This action affects permeability of membrane and destroys normal cell physiology which can cause 

death of cell. The mechanism of bactericidal action of plant metabolite is not specific and variable, thus advantageous to 

protect bacterial resistance. Bactericidal mechanism of flavonoids is interference in nucleic acid synthesis, energy metabolism, 

cell membrane porin penetration, attachment of cell and biofilm development and disturb permeability of membrane, and 

enhancement of bacterial virulence. Antimicrobial activities of Tannins is because of their astringent effect and molecular 

structure. Tannins disturb the expression of gene of bacteria and disturb fatty acid biosynthesis and act as chelating agent for 

iron and disrupt membrane by inhibiting synthesis of bacterial wall. Alkaloid mechanism of action is different against different 

microorganism which include inhibition of nucleic acid synthesis, inhibition of respiratory enzyme, inhibiting gene encoding. A 

combination of plant extract has pharmacological benefit because of synergistic pharmacological effect [39- 51]. 

 

Pro-Angiogenesis 

In the proliferation stage of wound repair, angiogenesis is the process which involves formation of blood vessel. In healthy 

tissue homeostasis is maintain by microvascular system which balanced the oxygen and nutrient supply by the waste and 

carbon dioxide removal. In injury state dys-functioning of microstructure lead to accumulation of cellular fluid, inflammation 

and hypoxia. Hypoxia activates endothelial cell and inflammatory cytokines which initiate angiogenesis and stimulate immune 

cells. Due to the presence of anti-angiogenic factor in non-healing chronic wound angiogenesis is reduced. Many bioactive 

compound-like polyphenols, flavonoids terpenoids and polysaccharides can inhibit pro inflammatory mediator like TNF alpha, 

IL-1 and IL-6 which are important in chronic inflammatory disease. Natural product reduces the activation of transcription 

factor like NF-KB and AP-1 by interfering with regulator like MAPKs, P13K/AKT and ROS generation. This downregulation not 

only reducing excessive immune activation but protecting tissues from damage because of unresolved inflammation by limiting 

the transcription and secretion of pro-inflammatory cytokines[52-61]. 
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Collagen Synthesis 

Plant bioactive compounds have long been known to promote collagen synthesis during the tissue repair process. These 

compounds have been demonstrated to enhance collagen biosynthesis and tissue regeneration, indicating their pro-healing 

potential. Polysaccharide-rich Aloe vera leaf gel extract encapsulated in liposomes has been shown to increase the synthesis of 

collagen by 23%. Meanwhile, treatment of A. vera in rats promotes collagen turnover via upregulation of urinary hydroxproline 

levels and lysyl oxidase activity. Asiatic acid, a triterpenoid derived from Centella asiatica, enhances collagen production in 

fibroblasts, promotes the accumulation of extracellular matrix, and improves tensile strength of newly formed tissues during 

the proliferative and remodeling phases. 

 

Flavonoids enhance collagen biosynthesis during tissue repair via multiple mechanisms. Primarily, flavonoids modulate Wnt/β-

catenin, TGF-β, and MAPK/ERK pathways, which results in cellular proliferation and differentiation, thus improving the 

synthesis of collagen [72]. Antioxidant properties of the flavonoid protect newly formed collagen fibers from degradation 

effects from residual ROS, thus maintaining extracellular matrix integrity, while its anti-inflammatory activity impedes 

inflammatory cytokines against collagen production. Quercetin is a flavonoid known to upregulate the expression of collagen 

type III via modulation of SIRT3/TGF-β/Smad3 axis signaling pathways [62-66]. 

 

Nanotechnology 

Nanotechnology is important in by pass the limitation of conventional wound care with the use of nanomaterial of size range 1 

to 100 nanometre, which can interact at molecular level with biological system. Which provide high surface area, increased 

bioavailability and targeting of specific tissues, which make it ideal for wound healing. Nanotechnology is important in 

antimicrobial wound care. Nanoparticle like silver, zinc, oxide, gold have broad spectrum antimicrobial activity because of their 

ability to disrupt bacterial membrane and interact with microbial DNA [67-68].  

 

 Fig 3: Nanotechnology in pressure ulcer management  

 

 

Lipid nanoparticle  

https://www.mdpi.com/2227-9059/13/10/2414#B72-biomedicines-13-02414
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Lipid nanoparticle has gain importance in drug delivery due to unique properties like biocompatibility, capability to incorporate 

both hydrophilic and hydrophobic drug. Lipid nanoparticle isdivided into two main class solid lipid nanoparticle and 

nanostructured carrier contain core of solid lipid at room temperature stabilized by surfactant. [21] role of lipid nanoparticle in 

wound healing is due to their capability to increase drug penetration by skin. The lipidic part of nanoparticle mix with lipid 

bilayer of skin. The layer is stratum corneum allow deeper delivery of drug to wound. This is required for chronic wound where 

long term growth factor treatment anti-inflammatory and antimicrobial compound is required. Lipid nanoparticles provide 

protection of drug encapsulated from enzymatic degradation and external environmental factor like heat and light[69-70].  

Solid lipid nanoparticle 

Consist of solid lipid at room temperature which gives higher physical stability and offer controlled and sustained release of 

drug. Solid lipid nanoparticle has advantage to protect drug from degradation as they are stabilized by surfactant. Solid lipid 

nanoparticle is use in topical use in topical use like wound healing as they can increase drug penetration and prolong drug 

release. Solid lipid nanoparticle allows effective drug delivery by skin and reduced systemic side effect[70].  

 

Nanostructured lipid carrier 

They are type of nanoparticle that is advanced which combined solid and liquid. This mixture createsa lipid mixture which is 

imperfect which provide high loading of drug and improved stability. Nano structured lipid carrier allows improve release of 

therapeutic agent and provide better sustained and controlled drug delivery. Nanostructured carrier is useful in topical 

application for wound healing because of their ability to increase drug delivery and improved outcomes[69].  

 

Liposome  

Liposome is made up of cholesterol and phospholipid, phospholipid like phosphatidylcholine or phosphatidyl serine which 

incorporate hydrophobic and hydrophilic drug. Cholesterol increases membrane fluidity and stability. Desired characteristic for 

specific application can be achieved by proper selection of phospholipid and cholesterol. Liposomal structure contains one and 

more bilayer of lipid surrounding an aqueous core. The bilayer of phospholipid arranged in double layer configuration with 

hydrophobic tails and hydrophilic heading facing inward and outward. This liposomal arrangement facilitates encapsulation of 

both hydrophilic and hydrophobic substances. Liposome is versatile carrier for no of therapeutic agent. Size of liposome varies 

from 20 nanometre to micrometre. 

 

Hydrogel  

Hydrogel are biomaterial used in biomedicine because of high water content, soft nature and breathability. Hydrogel are 

effective for utilization such as pressure ulcer, delivery of drug, healing of wound because of unique properties of hydrogel. 

The most important property of hydrogel is high water content due to their three-dimensional structure. This three-

dimensional structure allows absorption of large water suitable for growth of cells and regeneration of tissue in wound 

healing. Hydrophilic nature of hydrogel enhances process of repair by maintaining condition for proliferation and migration of 

cells. Hydrogel has softness and elasticity which is beneficial allowing them to conform wound bed. The texture of hydrogel 

minimizes irritation and friction of healthy surrounding tissue, pain reaction and improve comfort of patient. Excellent 

breathability of hydrogel allow air, water, vapour to pass through which manage moisture level and avoid complication caused 

by excess fluid and change in temperature. Hydrogel is safe for many clinical applications like wound healing, burn and 

skincare. Use of hydrogel in pressure ulcer dressing has various benefit like hydration of wound, pressure relief and high 
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healing. The moist nature of hydrogel not only reduce time of healing but provide optimal condition of repair of wound. 

Hydrogel biocompatibility guarantee adherence to surface of wound creating ideal environment for healing [71].  

The Marvelous healing power of curcumin is long known and its role in the improvement 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. Table demonstrate Different examples of curcumin-loaded dosage forms for 

wound healing purposes [72-80]. 

 

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

Formulation 
type 

Used polymer Findings 

Hydrogel  Chitosan and 
sodium alginate  

Hydrogel membrane based on chitosan and sodium alginate with 
curcumin prepared by physical cross linking by microwave is 
useful in wound healing[81] 

Thermo 
sensitive 
hydrogel  

Poloxamer  Hydrogel prepared by cold swelling method have capacity to 
enhance human fibroblast proliferation. Hydrogels enhance 
wound healing in rat by regeneration of epithelium and 
rearrangement of connective tissues[82]. 

Films  Bacterial cellulose, 
gelatin  

Thin film with bioadhesive properties and high fluid uptake upto 
70% with good antibacterial activity. Films are nontoxic to 
human[83] 

Scaffolds Collagen, sodium 
alginate  

Curcumin loaded sodium alginate and collagen scaffolds hydrogel 
system for wound healing is used because of their hydrophobic 
nature. Wound healing is achieved due to unique properties like 
permeability, bioavailability, and solubility as well reduced 
destruction by immune system[84]. 

Sponge  Cellulose, 
chitosan, 
cyclodextrin  

Complexation of curcumin with cyclodextrin improve aqeous 
solubility. Sponge prepared by cellulose has porous structure and 
improved mechanical properties. Due to complexation with 
chitosan antimicrobial properties get enhanced and improved. 
Sponges are compatible with NCTCL929 and NHDF cells. This 
formulation can be used in chronic wound[85]. 

Liposome  Liposome 
augmented with 
pluronic F127 

Curcumin loaded liposome with additional pluronic 127 studied in 
human keratinocytes shows safety. This liposome improves 
migration of cells and expression factor, erythroid related factor2. 
This liposomal formulation has better healing properties as 
compared to pure curcumin powder and non-medicated 
liposomes[86]. 

Nanoemulgel Tween 80, 
PEG400, Labrafac 
PG 

Nanoemulgel prepared by method of ultrasonic emulsification by 
incorporation of nanoemulsion into carbopol. Nano emulsion 
particle size is 50nm using least concentration of surfactant. This 
nano emulsion has promising wound healing capacity due to 
excellent penetrability to skin[87]. 
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Carbon dots  Protease 
responsive 
hydrogel, carbon 
dots 

Curcumin carbon dot improves solubility and stability of free 
curcumin. Carbon dots are good for wound healing properties 
because of high proliferative and antibacterial activity. Use of 
crosslink protease provides sustain release. Carbob dot with 
protease responsiveness shows high and fast wound contraction 
due to high rate of angiogenesis and formation of full 
epithelium[88]. 

 

Mechanistic Insights into Bioactive-Enhanced Healing 

Wound healing is a biological process which involves constriction of blood vessel and formation of clot, inflammation, cell 

growth and wound remodeling. Wound healing process required oxygen in every phase because energy required in various 

phases of wound repair like biosynthesis, intracellular transport, synthesis of ATP, the main source of energy is presence of 

oxygen. In wound healing process there is increase cell growth and extracellular matrix generation causes increases energy 

need. Oxygen is important in healing process as it’s required for enzymatic reaction and supply energy. Various sources of 

reactive oxygen species are mitochondria, endoplasmic reticulum, peroxisomes, various oxidase, metabolism of phospholipid. 

In addition, reactive oxygen species can be generated by specific enzyme action on NADPH. Nitrous oxide enzyme is present in 

cell membrane and help electron to pass through biofilms, which reduce superoxide production and oxygen reduction. Various 

reactive oxygen species like hydrogen peroxide, peroxide radical and hydroxy radical react with superoxide. Cellular function 

like differentiation, proliferation, apoptosis are affected by reactive oxygen species. Group of reactive oxygen species include 

hydroxyl radical, peroxide radical, hydrogen peroxide, superoxide anion. In non-healing phase of wound high reactive oxygen 

species produced and these reactive oxygen species oxidize other component of cells and molecules which cause cellular 

damage. Higher concentration of reactive oxygen species has negative effect on wound healing. In inflammatory phase 

neutrophils and macrophages produced superoxide and H2O2 which play important role in killing of bacteria and prevent 

wound infection. ROS also support cell migration by stimulating tumor necrosis factor and platelet derived growth factor. 

Tissue growth factor pathway also mediated by ROS which improve fibroblast growth factor expression and facilitate 

proliferation and migration of fibroblast. Hence for fighting with micro-organism and survival of cell optimal level of reactive 

oxygen species is required. 

 

A high concentration of ROS at the wound cause formation of inflammation, stimulate functioning of transcription factor like 

AP-1 activator protein, nuclear factor kappa(NF-KB) and nuclear factor erythroid 2-like2 (NrF2). NrF2 is important in preventing 

against high level of oxidative stress and heal wound. ROS inhibit recovery of wound and increases damage of tissue by block 

the effect of cytokines like vascular endothelial growth factor [89-97].  

In chronic inflammatory disease and cellular injury. The inflammatory cytokines like IL-6, IL-8, TNF-a and IL-1B play important 

role in stimulating the destructive events by activation of transcription factor NF-KB which activate various proinflammatory 

genes. The pro-inflammatory pathway is regulated by mitogen activated protein kinase. In the chronic inflammatory disease 

and homeostasis of skin three MAPK protein C-jan N-terminal play key role[98-100]. 

Important factor of angiogenesis includes vascular endothelial growth factor and it’s receptor, angiogenesis a process critical 

for pathology and physiology. Angiogenesis is base of VEGF-VEGFR based proliferation of endothelial cell, survival and 

migration, which allow new blood vessel development in organized way.  For wound healing vascular development is 

important. If VEGF signaling is not regulated can cause various diseases. Effect of VEGF is unique in multiple phases of wound 

healing specially angiogenesis. Role of VEGF in wound healing is by angiogenesis stimulation, involve various steps like 

vasodilation, degradation of vascular membrane and proliferation of endothelial cells. An important part of wound healing is 
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granular tissue formation i.e. fibrovascular tissue made up of fibroblast, blood vessel and collagen, which is main step in 

healing.VEGF involves multiple mechanism in wound healing include collagen deposition, epithelization and angiogenesis[101-

105]. 

 

In pressure ulcer healing hemostasis, inflammation, proliferation are four important phases. All of the phases can be altered 

and can slow down the healing process and increase patient complications. Mesenchymal stem cells obtained from bone 

marrow have ploripotency. These stem cell with extracellular vesicles and exosomes have important role in repairing of wound 

because of their therapeutic property. Mesenchumal stem cells can affect inflammatory and immune reaction. Mesenchymal 

stem cell can stimulate tissue regeneration and increases re-epitheliliazation and enhances neovascularisation [106]. 

 

Biofilm infection management in wound healing may be divided into three classes on the basis of lifecycle of biofilm includes 

inhibitor of adhesion: material of biofilm, disruption of promoters. Various physical, chemical and biological method are 

adopted to achieve this at infection site microbes can exist into two state planktonic or biofilm. Planktonic can attach to a 

surface and form biofilm aggregates of polymicrobial nature. Various strategies for biofilm are as follow. 

 

Fig 4.: stages of bioactive enhance healing 

 

Table:  Mechanism of bioactive enhanced healing  

Strategies  pro Cons 

Debridement  • Most surgeon used this standard technique  

• Can be used with othe therapies also  

• Debridement can push fragment of 
biofilm into deeper wound tissue and 
enhance wound infection [107]. 

Silver based 
treatment  

• It is more effective in preventing starting of 
stem of formation of biofilm can be used in 

• Effect is less for biofilms [108] 
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with other therapies that release planktonic or 
disruption. 

Iodine  • Iodine has a inhibitory effect with broad 
spectrum  

• Despite the use of iodine over a period of 
decade iodine has less 

•  resistance as compared to antibiotics. 

[109] 

Physical 
method  

• Involve use of surface abiotic like catheters 

• Available in wide variety  

• Inhibition is narrow spectrum[109] 

• Negative effect against host may occur. 

Electroneuticals • Can treat a broad variety of pathogen either 
alone or in combination with antibiotics and 
others. 

• It has limited clinical approach[110] 

Probiotics  • With low resistance and broad spectrum  

• Low toxicity and inexpensive. 

• Not sufficient clinical evaluation data 
available[111] 

Antimicrobial 
peptides  

• Can inhibit a large range of gram positive and 
negative bacteria 

• Additional bioactive properties can achieve by 
modifications. 

• Poor bioavailability 

• Sensitive to protease[111] 

 

Cytokinase are main signalling molecule involved in inflammatory response and regulation of immune system. Cytokines are 

divided into interleukin, chemokines, tumor necrosis factor, growth factor, interferon, and colony stimulating factor. One of 

most important pro-inflammatory cytokines is TNa have various effect on different cells. TNFa is activated by two pathway 

canonical and noncononical. TNF is made up of two unit which is inactive and located in cytoplasm on stimuli from external 

environment it get activated. Then get bind with various genes at the promoter region and initiate transcription of 

inflammatory response. 

 

Jak/Stat pathwaya signalling pathway use by cytokines, growth factor, and interferon. The binding of mediator at receptor 

cause phosphorylation of Jak and STAT protein, initiate expression of gene which are cytokine responsive. This pathway play 

key role in inflammatory process suppression and initiation of immunity. Flavonoid, curcumin and quercetin act at different 

stages of this pathway[112].  

 

MAPK pathway mitogen activated protein kinase are serine/theronine protein kinase, that has various kinase like ERK (Extra 

cellular signal regulated) and JNK(Jan-N-Terminal kinasr). The binding of proinflammatory stimuli to tyrosine cause activation 

of pathway. It cause transcription of factor CREB (CAMP response element binding protein), some flavonoid phenolics and 

terpenoid, alkaloid can regulate this pathway MAPK pathway regulate proliferation, apoptosis, inflammation and 

differentiation [113]. 

 

Preclinical and Clinical Efficacy Evidence 

Cell motility is important in so many diseases of human and normal cellular process for wound healing cell migration is 

important as inflammatory cell and fibroblast initiate the re-epitheliasation. However, in regulated migration of cells can cause 

cell invansion and metastasis. Agent which affects motility can promote wound healing because their positive and negative 

effect. For discovering agent which can affect cell motility, cell-based technology especially high content. screening is important 

and promosing. The most popularly used assay is transmigration assay by the use of boyden chamber, scratch wounding assay 

and assay that allow accurate timing of cell migration, through porous membrane transwell assay. In drug discovery most 
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widely used assay is cell motility assay, but they are limited due to complex set up some promising alternatives are also 

available[114]. 

 

Animal models of pressure ulcers: wound contraction rates, histological and immunohistochemical analyses 

Animal model- to study the complex cellular and biochemical process of wound healing. Animal model are developed which 

evaluate the safety and efficacy of therapeutic agent. Animal model should be able to achieve reproducibility, quantitative, 

detection, relevance and use various model are as follow. 

 

Model for acute healing model for acute healing includes excisional, incisional and burn model. These models are useful for 

studying the process of natural healing and discovery of drug. 

 

Model for impaired healingacute wound can convert into chronic wound by diabetes, mechanical pressure, ischemia and 

perfusion injuryinduction. It includes. 

• Diabetic wound models 

• Pressure ulcer models 

 

➢ Diabetic wound model- they are of two types 

a) Streptozotocin induced model 

b) Alloxan induced model  

 

No animal model predict chronic problem which cause type2 diabetes ulcer. 

➢ Pressure ulcer model-Pressure ulcer is caused by repeated ischemia-reperfusion injury due to long mechanical pressure. 

Pressure ulcer model can include loose skin animal with little subcutaneous fat and greyhound dogs due to thin skin. Pig 

are also better option [115]. 

 

Fig 5: various animal model of pressure ulcer  
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➢ Source bioavailability and side effect of major bioactive compounds. 

Due to failure of tissue and organ caused by injury healthcare industry facing many challenges. Therapy used such as drug 

therapy surgery and implantation, these therapies are affected by many factor such as rejection of host tissue. Use of various 

pro healing plant bioactive compounds into biomaterial has been a prime factor to increase tissue regeneration at various 

target sites.  Utilization of bioactive material over traditional is advantageous as it stabilize delivery of medication on site of 

wound show prolong and sustain delivery of bioactive compound, provide maximum bioavailability and make sure effect last 

throughout the therapeutic processes [116]. 

 

Table various bioactive compound with source, bioavailability and side effect  

Compound Source  Bioavailability  Side effect  

Curcumin  Rhizomes of 
Zingiberaceae 

Low bioavailability 
and solubility  

At high dose curcumin can associate with 
nausea, diaeehea and can increase alkaline 
phosphatase and lactate[117]. 

Resveratrol  Grapes and wine Poor bioavailability 
due to high rate of 
metabolism 

At short dose reseveratrol does not cause any 
side effect but at high dose nausea, vomiting, 
diarrhea, and liver dysfunction may occur[117]. 
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Luteolin  Chamomile tea, 
green pepper 

Poor solubility and 
bioavailability  

At the dose of 10-20 micro gram per ML luteolin 
can cause sister chromatid exchanges. Luteolin 
at dose 2-5 microgram reduce cell viability ATP 
content and TK6 cells[117].  

Catechins green tea, cocoa 
products (chocolate), 
and various fruits 

Low Absorption • Gastrointestinal Issues: High doses, particularly 
in supplements (e.g., 1,200 mg), can cause 
nausea, especially when fasting[118]. 
 

Asiaticoside,  Dried whole grass 
and leaves  

Low Oral 
Bioavailability 

In rare cases, high doses may cause mild, 
transient, and non-specific side effects, 
including nausea, dizziness, headaches, 
stomach pain, or diarrhea [118]. 

Glycyrrhizin Root and rizhome of 
liquorice 

Poor oral 
bioavailability  

Hypertension, edema and hypokalemia [119]. 

Conclusion 

Bioactive compound–incorporated topical formulations represent a promising and rapidly evolving strategy for the 

management of pressure ulcers. These advanced therapeutic systems offer multifunctional benefits through modulation of 

inflammation, oxidative stress, microbial burden, angiogenesis, and extracellular matrix remodeling, thereby addressing key 

limitations associated with conventional wound-care approaches. Incorporation of bioactive molecules into nanocarriers, 

hydrogels, lipid-based systems, and smart biomaterials has further enhanced drug stability, tissue penetration, controlled 

release, and overall wound-healing efficacy. 

Despite encouraging preclinical and early clinical outcomes, several translational challenges remain, including biocompatibility 

concerns, variability in patient response, optimization of mechanical strength and flexibility, controlled biodegradation, large-

scale manufacturing, and long-term safety evaluation. Addressing these limitations through rational biomaterial engineering, 

surface modification strategies, and standardized clinical validation will be essential for successful clinical translation. Future 

integration of smart responsive systems, biomarker-guided therapies, and regenerative wound technologies may significantly 

improve therapeutic outcomes and establish next-generation standards for chronic pressure ulcer management. 
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