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ÖZET 

ASTAKSANTİN BASKILANMIŞ PHEMA BAZLI POLİMER İLE YARA/YANIK 

ÖRTÜ MALZEMESİNİN GELİŞTİRİLMESİ 

 

Buket SABUNCUGİL 

Yüksek Lisans, Biyomühendislik Anabilim Dalı 

Danışman: Prof. Dr. Gözde BAYDEMİR PEŞİNT 

 II. danışman: Doç.Dr. Dilek GÖKTÜRK 

Ocak 2024, 55 sayfa 

 

Astaksantin, bir karotenoid pigmentidir ve doğada genellikle yosunlar, mantarlar, bakteriler, 

algler ve bazı deniz canlıları gibi organizmalarda bulunur. Yüksek antioksidan özelliklere sahip 

olan astaksantin, özellikle algi, kril, karides ve somon gibi deniz ürünlerinde yüksek miktarlarda 

bulunabilir. Astaksantin, karotenoid ailesine aittir ve özellikle kırmızı-pembe renk tonlarına 

sahiptir. Astaksantinin insan sağlığı üzerinde antioksidan ve anti-inflamatuar etkileri olduğu 

araştırılmış ve yara ve yanıklarla ilgili olarak, astaksantinin özellikle cilt sağlığına olan 

potansiyel faydaları bilinmektedir. Antioksidan ve anti-inflamatuar özellikleri, ciltteki serbest 

radikallerle savaşarak ve iltihaplanmayı azaltarak iyileşmeyi destekleyebilir. Bu çalışmada 

Astaksantin baskılanmış HEMA bazlı polimerler sentezlenmiş ve farklı miktarlarda 

Astaksantin içeren bu polimerler kullanılarak kriyojeller sentezlenmiştir. Hidroksietil 

metakrilat (HEMA) bazlı kriyojeller, şişme testleri, taramalı elektron mikroskobu ile 

karakterize edilmiştir. Kriyojellerin içerisine gömülen Asx-MIP miktarlarına bağlı olarak salım 

kinetiği incelenmiş; Asthaxthinin fare embriyonik fibroblast (MEF, (CF-1) (ATCC® SCRC-

1040™)) hücre hattı üzerindeki etkisini inceleyebilmek için ise MTT assay uygulanmıştır. 

Sonucunda kriyojellerde bulunan astaksantinin hücre çoğalmasını artırıcı etkiye sahip olduğu 

görülmüş ve astaksantin içeren MIP kriyojellerin yara iyileşmesini kolaylaştırma potansiyeline 

sahip olduğu ve yara/yanık pansuman malzemesi olarak kullanabileceği kanıtlanmıştır.  

 

 

Anahtar Kelimeler: Astaksantin, Moleküler baskılanmış polimer, Kriyojel 
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ABSTRACT 

DEVELOPMENT OF WOUND/BURN DRESSING MATERIAL WITH 

 

ASTAXANTHIN-IMPRINTED PHEMA BASED POLYMER 

 

Buket SABUNCUGİL 

Msc. Thesis, Department of Bioengineering 

Supervisor: Prof. Dr. Gözde BAYDEMİR PEŞİNT 

 Co-supervisor: Doç.Dr. Dilek GÖKTÜRK 

January 2024, 55 pages 

 

Astaxanthin is a carotenoid pigment and is commonly found in nature in organisms such as 

algae, fungi, bacteria, algae and some marine creatures. Astaxanthin, which has high 

antioxidant properties, can be found in high amounts in seafood, especially algae, krill, shrimp 

and salmon. Astaxanthin belongs to the carotenoid family and has particularly red-pink hues. It 

has been researched that astaxanthin has antioxidant and anti-inflammatory effects on human 

health, and its potential benefits are known, especially for skin health, regarding wounds and 

burns. Its antioxidant and anti-inflammatory properties can promote healing by fighting free 

radicals in the skin and reducing inflammation. In this study, Astaxanthin imprinted HEMA 

based polymers were synthesized and cryogels were synthesized using these polymers 

containing different amounts of Astaxanthin. Hydroxyethyl methacrylate (HEMA)-based 

cryogels were characterized by swelling tests, scanning electron microscopy. Release kinetics 

were examined depending on the amount of Asx-MIP embedded into the cryogels; MTT assay 

was applied to examine the effect of astaxanthin on mouse embryonic fibroblast (MEF, (CF-1) 

(ATCC® SCRC-1040™)) cell line. As a result, it has been shown that astaxanthin contained in 

cryogels has a cell proliferation-enhancing effect, and it has been proven that MIP cryogels 

containing astaxanthin have the potential to facilitate wound healing and can be used as 

wound/burn dressing material. 

 

 

Keywords: Astaxanthin, Molecularly imprinted polymer, Cryogel 
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1.INTRODUCTION 

 

A naturally occurring xanthophyll carotenoid, astaxanthin can be found in a variety of foods 

and environments, including complex plants, fungi, seafood, and byproducts from crustaceans 

and microalgae. The two main sources of astaxanthin are the red yeast Phaffia rhodozyma and 

the green algae Haematococcus pluvialis. Astaxanthin can be obtained from these sources 

through solvent-based extraction or chemical synthesis. Additionally, genetically modified 

yeasts like Kluyveromyces marxianus, Yarrowia lipolytica, and Saccharomyces cerevisiae can 

produce it. The extraction of astaxanthin from microalgae involves various methods including 

organic solvents, breakdown pretreatment processes, enzyme lysis, and mechanical disruption. 

The production of astaxanthin from H. pluvialis involves several steps such as dissolution, 

saponification, collection, cleaning, filtration, concentration, ethanol extraction, and freeze-

drying. The esterification of Astaxanthin affects its absorption, with esterified astaxanthin being 

the predominant form in Haematococcus algae, while non-esterified astaxanthin is found in 

Phaffia yeast. The biosynthesis of astaxanthin in H. pluvialis involves the identification of novel 

cDNA and functional genes, which contributes to its commercial value. Furthermore, one 

important technique for industrial and medicinal applications is the optimization of nitrogen 

sources for Phaffia rhodozyma's fermentation-based astaxanthin synthesis. Astaxanthin is 

known for its unique chemical structure and high antioxidant properties. Its molecular formula 

is C40H52O4, and it has a molar mass of 596.84 g/mol. Two 6C-cycles with a carbonyl and 

hydroxy group make up Astaxanthin's chemical structure. They are divided by an unsaturated 

chain that has eleven carbon-carbon double bonds. 

Chronic wounds are classified into four types by the Wound Healing Society: venous ulcers, 

pressure ulcers, arterial insufficient ulcers, and diabetic ulcers. These classifications help in 

understanding the different characteristics and treatment approaches for each type of chronic 

wound. Additionally, the presence of biofilms in wounds has been identified as a complicating 

factor in wound healing. Biofilms are microbial communities that form on the surface of 

wounds, and their presence can hinder the healing process. Therefore, it is important to study 

the microbial composition and distribution in wounds to better understand and manage chronic 

wounds. 
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The process of wound healing consists of several overlapping phases, including inflammation, 

proliferation, and remodeling. Inflammation is a critical component of wound healing as it helps 

in clearing the wound of potential pathogens and prepares the wound for subsequent healing 

phases. Proper regulation of hemostasis, the process of controlling bleeding, is crucial for 

creating a conducive environment for wound healing. Researchers have explored different 

approaches to modulate hemostasis and enhance wound repair, such as the development of 

biomimetic glycopolypeptide hydrogels and shape-recoverable hyaluronic acid-waterborne 

polyurethane hybrid cryogels. These innovative biomaterials have shown promising results in 

promoting effective hemostatic responses and tissue repair. 

During the proliferation phase of wound healing, fibroblast migration and proliferation within 

the wound site are essential for wound granulation. Fibroblasts play a crucial role in replacing 

damaged cells by synthesizing collagen proteins. They are also important in restoring the 

number of cells for wound closure. Furthermore, angiogenesis, or the formation of new blood 

vessels, is an important step in wound healing. Inadequate angiogenesis can result in impaired 

wound healing and the formation of chronic wounds. Vascular endothelial growth factor A 

(VEGFA) promotes the migration and proliferation of wound healing cell types such as 

keratinocytes, fibroblasts, and myofibroblasts. The decline in neovascularization, which is the 

formation of new blood vessels, can be attributed to decreased proliferation and migration of 

endothelial cells in the wound bed, highlighting the significance of angiogenesis in the 

proliferation phase of wound healing. 

A wound dressing is a medical device that is used to cover and protect a wound, creating an 

optimal environment for the healing process. Wound dressings serve various purposes, 

including promoting wound healing, preventing infection, and managing the exudate (fluid) 

that is produced by the wound. They are specifically designed to create and maintain a moist 

environment, which aids wound healing by increasing the rate of epithelialization (the 

formation of new skin cells) and angiogenesis (the formation of new blood vessels) (Seshadri 

et al.). 

In addition to promoting wound healing, wound dressings can also control the biochemical 

states of a wound and aid in its healing process. They can exert biomechanical force on the 

wound, which helps in promoting wound closure (Li et al., 2020). The selection of the 

appropriate wound dressing is influenced by several factors, including the type of wound, its 
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specific requirements, and the need for protection from environmental irritants. Advanced 

wound dressings have been developed to improve specific wound characteristics and bring 

them as close to the "ideal" state as possible (Sood et al., 2014). These advanced dressings 

facilitate wound bed preparation, support healthy granulation tissue (newly formed tissue), and 

promote subsequent epithelial growth, ultimately leading to wound closure (Vowden, 2017). 

Furthermore, wound dressings possess antibacterial properties, which are significant in 

preventing infection and promoting wound healing. They play a crucial role in wound 

management by providing an optimal environment for healing, promoting wound closure, and 

preventing infection. The selection of appropriate wound dressings is crucial for optimizing 

wound healing outcomes and promoting effective tissue repair. Traditional dressings like cotton 

bandages and gauze have limitations, such as absorbing a large amount of the wound's moisture, 

resulting in decreased healing rates and pain during dressing changes (Ghomi et al., 2019). On 

the other hand, advanced wound dressings, such as hydrogels, offer advantages over traditional 

dressings. They provide improved moisture retention, pain relief, and enhanced wound healing 

(Wu & Li, 2021). Moreover, traditional dressings may cause wound dehydration, pain, and 

restlessness when directly applied to the wound. In contrast, modern wound dressings, 

including hydrogels, alginate dressings, and bioactive wound dressings, have been developed 

to address the limitations of traditional dressings. These modern dressings offer improved 

moisture management, antibacterial effects, and enhanced wound healing (Stoica et al., 2020; 

Powers et al., 2013; Gore et al., 2021). 

Synthetic receptors known as molecularly imprinted polymers (MIPs) are engineered to contain 

particular target molecule cavities, enabling targeted recognition and binding. The preparation 

of MIPs involves the synthesis of three-dimensional crosslinked polymers with selective 

recognition sites for the target molecule. Various techniques such as scanning electron 

microscopy and analysis can be used to characterize the MIPs. MIPs have also been combined 

with biotechnology to create bifunctional nanoparticles that can enrich and degrade template 

molecules. They have been applied as selective sorbents in solid-phase extraction techniques 

and have shown high selectivity for molecular recognition in the separation of compounds in 

complex matrices. 

The synthesis of MIPs involves different methods such as precipitation polymerization, sol-gel 

process, and atom transfer radical polymerization. These methods allow for the preparation of 
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MIPs with specific molecular recognition sites for target molecules. The resulting MIPs possess 

specific recognition ability, low cost, reusability, high mechanical strength, stability in harsh 

environments, and are easy to prepare. Moreover, they have been employed as dispersive solid 

phase extraction materials to enrich, separate, and identify particular compounds in a range of 

samples. Covalent imprinting is a technique that has gained significant attention in recent years. 

It involves covalently binding the template molecules to the functional monomers during the 

polymerization process, resulting in the formation of highly selective recognition sites within 

the polymer matrix. 

Covalent imprinting has been shown to enhance the specificity and stability of MIPs, making 

them suitable for various applications such as biomolecule recognition and environmental 

remediation. It improves the homogeneity and selectivity of molecular cavities within the 

polymer matrix, leading to enhanced recognition of target molecules. This technique has been 

applied to develop highly selective and homogeneous molecular cavities in MIPs, particularly 

through the combination of surface imprinting and semi-covalent imprinting. This approach has 

demonstrated the potential for the development of MIPs with enhanced binding affinity and 

selectivity, particularly in the fields of catalysis and chemosensing. 

Molecularly imprinted polymers are materials obtained by polymerization of molecules with a 

specific shape or structure. These polymers may have a variety of applications, particularly in 

healthcare fields such as wound dressings. In a study, Koudehi and Zibaseresht synthesized 

molecularly imprinted polymer nanoparticles (MIPN) containing an antibiotic called 

gentamicin and used them as a polyvinyl alcohol/gelatin nanofiber (PVA/GEL)-based wound 

dressing for wound healing (Koudehi and Zibaseresht, 2019). As a result, it has been proven 

that MIPNs provide selective and controlled release of gentamicin and improve the 

biocompatibility, antibacterial and cellular properties of PVA/GEL nanofibers. In another 

study, Kurczewska et al (2017) synthesized molecularly imprinted polymers (MIPs) as drug 

delivery carriers in alginate dressings. The use of MIPs in combination with alginate dressings 

has provided efficiency and effectiveness in wound treatment, making it a promising approach 

to improve drug delivery ( Kurczewska et al., 2017 ). In another study, sodium alginate (SA) in 

CaCl solution was cross-linked to form (CaAlg) hydrogel membranes. The molecularly 

imprinted polysiloxane (MIP) membrane was characterized. Cell culture data of fibronectin 

(FN) imprinted polysiloxane showed better performance than NIP in terms of its ability to 

promote cell adhesion ( Liu et al., 2018 ). In this study, Asthaxthin imprinted HEMA based 
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polymers were synthesized and cryogels were synthesized using these polymers containing 

different amounts of Asthaxthin to develop a new  wound/burn dressing material.  
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2. THEORATICAL FOUNDATIONS AND LITERATURE 

REVIEW 

2.1. Astaxanthin 

2.1.2. Biosynthesis of Astaxanthin 

Astaxanthin (Asx), a xanthophyll carotenoid, is naturally found in various sources such as 

microalgae, fungi, complex plants, seafood, and crustacean byproducts Higuera‐Ciapara et al., 

2006; Fassett & Coombes, 2011). The two main natural sources of Asx are the red yeast Phaffia 

rhodozyma and the green algae Haematococcus pluvialis. (Fassett & Coombes, 2011; Higuera‐

Ciapara et al., 2006). Asx is obtained from these sources through solvent-based extraction or 

chemical synthesis (Ma et al., 2015). Furthermore, genetically modified yeasts like 

Saccharomyces cerevisiae, Yarrowia lipolytica, and Kluyveromyces marxianus can produce 

Asx. (Zhou et al., 2022). The extraction of Asx from microalgae involves various methods such 

as organic solvents, breakdown pretreatment processes, enzyme lysis, and mechanical 

disruption (Cuéllar‐Bermúdez et al., 2014). Furthermore, the production of Asx from H. 

pluvialis involves several steps including dissolution, saponification, collection, cleaning, 

filtration, concentration, ethanol extraction, and freeze-drying to obtain Asx crystals (Zhang et 

al., 2022). 

The esterification of Asx influences its absorption, with esterified Asx being the predominant 

form in Haematococcus algae, while non-esterified Asx is found in Phaffia yeast (Aoi et al., 

2018; Kajiwara et al., 1995). Moreover, the biosynthesis of Asx in H. pluvialis involves the 

identification of novel cDNA and functional genes, contributing to its commercial value 

(Kajiwara et al., 1995). Additionally, the primary technique for industrial and pharmaceutical 

applications is the optimization of nitrogen sources for Phaffia rhodozyma's Asx production 

through fermentation. (Ni et al., 2007). 

Natural sources of Asx include microalgae, yeast, and crustacean byproducts, with 

Haematococcus pluvialis and Phaffia rhodozyma being the primary sources. The extraction and 

purification of Asx involve various methods such as solvent-based extraction, chemical 

synthesis, and fermentation. The esterification of Asx influences its bioavailability, and the 

biosynthesis of Asx involves genetic and fermentation processes. 
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2.1.3. Chemical Structure of Astaxanthin 

Asx, a xanthophyll carotenoid, is known for its unique chemical structure and high antioxidant 

properties. Its molecular formula is C40H52O4, and its molar mass is 596.84 g/mol Ambati et al. 

(2014). Two 6C-cycles with a carbonyl and a hydroxy group make up Asx's chemical structure. 

They are divided by an unsaturated chain that has eleven carbon-carbon double bonds (Zhang 

et al., 2022). This unique molecular structure contributes to its strong antioxidant, anti-

inflammatory, and antiapoptotic activities, making it a potential neuroprotective agent for 

neurological diseases (Wu et al., 2015). Additionally, the crystal structure of Asx from 

Haematococcus pluvialis has been identified as 3,3‐dihydroxy‐4,4‐dione‐β,β‐carotene, further 

elucidating its chemical properties (Wang et al., 2022). Furthermore, all-trans Asx has been 

found to exhibit simultaneous inhibitory effects on acetylcholinesterase and oxidative stress 

due to its unique chemical structure. 

Asx's unique molecular structure, with its hydroxyl and keto moieties on each ionone ring, 

contributes to its high antioxidant properties (Zhang et al., 2022). This molecular structure also 

influences its bioavailability and biological activity, making it a promising compound for 

various applications, including potential therapeutic use in neurological diseases and as an 

antioxidant (Wu et al., 2015). Therefore, the chemical structure of Asx plays a crucial role in 

determining its biological activities and potential therapeutic applications. 

 

Figure 2.1. Chemical Structure of Asx. 

The chemical structure of Asx, characterized by its unique molecular formula and arrangement 

of functional groups, underpins its potent antioxidant properties and potential therapeutic 

benefits, making it a subject of significant interest for various biomedical and pharmaceutical 

applications. 
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2.1.4. Clinical significance 

It has gained attention due to its potent antioxidant, anti-inflammatory, and immune-modulating 

properties, making it a potential therapeutic agent for various diseases, including cardiovascular 

diseases, inflammatory responses, neuroprotective effects, and ocular diseases (Chang & 

Xiong, 2020; Kishimoto et al., 2016; Giannaccare et al., 2020; Wu et al., 2015). Asx has been 

shown to possess strong antioxidant activity, inhibiting lipid peroxidation more effectively than 

vitamin E, and has potential in preventing and reversing diet-induced insulin resistance and 

steatohepatitis (Ota et al., 2015). Additionally, it has been suggested that Asx may have a 

protective role in COVID-19 due to its antioxidant and anti-inflammatory properties (Ahmadi 

& Ayazi-Nasrabadi, 2021). Furthermore, Asx has demonstrated potential in ameliorating 

features of metabolic syndrome and has been associated with neuroprotective effects, 

particularly in traumatic brain injury (Hussein et al., 2007; Zhang et al., 2021). 

Asx has also shown promise in cardiovascular health, with experimental studies indicating its 

beneficial effects and supporting the need for clinical trials to further explore its potential 

therapeutic applications (Fassett & Coombes, 2012). Moreover, Asx has been investigated for 

its inhibitory effects on the proliferation of human gastric cancer cell lines, suggesting potential 

applications in cancer treatment (Kim et al., 2016). The stability and color change of Asx during 

processing have also been studied, highlighting its medicinal properties in preventing 

cardiovascular diseases and cataracts, and acting as an immune booster (Koomyart et al., 2017). 

Furthermore, Asx has been recognized for its antihypertensive potential and mechanism of 

action, demonstrating antioxidant and histopathological effects in spontaneously hypertensive 

rats (Hussein et al., 2006). 

2.2. Wound and Wound Dressings 

2.2.1. Wound 

Wounds are injuries that cause a break in the skin or other body tissues, often resulting from 

physical trauma or surgical incisions. They are divided into two categories: acute and chronic 

wounds. Acute wounds are typically caused by sudden injury or trauma, such as cuts, 

lacerations, or surgical incisions. On the other hand, chronic wounds are long-lasting and often 

related to underlying health conditions, such as diabetic foot ulcers, venous leg ulcers, and 
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pressure ulcers (FrykbergRobert, 2015; Wong et al., 2015). The distinction between acute and 

chronic wounds is crucial as it influences the approach to wound management and treatment. 

Furthermore, wounds can be categorized based on various criteria, including etiology, level of 

microbial infection, morphology, and location. Chronic wounds are classified into four types 

by the Wound Healing Society: diabetic ulcers, pressure ulcers, arterial insufficient ulcers and 

venous ulcers (Tsegay et al., 2022). This classification aids in tailoring treatment strategies and 

understanding the underlying pathophysiology of different wound types. The characteristics of 

a wound, such as its size, depth, and level of microbial infection, play a significant role in 

predicting wound outcomes and guiding treatment decisions (Schaarup et al., 2020). 

Additionally, the presence of biofilms in wounds has been identified as a complicating factor 

in wound healing, emphasizing the importance of understanding the microbial composition and 

distribution in wounds (Borges et al., 2022). 

Wounds encompass a broad spectrum of injuries, ranging from acute traumatic wounds to 

chronic wounds associated with underlying health conditions. The classification of wounds 

based on various criteria is essential for guiding treatment strategies, predicting outcomes, and 

understanding the complex pathophysiology of different wound types. 

2.2.2. Wound healing process 

The wound healing process is a complex and dynamic physiological response involving a series 

of coordinated events aimed at restoring tissue integrity and function following injury. The 

process of wound healing can be broadly categorized into several overlapping phases, including 

inflammation, proliferation, and remodeling (Guo & DiPietro, 2010; Koh & DiPietro, 2011). 

During the inflammatory phase, the body initiates a response to injury, involving hemostasis, 

inflammation, and the removal of debris and pathogens from the wound site (Guo & DiPietro, 

2010; Koh & DiPietro, 2011). Inflammation is a critical component of the wound healing 

process, as it helps to clear the wound of potential pathogens and sets the stage for subsequent 

healing phases (Koh & DiPietro, 2011). As important immune cells, macrophages are essential 

for coordinating the inflammatory stage and the subsequent tissue repair process (Koh & 

DiPietro, 2011).The proliferation phase involves the formation of new tissue to fill the wound 

gap, primarily through the processes of angiogenesis, granulation tissue formation, and re-

epithelialization (Tsuda et al., 2010). The remodeling phase, also known as the maturation 
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phase, involves the reorganization and remodeling of the newly formed tissue, aiming to restore 

its strength and functionality (Gnyawali et al., 2012).  

 

Figure 2.2.  Wound Healing Process. 

2.2.2.1. Hemostasis 

Hemostasis, the first stage of wound healing, is a critical mechanism that aims to stop bleeding 

and begin the repair of damaged blood vessels and tissues. This process involves a series of 

intricate events, including vasoconstriction, platelet aggregation, and the formation of a fibrin 

clot, which collectively contribute to the cessation of bleeding and the establishment of a 

provisional matrix for subsequent tissue repair Lin et al. (2022). The activation of platelets and 

the coagulation cascade are central to the hemostatic response, leading to the formation of a 

stable blood clot at the site of injury (Jansen et al., 2021). 

In the context of wound healing, the regulation of hemostasis is essential for ensuring the timely 

and effective control of bleeding, thereby creating a conducive environment for subsequent 

healing processes. Numerous strategies to improve wound healing and regulate hemostasis have 

been investigated in studies. One such strategy is the creation of biomimetic glycopolypeptide 

hydrogels with microporous structure and tunable adhesion for quick hemostasis (Teng et al., 

2021). Additionally, the use of shape-recoverable hyaluronic acid–waterborne polyurethane 

hybrid cryogels has been investigated for their potential to accelerate hemostasis and wound 
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healing, highlighting the importance of innovative biomaterials in promoting effective 

hemostatic responses and tissue repair (Wang et al., 2022). 

2.2.2.2. Inflammation 

In the wound healing process, inflammation plays a crucial role in orchestrating the initial 

response to tissue injury and setting the stage for subsequent healing phases. The inflammatory 

phase involves a complex interplay of immune cells, cytokines, and signaling pathways, aiming 

to clear the wound of pathogens and debris, and initiate the repair process. Macrophages, as key 

immune cells, are central to the inflammatory phase and play a pivotal role in coordinating the 

immune response and tissue repair. While the macrophage is beneficial to the repair of normally 

healing wounds, this pleiotropic cell type may promote excessive inflammation and/or fibrosis 

in certain circumstances (Koh & DiPietro, 2011). 

Neutrophils, another essential component of the inflammatory response, have been implicated 

in wound healing through neutrophil extracellular traps formation (NETs), which contribute to 

the regulation of inflammation and the clearance of pathogens. Disruption of the appropriate 

inflammatory response can result in delayed healing or lack of healing, highlighting the delicate 

balance required for effective wound healing. 

2.2.2.3. Proliferation 

During the proliferation phase of wound healing, fibroblast migration to and proliferation 

within the wound site are prerequisites for wound granulation Cheng et al. (2019). Fibroblasts 

play a crucial role in the replacement of damaged cells by synthesizing collagen proteins, 

making them important in the general wound healing process (Kil et al., 2015). The stimulation 

of fibroblast migration has been shown to hasten wound healing. (Yu et al., 2015). Additionally, 

fibroblasts are involved in the replacement of damaged cells by synthesizing collagen proteins, 

highlighting their significance in wound healing (Öztürk et al., 2006). Furthermore, fibroblasts 

are essential in restoring the number of cells for wound closure, emphasizing their role in the 

proliferation phase of wound healing (Choy et al., 2014). 

The development of new blood vessels, or angiogenesis, is an essential stage in the processes 

involved in healing wounds. Inadequate angiogenesis can lead to chronic wound formation and 

poor wound healing. (Kwon et al., 2017). Vascular endothelial growth factor A (VEGFA) can 

stimulate the migration and proliferation of various cell types, including keratinocytes, 



12 

 

fibroblasts, and myofibroblasts, which are important components of wound healing (Jeon et al., 

2018). Moreover, the decline in neovascularization has been attributed to decreased 

proliferation and migration of endothelial cells in the wound bed, underscoring the importance 

of angiogenesis in the proliferation phase of wound healing (Huang et al., 2017). 

2.2.2.4. Remodeling 

A crucial stage in the healing process, remodeling involves the restructuring and maturation of 

the newly formed tissue, aiming to restore its strength and functionality. This phase is 

characterized by the reorganization and realignment of collagen fibers, as well as the resolution 

of inflammation, ultimately leading to the restoration of tissue integrity (Armstrong & Jude, 

2002). The extracellular matrix (ECM) plays a pivotal role in tissue remodeling, and its 

continuous turnover and remodeling are essential for the restoration of tissue architecture and 

function (Petri et al., 1997). Matrix metalloproteinases (MMPs) have been extensively studied 

in normal and abnormal wound healing, highlighting their involvement in ECM degradation 

and tissue remodeling processes (Armstrong & Jude, 2002). Mast cells have also been identified 

as significant contributors to the remodeling stage of wound healing, participating in the 

transformation of fibroblasts into myofibroblasts to promote wound closure (Zgheib et al., 

2014). 

In addition to ECM remodeling, the regulation of inflammatory mediators and cytokines is 

crucial for orchestrating the tissue remodeling phase of wound healing. Plasminogen, for 

example, has been identified as a key proinflammatory regulator that accelerates the healing of 

acute and diabetic wounds, emphasizing its role in the tissue remodeling process (Shen et al., 

2012). Furthermore, the modulation of the inflammatory microenvironment has been 

recognized as a critical factor in promoting effective tissue remodeling during wound healing 

(Wang et al., 2022). The reduction in inflammatory molecules has been associated with scarless 

healing, highlighting the importance of inflammation in tissue remodeling and scar formation 

(Lang et al., 2017). 

Moreover, research on wound healing has focused on the function of growth factors and 

signaling pathways in tissue remodeling. Insulin-containing wound dressings have been shown 

to promote diabetic wound healing through the stabilization of hypoxia-inducible factor 1-alpha 

(HIF-1α), a central regulator of wound healing processes, including tissue remodeling (Yang et 

al., 2020). MicroRNAs, such as miR-149, have also been implicated in scarless wound healing 
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by attenuating the inflammatory response, further emphasizing the regulatory role of 

inflammation in tissue remodeling and scar formation (Lang et al., 2017). 

2.3. Factors affecting wound healing 

Factors affecting wound healing are multifaceted and encompass a wide range of intrinsic and 

extrinsic elements. These factors can significantly influence the wound healing process, 

including its duration and outcomes. Several studies have investigated the impact of various 

factors on wound healing, shedding light on their diverse roles and implications. 

Inflammation, a fundamental component of the wound healing process, has been recognized as 

a critical factor affecting wound healing outcomes. Exacerbated and prolonged inflammation 

has been shown to impair wound healing and increase scarring, emphasizing the importance of 

balanced and regulated inflammatory responses in the healing process Qian et al. (2016). 

Bacteria have also been identified as influential factors in the immuno-regulation of wound 

healing, affecting all processes from inflammation to remodeling and being present in the 

surface and deep tissues of all wounds (Jones et al., 2004). 

Growth factors have been extensively studied in relation to wound healing, and they are known 

to be important players in various stages of the healing process (Yu et al., 1994). Additionally, 

the expression of growth factors in early wound healing has been investigated, highlighting 

their significance in the initial stages of the healing process (Yu et al., 1994). Moreover, the 

modulation of growth factors has been identified as a potential strategy to promote wound 

healing and tissue regeneration (Almadani et al., 2021). 

The influence of environmental factors on wound healing has also been explored, with a variety 

of intrinsic and extrinsic factors being recognized as potential influencers of the healing process 

(Pollack, 1979). Furthermore, due to its constant fluctuation during the healing process, the pH 

has been found to be a significant factor influencing wound healing. (Kruse et al., 2017). 

Apart from these variables, the impact of specific medical conditions on wound healing has 

been a subject of interest. For instance, the impairment of wound healing in the diabetic foot 

has been extensively studied, shedding light on the challenges and complexities associated with 

wound healing in diabetic individuals (Falanga, 2005). The factors affecting wound healing are 

diverse and encompass various biological, environmental, and medical elements. 
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Understanding the complex interplay of these factors is crucial for optimizing wound healing 

outcomes and developing targeted interventions to promote effective tissue repair. 

2.4. Wound / Burn Dressings 

A wound dressing is a medical device used to cover and protect a wound, providing an optimal 

environment for healing. Wound dressings serve multiple purposes, including promoting 

wound healing, preventing infection, and managing exudate. They are designed to create and 

maintain a moist environment, which is conducive to wound healing by increasing the rate of 

epithelialization and angiogenesis Seshadri et al. (2022). Furthermore, by using biomechanical 

force to promote wound closure, wound dressings can help regulate the biochemical states of a 

wound and facilitate its healing process. (Li et al., 2020). 

The selection of wound dressings is influenced by various factors, including the type of wound, 

its specific requirements, and the need for protection from environmental irritants. Advanced 

wound dressings are designed to improve specific wound characteristics and bring them as close 

to "ideal" as possible (Sood et al., 2014). By facilitating the preparation of the wound bed, 

maintaining healthy granulation tissue, and encouraging subsequent epithelial growth that leads 

to wound closure, they can start and encourage an efficient wound healing response (Vowden, 

2017). 

A moist environment can be created, maintained, and controlled with the help of wound 

dressings and they exhibit various fluid handling mechanisms, such as absorption, gelling, 

retention, and moisture vapor transmission, which are essential for effective wound 

management (Rodrigues & Thilagavati, 2021). Furthermore, the antibacterial properties of 

wound dressings are significant, as they can help prevent infection and promote wound healing. 

Wound dressings play a crucial role in wound management by providing an optimal 

environment for healing, promoting wound closure, and preventing infection. The selection of 

appropriate wound dressings is essential for optimizing wound healing outcomes and promoting 

effective tissue repair. 

2.4.1. Traditional Wound Dressings 

Traditional wound dressing materials such as gauze, lint, plasters, bandages, and cotton wool 

are commonly used for protecting wounds from contamination. However, these traditional 
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dressings have drawbacks such as being impermeable to water vapor, difficult to remove, and 

having poor absorption capacity (Thangaraj et al., 2015; Tottoli et al., 2020). Additionally, 

traditional dressings like cotton bandages and gauze can absorb a large part of the wound's 

moisture, leading to decreased healing rates and pain during dressing changes (Ghomi et al., 

2019). On the other hand, advanced wound dressings, such as hydrogels, offer advantages over 

traditional dressings, including improved moisture retention, pain relief, and enhanced wound 

healing (Wu & Li, 2021). Furthermore, traditional dressings may cause wound dehydration, 

pain, and restlessness when attached directly to the wound (Yahia et al., 2021; Yahia et al., 

2021). 

In contrast, modern wound dressings, such as hydrogels, alginate dressings, and bioactive 

wound dressings, have been developed to address the limitations of traditional dressings. These 

modern dressings offer improved moisture management, antibacterial effects, and enhanced 

wound healing (Stoica et al., 2020; Powers et al., 2013; Gore et al., 2021). For instance, 

hydrogel wound dressings have been found to be more cost-effective and beneficial in terms of 

improved wound healing rates compared to traditional standard care dressings (Zhang et al., 

2021; Fournier et al., 2022). Moreover, incorporating materials such as bioglass and silk fibroin 

into dressings has been shown to improve their mechanical stability, bioactivity, and efficiency 

in promoting wound healing (Wu & Li, 2021; Wang et al., 2019). 

2.4.2. Modern Wound Dressings 

Modern wound dressings have revolutionized wound care by offering various advantages over 

traditional dressings. These advanced dressings, such as hydrogels, bioactive dressings, and 

electrospun nanofibrous scaffolds, provide a moist wound environment, protect against 

secondary infections, and promote tissue regeneration (Thangaraj et al., 2015; Tavakoli & Klar, 

2020; Shi et al., 2020; Moura et al., 2013; Pilehvar-Soltanahmadi et al., 2018). Additionally, 

modern wound dressings have been shown to cut down on the length of stay in the hospital, 

medical expenses, and number of dressing changes, thereby improving patient comfort and 

quality of life (Tavakoli & Klar, 2020; Brumberg et al., 2021; Rahmawati & Nopitasari, 2021; 

Jamaludin et al., 2020). 

Furthermore, the incorporation of natural substances into modern wound dressings, such as 

banana leaves and glycyrrhetinic acid-loaded films, has demonstrated biological properties that 

aid in wound healing (Abruzzo et al., 2021; Guenova et al., 2013). These innovative dressings 
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not only maintain an optimal moisture level for wound healing but also decrease inflammation 

in the periwound skin and granulation tissue, contributing to the overall healing process 

(Yamane et al., 2015). 

Moreover, modern wound dressings have been the subject of pharmacoeconomic studies, 

demonstrating their cost-effectiveness and utility in the management of diabetic foot ulcers 

(Rahmawati & Nopitasari, 2021). Additionally, meta-analyses and systematic reviews have 

demonstrated how well advanced wound dressings work to accelerate the healing of chronic 

wounds (Heyer et al., 2013). Modern wound dressings encompass a wide range of innovative 

materials and technologies that have significantly improved wound care outcomes, patient 

comfort, and cost-effectiveness. 

2.4.2.1. Hydrogels 

While they create a physical barrier and absorb exudate, traditional wound dressings like gauze 

or adhesive bandages don't really help the healing process. In certain cases, such as when fibers 

or pieces entangle with the wound tissue and influence the immune response, these dressings 

may even be detrimental to the wound.  This may also result in pain when the dressing is 

removed, disruption of wound healing, and re-injury. Innovative wound care solutions that 

enhance the wound healing process or work more intelligently with the wound are required. A 

number of standards have been proposed for the perfect wound dressing (Stashak et al., 2004). 

Capable of absorbing fluids, preserving a damp atmosphere, permitting gaseous exchange, 

providing thermal insulation, protecting against microorganisms, not damaging to the host, and 

effortlessly removable (Broughton et al., 2006; Opt Veld et al., 2020; Velnar et al., 2009). They 

arise from the retention of water in a three-dimensional polymer network, either physically or 

electrostatically (Hoffman, 2002; Pal et al., 2013; Peak et al., 2013). Because hydrogels are 

inherently abundant in water, this is good for moisturizing the wound but bad for exudate 

absorbance. Hydrogels are usually used for non-to-low-exuding wounds, although depending 

on the gel's swelling capacity, they might also be appropriate for moderately-exuding wounds. 

Hydrogels are frequently used to treat burns and ulcers. They may also aid with difficult-to-

debride wounds or reduce the formation of eschar, or dead tissue, which is seen in burn wounds, 

among other conditions (Dabiri et al., 2016; Opt Veld et al., 2020). The healing process depends 

greatly on the balance of moisture in the wound, and there are several products available to 

either raise or lower the hydration level (Okan et al., 2007). Furthermore, hydrogels are 
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frequently regarded as cooling and calming, which helps the patient feel less pain. Since gel 

dressings don't stick to the wound bed or have non-adherent fibers, they are frequently simpler 

to remove and replace. Gaseous exchange, free movement of metabolites, and the provision of 

a friendly replacement matrix are further advantageous aspects (Opt Veld et al., 2020). 

 

Figure 2.3. Functional hydrogel wound dressing. 

2.4.2.2. Hydrocolloids 

Originally made in tiny square pieces, a bordered hydrocolloid was released in 1985 and was 

later followed by several shaped dressings intended for different anatomical locations. In 1989, 

a "thin" version was created as an alternative to the acrylic-based adhesives more frequently 

used for film dressings. It comprises a semipermeable membrane coated with a thin coating of 

hydrocolloid glue. These dressings tend to be less permeable than normal films and have little 

to no ability to retain fluid on their own. As an alternative to semipermeable polyurethane films, 

they are utilized as secondary retention products or as postoperative dressings over primary 

dressings like hydrogels or alginates (Thomas, 2008).  
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In recent times, the term "hydrocolloid" has been employed to refer to a variety of distinct 

products, such as an amorphous hydrogel dressing and a fibrous dressing derived from modified 

carboxymethyl cellulose (CMC). These products differ greatly from the adhesive sheet 

dressings that were initially described in this manner in terms of both their structure and 

appearance (Thomas, 2008; Wyatt et al., 1990). Hydrocolloid dressings are most frequently 

used to treat chronic wounds like leg ulcers and pressure ulcers, but they can also be effectively 

used to treat a range of acute wounds because of their useful properties, which include 

facilitating debridement, absorbing excess fluid, and acting as an infection barrier (Thomas, 

2008). 

Because hydrocolloid dressings stay longer than most other forms of dressings, they require 

fewer applications. They are available in a range of sizes and shapes to suit various wound types 

and are simple to apply to the wound. Venous compression can also be employed with 

hydrocolloid dressing (Koksal and Bozkurt, 2003). 

2.4.2.3. Films 

It has been widely recognized in recent years that a moist environment accelerates wound 

healing by stimulating the migration of keratinocytes, which ultimately causes the wound bed 

to heal quickly (Gomes Neto et al., 2019). The optimal dressing for a wound should be 

biocompatible, shield the wound bed, keep the site hydrated, permit gas exchange with the 

surrounding environment, eliminate superfluous exudate, and provide physical protection 

against bacteria. Additionally, it must possess certain mechanical qualities like resistance and 

flexibility (Naseri-Nosar & Ziora, 2018). The depth of the wound and the volume of exudate 

determine which type is best (Koehler et al., 2018). Films can be used to directly administer 

medication to the wound site because they are impermeable to fluids and bacteria but porous to 

gases. Films are beneficial because of their flexibility, which makes it easy for them to conform 

to the patient's body, even in tricky places like joints. They also permit some moisture to 

evaporate, lessen discomfort, act as a barrier against external contamination, and support 

examination of the wound bed without removing the dressing (Savencu et al., 2021). Wound 

dressing films should have a significant capacity to absorb exudates, be easily removed from 

the packaging, flexible, resistant to breaking, and have adequate adherence and remanence to 

the wound surface. Ultimately, they ought to be able to release the active principles to the 

wound site and incorporate them (Savencu et al., 2021). 
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Their primary drawbacks are that they can be difficult to remove and should only be used to 

wounds that don't ooze a lot (Gomes Neto et al., 2019; Simões et al., 2018). 

2.4.2.4. Foams 

Foam is made of a porous material that, through capillary action, may absorb liquids into areas 

that are filled with air (Fogh & Nielsen, 2015). Polyurethane foam is the most widely used type. 

Although silicone foam is commonly placed as an adhesive wound contact layer, it is less 

commonly employed as the major absorbent in wound dressings. Adhesive or nonadhesive 

foam treatments come in a range of thicknesses. Typically, the foams are provided with a film 

backing, which serves as an environmental barrier that is resistant to water and microbes 

(Naseri-Nosar & Ziora, 2018). The permeability of the film backings varies, which has an 

impact on the amount of gas exchange and water evaporation. 

In wound therapy, other kinds of wound dressings, such as hydroactive polymers and colloids, 

are also frequently utilized. By expanding when fluids bond to the polymer or colloid, these 

non-foam materials absorb fluids and form a gel-like solid (Fogh & Nielsen, 2015). The 

majority of foam dressings absorb exudates vertically, and can observed that the dressing's 

exudative imprint, which remains consistent with the wound's shape, after absorbing exudates. 

Additionally, some dressings combine the first two methods; for example, a foam dressing can 

be separated into layers for contact, absorption, and back layers, among other purposes. 

Utilizing all of the material's absorption capacity, it absorbs vertically with the wound contact 

layer and can migrate to the side after entering the absorption layer. The exudate won't overflow 

because of the locking action of the absorption layer, lowering the chance of impregnation 

(Sweeney et al., 2012). 

2.4.2.5. Alginates 

Because of its special qualities such as its non-toxicity, biocompatibility, immunogenicity, 

affordability, and high absorption capacity, alginate is used in wound dressings (Aderibigbe & 

Buyana, 2018). However, the poor mechanical characteristics of biopolymers usually provide 

a limitation. They are customized to change their degradation pattern and mixed with synthetic 

polymers to improve their mechanical qualities (Ulery et al., 2011; Yadav et al., 2015). Brown 

seaweed is the natural source of alginate, a naturally occurring anionic biopolymer(Lee & 

Mooney, 2012). It is non-toxic, easily accessible, and biocompatible. Alginate-based wound 
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dressings have lower rates of bacterial infections and a moist environment, both of which are 

critical for wound healing (Lee & Mooney, 2012). Ascophyllum nodosum, Laminaria 

hyperborea, Laminaria japonica, Macrocystis pyrifera, and Laminaria digitate are among the 

brown algae (Phaeophyceae) from which alginate is derived (Fertah et al., 2017; Lee & 

Mooney, 2012). Depending on the source, it has a different ratio of guluronate to mannuronate. 

Alginate gels can be produced via acid precipitation or ionic crosslinking with cations. Alginate 

gels because of the cooperative binding of divalent cations and the dimerization of G residues 

in the polymer's G-block regions (Ching et al., 2017). Trivalent ions, such as Al and Fe, can 

also cause alginate gels to develop. In contrast to divalent cations, trivalent cations have a more 

robust binding to alginate, producing a more compact gel network (Ching et al., 2017; Draget 

& Taylor, 2011; Yang et al., 2013). Alginate dressings have the ability to absorb dry wound 

fluid and condense it into gels that can limit bacterial infections, give a dry wound a 

physiologically moist environment, and hasten the process of granulation tissue creation and 

re-epithelialization (Szekalska et al., 2016). 

2.4.2.6. Cryogels 

Gels are described as polymer networks that have a fluid expand them across their entire 

volume. When it comes to hydrogels, water acts as the swelling agent while a hydrophilic 

polymer makes up the network component (Tofanica et. al., 2022). Cryogel development, 

however, has become necessary due to their absence of linked macropores and elasticity 

properties needed for a range of biomedical applications. A kind of hydrogels known as 

cryogels are created when the solvent's freezing point is reached. A supermacroporous linked 

structure is produced after a freeze-thaw cycle (Memic et al., 2019). In a scaffold for tissue 

engineering applications, for example, the homogeneous porosity structure promotes waste 

exchange and cell proliferation (Bhat & Kumar, 2012). Cryogels have also been used in novel 

biomedical and biotechnical applications such as wound healing, bioseparation, sensors, 

controlled drug delivery, and carriers for cell immobilization (Dragan, 2014; Lozinsky et al., 

2003; Zhang et al., 2013). 

Cryogels are hydrogels that are macroporous and have a huge surface area, high swelling 

capacity, and interconnected porosity. Numerous final cryogel qualities ultimately depend on 

the polymer/monomer composition that is selected. The inclusion of fillers or additives, wall 

thickness, pore size, crosslinking, and other variables all influence the cryogel's characteristics. 
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The preparation technique can affect the pore size and distribution, wall thickness and density, 

and pore size of cryogel. For instance, by increasing the freezing rate, smaller pores can be seen 

(Henderson et al., 2013). The size, thickness, and density of pores have a major impact on the 

characteristics of cryogels. Higher wall densities and thicker walls often translate into better 

mechanical qualities; they are determined by the type of crosslinking in the cryogel and the 

concentration of the monomer or precursors utilized (Plieva et al., 2005). Good mechanical 

qualities and an innately linked macroporous structure allow cryogels to absorb large volumes 

of blood from a bleeding location while their form expands (Zhao et al., 2018). Through blood 

cell and platelet adhesion, enrichment, and activation during blood absorption, these distinctive 

structures can serve as a filter for blood cells and platelets to aid in blood coagulation 

(Konovalova et al., 2017). It implies that the use of cryogels in hemostatic applications has 

enormous potential (Konovalova et al., 2017). Additionally, cryogels can facilitate the 

migration of cells into the scaffold to enhance wound healing following hemostasis, absorb 

exudates from the wound area, and offer a moist environment to lower the risk of infection 

(Zhao et al., 2018). 

2.5. Molecularly Imprinted Polymers  

Molecularly imprinted polymers (MIPs) are synthetic receptors designed to possess specific 

cavities for target molecules, allowing for selective recognition and binding (BelBruno, 2018). 

These polymers have been utilized in various applications such as the determination of 

organophosphorus pesticides in complex samples (Boulanouar et al., 2018), clearance of MIP-

1 by insulin-degrading enzyme (Ren et al., 2010), selective detection of C‐reactive protein 

(Öter, 2023), reduction of cytokine release syndrome (Zhong et al., 2022), selective removal of 

dibutyl phthalate (Dolai et al., 2019), and detection of nortriptyline (Nezhadali et al., 2019). 

MIPs have also been employed in the isolation of chelerythrine (Zhong et al., 2018), inhibition 

of bacterial biofilm formation (Ma et al., 2018), recognition and sustained release of diclofenac 

(Zheng et al., 2018), and active packaging for beef preservation (Huang et al., 2018). 

The preparation of MIPs involves the synthesis of three‐dimensional crosslinked polymers with 

selective recognition sites for the target molecule, which can be characterized using various 

techniques such as scanning electron microscopy (Öter, 2023). Additionally, MIPs have been 

combined with biotechnology to obtain bifunctional nanoparticles capable of enriching and 

degrading template molecules (Zhong et al., 2022). The application of MIPs as selective 
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sorbents in solid‐phase extraction techniques has also been demonstrated (Nezhadali et al., 

2019). Furthermore, MIPs have been widely applied in the separation of compounds in complex 

matrices due to their high selectivity for molecular recognition (Huang et al., 2019). 

The synthesis of MIPs involves various methods such as precipitation polymerization, sol-gel 

process, and atom transfer radical polymerization (Sun et al., 2016; Shin et al., 2013; Duan et 

al., 2013). These methods allow for the preparation of MIPs with specific molecular recognition 

sites for certain target molecules (Huang et al., 2017). The resulting MIPs possess specific 

recognition ability, low cost, reusability, high mechanical strength, good stability in harsh 

environments, and ease of preparation (He et al., 2016). Moreover, MIPs have been used as 

dispersive solid phase extraction materials for the enrichment, separation, and detection of 

specific compounds in various samples (Wang et al., 2013; Wu et al., 2012). 

2.5.1. Covalent Imprinting 

The synthesis of molecularly imprinted polymers (MIPs) involves various methods, including 

covalent imprinting, which has gained significant attention in recent years. Covalent imprinting 

is a technique where the template molecules are covalently bound to the functional monomers 

during the polymerization process, resulting in the formation of highly selective recognition 

sites within the polymer matrix Shen & Ren (2014). This approach has been demonstrated to 

enhance the specificity and stability of MIPs, making them suitable for a wide range of 

applications, including biomolecule recognition and environmental remediation (Burri, 2015). 

In the preparation of MIPs, the use of covalent imprinting has been shown to improve the 

homogeneity and selectivity of molecular cavities within the polymer matrix, leading to 

enhanced recognition of target molecules (Dabrowski et al., 2019). This technique involves the 

formation of covalent bonds between the template molecules and the functional monomers, 

resulting in the creation of specific binding sites that closely match the shape, size, and 

functional groups of the target analyte (Dabrowski et al., 2019). Covalent imprinting has been 

applied in the development of highly selective and homogeneous molecular cavities in MIPs, 

particularly through the combination of surface imprinting and semi-covalent imprinting 

(Dabrowski et al., 2019). 

Furthermore, the use of covalent imprinting has been explored in the fabrication of molecularly 

imprinted mesoporous organosilica (MIMO), where the template molecules are covalently 
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immobilized within the mesoporous structure, leading to the creation of tailored recognition 

sites for specific analytes (Lofgreen et al., 2011). This approach has demonstrated the potential 

for the development of MIPs with enhanced binding affinity and selectivity, particularly in the 

field of catalysis and chemosensing (Lofgreen et al., 2011). 

Covalent imprinting has also been utilized in the construction of novel electrochemical sensors 

based on MIPs for the selective determination of target molecules in real samples (Xu et al., 

2017). The modified electrodes are prepared by synthesizing MIPs through a precipitation 

method and then coating them on a suitable substrate, resulting in the creation of specific 

recognition sites through covalent or non-covalent interactions between the template and 

monomer complexes (Xu et al., 2016). 

Covalent imprinting represents a promising approach for the synthesis of MIPs with enhanced 

selectivity and stability. This technique involves the formation of specific recognition sites 

through covalent interactions between the template molecules and functional monomers, 

leading to the development of tailored polymers with applications in various fields, including 

biomolecule recognition, environmental remediation, and sensor technology. 

2.5.2. Non- covalent Imprinting  

Non-covalent imprinting has emerged as a popular and widely used synthesis strategy for 

molecularly imprinted polymers (MIPs) due to its experimental simplicity and flexibility in the 

choice of functional monomers and template molecules (Qi et al., 2014). This approach involves 

the formation of strong intermolecular non-covalent interactions, such as van der 

Waals/electrostatic interactions and hydrogen bonding, between the template molecule and the 

functional monomers (Quint et al., 2015). Non-covalent imprinting has been applied in various 

fields, including catalysis, solid-phase extraction, and sensor technology, and has demonstrated 

significant potential in the development of selective recognition materials (Nasir et al., 2014). 

The use of non-covalent imprinting has been highlighted in the synthesis of MIPs for the 

selective extraction of target molecules from complex matrices, such as the preparation of 

metallic pivot-based imprinted monoliths with a hydrophilic macromonomer for the interaction 

of template and monomer (Li et al., 2015). Additionally, non-covalent imprinting has been 

employed in the development of molecularly imprinted polymer nanoparticles (MIP NPs) for 
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the simultaneous determination of multiple carbamate pesticides from environmental water, 

demonstrating the versatility and applicability of this approach (Qi et al., 2014). 

Furthermore, non-covalent imprinting has been utilized in the preparation of molecularly 

imprinted polymer inclusion membranes for the determination and quantification of specific 

compounds in natural waters, showcasing its potential in environmental analysis and 

monitoring (Vishnuvardhan et al., 2011). This approach has also been employed in the synthesis 

of MIPs for the selective clean-up of vinblastine from Catharanthus roseus extract, 

demonstrating its utility in the pharmaceutical and natural product extraction fields (Zhu et al., 

2010). 

Moreover, non-covalent imprinting has been used in the development of molecularly imprinted 

polymer membranes and thin films for the separation and sensing of biomacromolecules, 

opening up new avenues of research and commercial opportunities for MIPs (Boysen et al., 

2016). The resulting MIPs from non-covalent imprinting have shown enhanced specific 

permeabilities and selectivities, making them suitable for various applications, including drug 

compounding and anti-infective agents (Benito-Peña et al., 2015). Non-covalent imprinting has 

become a popular and versatile synthesis strategy for the preparation of MIPs, offering 

simplicity, flexibility, and strong intermolecular interactions for the development of selective 

recognition materials with diverse applications. 

 

2.6. Wound and Burn Dressing Studies with Molecularly Imprinted Polymers 

Molecularly imprinted polymers are materials obtained by polymerization of molecules with a 

specific shape or structure. These polymers may have a variety of applications, particularly in 

healthcare fields such as wound dressings. For instance, the publication "Synthesis of 

molecularly imprinted polymer nanoparticles containing gentamicin drug as wound dressing 

based polyvinyl alcohol/gelatin nanofiber" by Koudehi and Zibaseresht discusses the 

development of a novel wound dressing material. ‘This publication aims to synthesize 

molecularly imprinted polymer nanoparticles (MIPN) containing an antibiotic called 

gentamicin and use them as a wound dressing based on polyvinyl alcohol/gelatin nanofiber 

(PVA/GEL) for wound healing (Koudehi and Zibaseresht, 2019). The authors prepared the 

MIPNs by free radical polymerization method and embedded them into PVA/GEL nanofibers 
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by electro-spinning technique. The authors showed that the MIPNs provided selective and 

controlled release of gentamicin and improved the biocompatibility, antibacterial and cellular 

properties of PVA/GEL nanofibers. The authors stated that this study has a potential application 

in the treatment of chronic and infected wounds (Koudehi and Zibaseresht, 2019). 

The article "Molecularly imprinted polymer as drug delivery carrier in alginate dressing by 

Kurczewska et al. (2017) explores the use of molecularly imprinted polymers (MIPs) as drug 

delivery carriers in alginate dressings. The study delves into the incorporation of MIPs into 

alginate dressings to facilitate targeted and controlled drug release for transdermal applications. 

This research is significant as it potentially contributes to the development of advanced wound 

dressing materials with enhanced therapeutic capabilities. The utilization of MIPs in 

conjunction with alginate dressings may offer a promising approach for improving drug 

delivery efficiency and efficacy in wound management. This article is highly relevant to the 

topic of using molecularly imprinted polymers in wound dressing materials and drug delivery 

systems. (Kurczewska et al., 2017) 

In another study, sodium alginate (SA) in CaCl2 solution was cross-linked to create calcium 

alginate (CaAlg) hydrogel membranes. (Liu et al., 2018) β-methoxyethylene triethyoxysilane 

(KH-570) and γ-amidopropyl triethyoxysilane (KH-550) were used as functional monomers to 

synthesize BSA molecular-imprinted polysiloxane polymer, with BSA serving as the template 

and CaAlg hydrogel membrane serving as the matrix. Fourier transform infrared spectroscopy 

(FT-IR), transmission electron microscopy (TEM), and scanning electronic microscopy (SEM) 

were used to examine the molecularly imprinted polysiloxane (MIP) membrane. The MIP 

membrane's adsorption and recognition capabilities were assessed. Fibronectin (FN)-imprinted 

polysiloxane was created by utilizing FN as the template, silanes as functional monomers, and 

CaAlg hydrogel membrane as the matrix to create a biomaterial that can encourage cell 

adhesion and proliferation. Cell culture data demonstrated that FN-imprinted polysiloxane 

outperformed NIP in terms of its ability to promote cell adherence.(Liu et al., 2018). 
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3. METHODOLOGY 

3.1. Materials 

Asx, methacrylic acid (MAA), 2-hydroxyethyl methacrylate (HEMA), ethylene dimethacrylate 

(EGDMA), ammonium persulfate (APS), N,N,N′,N′-tetramethylene diamine (TEMED), 

dimethyl sulfoxide (DMSO), polyvinyl alcohol (PVA), gelatine, ethanol, sodium hydroxide 

(NaOH), and all chemicals used in the experiments were sourced from from Sigma-Aldrich (St. 

Louis, MO, USA). Analytical grade reagents and distilled water (MercAG Millipore Direct-Q 

3 UV (Darmstadt, Germany)) were used to prepare the solutions. 

 

3.2. Synthesis of Astaxanthin Imprinted Polymers  

Asx was employed as the template molecule for the synthesis of Asx-imprinted polymers (Asx-

MIPs). First, pre-complex formation was carried out using Asx and functional monomer MAA 

at a molar ratio of 1:16 (nAsx:nMAA) (4 hours). The pre-complex was combined with the main 

monomer HEMA (4.85 mL) and the crosslinking agent EGDMA (2.83 mL). Subsequently, 

SDS, dissolved in 1.7 mL of distilled water, was introduced into the mixture, and stirring 

persisted for 10 minutes. Following this, 0.05 g of APS and 25 µL of TEMED were incorporated 

into the mixture. The entire blend was then loaded into syringes and left to undergo 

polymerization at -16 ℃ for a duration of 12 hours. The synthesized polymer was subjected to 

drying in an oven, and the resulting dry polymer was subsequently pulverized into a powder. 

The powdered polymers underwent a washing process with distilled water at room temperature. 

Non-imprinted polymers (NIPs) were synthesized using the identical method without using 

Asx. 

3.3. Synthesis of Asx-MIP Embedded Wound Dressing Materials 

A 10% (w/v) PVA solution was dissolved in ultrapure water with gentle stirring and heated 

until the solution turned transparent. Simultaneously, a Gel solution was prepared in ultrapure 

water, reaching a final concentration of 3% (w/v) at 40 °C using a water bath. The PVA and 

Gel solutions were then combined in a 1:2 ratio. Powdered Asx-MIPs were incorporated into 

the PVA-Gel mixture in varying amounts (25 mg, 50 mg, and 100 mg). Subsequently, 

glutaraldehyde was introduced as a crosslinker to the resultant polymer solution, followed by 



27 

 

vortexing. To serve as a reference, a cryogel without Asx-MIP was synthesized following the 

same procedure. The mixture was poured into 24-well plates and placed in the freezer at -16°C 

for 12 hours. Upon completion of the polymerization process, Asx-MIP and NIP loaded 

cryogels (PVA-Asx-Gel and PVA-Gel, respectively) were extracted from the freezer and 

allowed to thaw at room temperature, resulting in a highly porous structure. After thawing, the 

cryogels underwent multiple washes with pure water to eliminate any residual polymer 

precursors and cross-linkers that did not integrate into the structure. 

3.4. Characterization Studies 

3.4.1. Swelling tests 

To ascertain the swelling ratio (SR) of the synthesized cryogels, both PVA-Asx-Gel and PVA-

Gel cryogels underwent swelling in deionized water (DI) and were subsequently lyophilized 

for 30 minutes at -50°C under a pressure of 0.001 mbar. The weight of the freeze-dried cryogels 

was then measured. These cryogels were placed in a Falcon tube containing 30 mL of DI water 

at room temperature for a duration of 2 hours. After removing excess water from the surface of 

the cryogels using filter paper, the weight of the swollen cryogel samples was determined. The 

swollen weight (Ws) and dry weight (Wd) were recorded, and the swelling ratio (SR) of the 

cryogel samples was calculated using Equation (1). 

SR % = [ (Ws - Wd) / Wd ] x 100                                                                            Equation (1) 

The cryogels were subjected to freeze-drying, and their weight was measured (Wd). The overall 

monomer mass (Wt) was ascertained, and the polymerization yield (PY) of the cryogels was 

computed using equation 3. 

PY % = (Wd /Wt ) x 100                                                                                          Equation (2) 

3.4.2. SEM Analysis  

The morphology of the cryogels was scrutinized through scanning electron microscopy (SEM). 

For SEM analysis, the cryogels underwent dehydration through a freeze-drying process. 

Subsequently, a thin coating of gold-palladium was applied to the cryogels, and they were 

observed using a scanning electron microscope (FEI, Quanta 650 Field Emission SEM). The 

determination of pore sizes in the cryogels was accomplished by analyzing SEM images 

through ImageJ software. 
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3.5 In vitro Release Studies 

Asx release studies from PVA-Asx-Gels were carried out at room temperature using DMSO. 

For this purpose, 10 mL DMSO was added to 5 cryogels and samples were taken at different 

time intervals (0-180 min, and 24-48 h). DMSO was added as much as the volume of the sample 

taken each time. In order to determine the Asx concentration in the samples taken at different 

time intervals, absorbance measurements were made using a UV spectrophotometer (Genesys 

150, Thermo Scientific, United States) at 492 nm. 

3.6. In Vitro Cell Studies 

3.6.1. Cells and culture conditions 

Cell studies were performed using mouse embryonic fibroblast (MEF, (CF-1) (ATCC® SCRC-

1040™)) cell line. The cells were cultured in Dulbecco's Modified Eagle's medium (DMEM, 

Hyclone) supplemented with 10% fetal bovine serum (FBS, South America) and 55 μM β-

mercaptoethanol (Merck) specifically for MEF cells. The cells were then incubated in a 

humidified incubator at 37 °C with 5% CO2. 10x104 cells/well were seeded onto scaffolds. As 

a control group the same number of cells were seeded as 2D. 

3.6.2. Sterilization of Cryogels 

Cryogels were subjected to sterilization using 70% ethanol (Merck). They were immersed in 

70% ethanol within sterile Petri dishes for a duration of 2 hours. Subsequently, the cryogels 

underwent two rinses with sterile ultra-pure water and were soaked in ultra-pure water for an 

additional 2 hours. Following this, the cryogels were introduced into a 24-well plate and 

exposed to DMEM for 2 hours after being washed twice with culture medium (DMEM). Prior 

to cell seeding, the DMEM was extracted, and the cryogels were left to air-dry for 1 hour. 

3.6.3. MTT Assay 

Cell viabilities were evaluated through the MTT (4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide assay, conducted at 24, 48, and 72-hour intervals. At the end of the relevant 

incubation periods, the medium was removed, and the cells were washed with PBS. 

Subsequently, MTT reagent (0.25 mg/mL in PBS) was administered to each well and incubated 

at 37°C for 2 hours. 
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Following the incubation period, the MTT solution was removed, and DMSO was introduced 

to wells. Samples were subjected to 30 minutes of shaking in a dark environment. Subsequently, 

the samples were assessed using a spectrophotometer with readings taken at 570 nm. 

The cell viability percentage was calculated considering the control group as 100. The following 

formula was utilized for the calculation. 

Cell viability (%) = (Average of test cells / Average of control cells) ×100            Equation (3) 

In the given equation, the term "test cells" refers to the assessment of cell viability for cells 

cultured on cryogels, whereas the term "control cells" pertains to the evaluation of cell viability 

for cells cultured on a standard culture plate.  

 

4. ANALYSIS AND DISCUSSION 

4.1. Synthesis of Astaxanthin Imprinted Polymers 

Asx-MIPs were synthesized in syringes by cryogelation method. As a result of polymerization, 

a monolith structure was formed and left to dry in an oven. The resulting dry polymer was 

crushed into powder with the help of a mortar. NIP were synthesized using the same method 

without the use of Asx. Asx-MIPs and NIPs are shown in Figure 4.1. 
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Figure 4.1. Asx-MIPs and NIPs. 

 

4.2. Synthesis of Astaxanthin Imprinted Polymers Embedded Wound Dressing 

Materials 

PVA-Asx-Gel and PVA-Gels were synthesized using powdered Asx-MIP and NIPs, 

respectively. Polymerization was carried out at -16 °C for 12 hours in a 24 well plate. The 

cryogels formed after polymerization were allowed to melt at room temperature. Thus, cryogels 

with a very high porous structure were obtained. Images of cryogels before and after 

polymerization are given in Figure 4.2. 
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Figure 4.2. Images of PVA-Asx-Gel and PVA-Gel cryogels before and after polymerization. 

 

4.3. Characterization Studies 

4.3.1. Swelling tests 

Swelling experiments of PVA-Asx-Gel and PVA-Gel were carried out using DI. In swelling 

experiments, swelling percentages were calculated using the weights of the cryogels dried in 

the lyophilizer and the weighted weights of these dry gels after they were swollen in DI for 2 

hours. During synthesis, gels loaded with different concentrations of Asx-MIP and NIP were 

divided into 12 wells of 500 μl volume. Polymerization yield was calculated based on total 

volume. The results obtained are given in Table 4.1. Dry and wet images of the gels are shown 

in Figure 4.3. As can be seen from table 4.1 the polymerization yields obtained are quiete high 

and the swelling degree were calculated as around 145%for all polymers. 
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Figure 4.3. A) Dried cryogels and B) swollen cryogels. 

 

Table 4.1.  Swelling ratio and polymerization yield of Asx-MIP and NIP embedded cryogels. 

Polymer 

  

Swelling Ratio 

(%) 

Polymerization 

Yield (%) 

 

50 mg NIP 

embedded 

cryogel 

144.8 

 

 

 

 

90.6 

 

 

 

 

25 mg Asx-

MIP 

embedded 

cryogel 

143.8 90.5 

50 mg Asx-

MIP 

embedded 

cryogel 

145.9 89.6 

100 mg Asx-

MIP 

embedded 

cryogel 

148.1 87.9 
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4.3.2. SEM Analysis  

SEM analysis was used to examine the surface morphologies of PVA-Asx-Gel and PVA-Gel 

cryogels. SEM images taken at different magnifications provide detailed information about the 

structural properties of cryogels and these images are presented in Figure 4.4. When SEM 

images are examined, it can be seen that Asx-MIP and NIP polymers are clearly incorporated 

into the cryogel structure. 

Figure 4.4. Surface morphology images of A-B) PVA-Asx-Gel (1000x-500x) and C-D) PVA-

Gel (1000x-500x) taken with SEM. 

4.4.  In vitro Release Studies 

The time-release behavior of Asx was investigated using PVA/gels synthesized by 

incorporating varying amounts of Asx-MIP (25, 50, and 100 mg). Release studies were carried 

out with DMSO at room temperature and the graph created according to the data obtained is 

given in Figure 4.5. 
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Figure 4.5. Effect of the amount of Asx-MIP embedded on release (%) 

The Asx release rate depending on the amount of embedded Asx-MIP polymers shows a 

positive relationship as shown in Figure 4.5. This expected result can be explained by the higher 

driving force for diffusion out of the Asx-MIP embedded cryogels caused by the higher Asx 

content in the polymer system, which shows up as a bigger concentration gradient. 
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Figure 4.6. Cumulative release amount over time based on the amount of Asx-MIP embedded 

The cumulative release graph of cryogels containing different amounts of Asx-MIP polymers 

is given in Figure 4.6. When the graph was examined, it was seen that Asx was released at a 

high rate within two hours. Later, according to the samples taken for 2 days, it was shown that 

the Asx release continued slowly. 
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4.5.  In vitro Cell Studies 

4.5.1. MTT Assay  

MTT assay results revealed that all synthesized cryogels had no cytotoxic effect on MEF cells 

and were suitable for cell growth (Figure 4.7.). As the incubation time increased, cell 

proliferation in all three MIP cryogels increased, and it was determined that the viability was 

higher than the 2D control group. For NIP cryogel, cell viability was surprisingly equal to the 

2D control. This is thought to mean that NIP cryogel does not inhibit cell growth but does not 

have a proliferation-enhancing effect either. 

 

Figure 4.7. The viability of MEF cells cultured on synthesized cryogels. 

The cryogels referred to as 25 mg Asx-MIP, 50 mg Asx-MIP and 100 mg Asx-MIP contained 

9.16x10-4 mg/mL, 18.32x10-4 mg/mL and 36.64x10-4 mg/mL Asx respectively. When Figure 

4.7 is examined, it is noteworthy that as the amount of Asx in the cryogels increases, cell 

viability increases in all three incubation periods. This suggests that Asx contained in cryogels 

has a cell proliferation-enhancing effect. Based on this, it is thought that MIP cryogels 

containing Asx have the potential to facilitate wound healing and are suitable as wound/burn 

dressing materials. 
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5. CONCLUSION 

In this study, Asx imprinted HEMA based polymers were synthesized and these polymers 

containing different amounts of Asx were ground and embedded into cryogels. Hydroxyethyl 

methacrylate (HEMA)-based cryogels were characterized by swelling tests, scanning electron 

microscopy. As a result of swelling tests, Asx-MIP and NIP embedded cryogels showed high 

swelling properties of 642 and 645.9 percent, respectively. The surface morphology and bulk 

structure of Asx-MIP and NIP embedded cryogels were analyzed by scanning electron 

microscopy (SEM). When SEM photographs were examined, it was seen that Asx-MIP and 

NIP particles were distributed homogeneously in the polymer matrix and Asx release could 

occur without any obstacle from cryogel disks with sufficiently large pores. Release kinetics 

were examined depending on the amount of Asx-MIP embedded in the cryogels and it was 

determined that a high rate of Asx was released within the first 2 hours. With in vitro study, the 

effect of Asx on mouse embryonic fibroblast (MEF, (CF-1) (ATCC® SCRC-1040™)) cell line 

was examined and MTT analysis was performed. As a result of all analyses, it has been shown 

that astaxanthin contained in cryogels has a cell proliferation-enhancing effect, and it has been 

proven that MIP cryogels containing Asx have the potential to facilitate wound healing and can 

be used as wound/burn dressing material. 

 

 

 

 

 

 

 

 

 

 



38 

 

REFERENCES 

Abruzzo, A., Cappadone, C., Sallustio, V., Picone, G., Rossi, M., Nicoletta, F., … & Cerchiara, 

T. (2021). Development of spanish broom and flax dressings with glycyrrhetinic acid-loaded 

films for wound healing: characterization and evaluation of biological properties. 

Pharmaceutics, 13(8), 1192. https://doi.org/10.3390/pharmaceutics13081192 

Aderibigbe, B. A., & Buyana, B. (2018). Alginate in Wound Dressings. Pharmaceutics, 10(2), 

42. https://doi.org/10.3390/pharmaceutics10020042 

Ahmadi, A. and Ayazi-Nasrabadi, R. (2021). Astaxanthin protective barrier and its ability to 

improve the health in patients with covid-19. Iranian Journal of Microbiology. 

https://doi.org/10.18502/ijm.v13i4.6965 

Almadani, Y., Vorstenbosch, J., Davison, P., & Murphy, A. (2021). Wound healing: a 

comprehensive review. Seminars in Plastic Surgery, 35(03), 141-144. https://doi.org/10.1055/s-

0041-1731791 

Ambati, R., Phang, S., Ravi, S., & Ravishankar, G. (2014). Astaxanthin: sources, extraction, 

stability, biological activities and its commercial applications—a review. Marine Drugs, 12(1), 

128-152. https://doi.org/10.3390/md12010128 

Aoi, W., Maoka, T., Abe, R., Fujishita, M., & Tominaga, K. (2018). Comparison of the effect 

of non-esterified and esterified astaxanthins on endurance performance in mice. Journal of 

Clinical Biochemistry and Nutrition, 62(2), 161-166. https://doi.org/10.3164/jcbn.17-89 

Appell, M., Jackson, M., Wang, L., Ho, C., & Mueller, A. (2013). Determination of fusaric acid 

in maize using molecularly imprinted spe clean-up. Journal of Separation Science, 37(3), 281-

286. https://doi.org/10.1002/jssc.201301065 

Armstrong, D. and Jude, E. (2002). The role of matrix metalloproteinases in wound healing. 

Journal of the American Podiatric Medical Association, 92(1), 12-18. 

https://doi.org/10.7547/87507315-92-1-1 

BelBruno, J. (2018). Molecularly imprinted polymers. Chemical Reviews, 119(1), 94-119. 

https://doi.org/10.1021/acs.chemrev.8b00171 

Benito-Peña, E., Navarro-Villoslada, F., Carrasco, S., Jockusch, S., Ottaviani, M., & Moreno-

Bondi, M. (2015). Experimental mixture design as a tool for the synthesis of antimicrobial 

selective molecularly imprinted monodisperse microbeads. Acs Applied Materials & Interfaces, 

7(20), 10966-10976. https://doi.org/10.1021/acsami.5b02238 

Bhat, S., & Kumar, A. (2012). Cell proliferation on three-dimensional chitosan–agarose–gelatin 

cryogel scaffolds for tissue engineering applications. Journal of Bioscience and 

Bioengineering, 114(6), 663–670. https://doi.org/10.1016/J.JBIOSC.2012.07.005 

https://doi.org/10.3390/pharmaceutics13081192
https://doi.org/10.1055/s-0041-1731791
https://doi.org/10.1055/s-0041-1731791
https://doi.org/10.1055/s-0041-1731791
https://doi.org/10.7547/87507315-92-1-1
https://doi.org/10.7547/87507315-92-1-1
https://doi.org/10.7547/87507315-92-1-1
https://doi.org/10.1016/J.JBIOSC.2012.07.005
https://doi.org/10.1016/J.JBIOSC.2012.07.005


39 

 

Borges, L. F., Fraga Righetti, R., de Souza Francisco, D., Pereira Yamaguti, W., & Barros, C. 

F. D. (2022). Hemodynamic impact of early mobilization in critical patients receiving 

vasoactive drugs: A prospective cohort study. Plos one, 17(12), e0279269. 

Boulanouar, S., Mezzache, S., Combès, A., & Pichon, V. (2018). Molecularly imprinted 

polymers for the determination of organophosphorus pesticides in complex samples. Talanta, 

176, 465-478. https://doi.org/10.1016/j.talanta.2017.08.067 

Boysen, R., Schwarz, L., Nicolau, D., & Hearn, M. (2016). Molecularly imprinted polymer 

membranes and thin films for the separation and sensing of biomacromolecules. Journal of 

Separation Science, 40(1), 314-335. https://doi.org/10.1002/jssc.201600849 

Broughton, G., Janis, J. E., & Attinger, C. E. (2006). The basic science of wound healing. 

Plastic and Reconstructive Surgery, 117(7 Suppl). 

https://doi.org/10.1097/01.PRS.0000225430.42531.C2 

Brumberg, V., Астрелина, Т., Маливанова, Т., & Самойлов, А. (2021). Modern wound 

dressings: hydrogel dressings. Biomedicines, 9(9), 1235. 

https://doi.org/10.3390/biomedicines9091235 

Burri, H. (2015). An assay study of molecular recognition of amino acids in water: covalent 

imprinting of cysteine. Journal of Biomedical Science and Engineering, 08(12), 805-814. 

https://doi.org/10.4236/jbise.2015.812077 

Chang, M. and Xiong, F. (2020). Astaxanthin and its effects in inflammatory responses and 

inflammation-associated diseases: recent advances and future directions. Molecules, 25(22), 

5342. https://doi.org/10.3390/molecules25225342 

Cheng, Y., Chang, Y., Yu, F., Jian, H., Wu, X., Zheng, R., … & Zhang, H. (2019). Hierarchical 

acceleration of wound healing through intelligent nanosystem to promote multiple stages. Acs 

Applied Materials & Interfaces, 11(37), 33725-33733. https://doi.org/10.1021/acsami.9b13267 

Ching, S. H., Bansal, N., & Bhandari, B. (2017). Alginate gel particles-A review of production 

techniques and physical properties. Critical Reviews in Food Science and Nutrition, 57(6), 

1133–1152. https://doi.org/10.1080/10408398.2014.965773 

Choy, K., Ghafar, N., Hui, C., Yusof, Y., & Luan, N. (2014). Proliferative capacity of in vitro 

corneal epithelium: role of acacia honey in the initial step of wound healing. Journal of Medical 

and Bioengineering, 3(2), 107-112. https://doi.org/10.12720/jomb.3.2.107-112 

Cuéllar‐Bermúdez, S., Aguilar-Hernández, I., Cárdenas‐Chávez, D., Ornelas‐Soto, N., 

Romero-Ogawa, M., & Parra‐Saldívar, R. (2014). Extraction and purification of high‐value 

metabolites from microalgae: essential lipids, astaxanthin and phycobiliproteins. Microbial 

Biotechnology, 8(2), 190-209. https://doi.org/10.1111/1751-7915.12167 

https://doi.org/10.1021/acsami.9b13267
https://doi.org/10.1021/acsami.9b13267
https://doi.org/10.12720/jomb.3.2.107-112
https://doi.org/10.12720/jomb.3.2.107-112


40 

 

Dabiri, G., Damstetter, E., & Phillips, T. (2016). Choosing a Wound Dressing Based on 

Common Wound Characteristics. Advances in Wound Care, 5(1), 32–41. 

https://doi.org/10.1089/WOUND.2014.0586 

Dabrowski, M., Ziminska, A., Kalecki, J., Cieplak, M., Lisowski, W., Maksym, R., … & 

Sharma, P. (2019). Facile fabrication of surface-imprinted macroporous films for chemosensing 

of human chorionic gonadotropin hormone. Acs Applied Materials & Interfaces, 11(9), 9265-

9276. https://doi.org/10.1021/acsami.8b17951 

Dolai, J., Ali, H., & Jana, N. (2019). Molecular imprinted poly-cyclodextrin for selective 

removal of dibutyl phthalate. Acs Applied Polymer Materials, 2(2), 691-698. 

https://doi.org/10.1021/acsapm.9b01024 

Dragan, E. S. (2014). Design and applications of interpenetrating polymer network hydrogels. 

A review. Chemical Engineering Journal, 243, 572–590. 

https://doi.org/10.1016/J.CEJ.2014.01.065 

Draget, K. I., & Taylor, C. (2011). Chemical, physical and biological properties of alginates 

and their biomedical implications. Food Hydrocolloids, 25(2), 251–256. 

https://doi.org/10.1016/J.FOODHYD.2009.10.007 

Duan, W., Li, H., Zhou, J., Lei, F., Li, P., & Tan, X. (2013). Selective adsorption of berberine 

hydrochloride using molecularly imprinted polymers with modified rosin as cross-linker. Asian 

Journal of Chemistry, 25(13), 7421-7426. https://doi.org/10.14233/ajchem.2013.14759 

Falanga, V. (2005). Wound healing and its impairment in the diabetic foot. The Lancet, 

366(9498), 1736-1743. https://doi.org/10.1016/s0140-6736(05)67700-8 

Fassett, R. and Coombes, J. (2011). Astaxanthin: a potential therapeutic agent in cardiovascular 

disease. Marine Drugs, 9(3), 447-465. https://doi.org/10.3390/md9030447 

Fassett, R. and Coombes, J. (2012). Astaxanthin in cardiovascular health and disease. 

Molecules, 17(2), 2030-2048. https://doi.org/10.3390/molecules17022030 

Fertah, M., Belfkira, A., Dahmane, E. montassir, Taourirte, M., & Brouillette, F. (2017). 

Extraction and characterization of sodium alginate from Moroccan Laminaria digitata brown 

seaweed. Arabian Journal of Chemistry, 10, S3707–S3714. 

https://doi.org/10.1016/J.ARABJC.2014.05.003 

Fogh, K., & Nielsen, J. (2015). Clinical utility of foam dressings in wound management: a 

review. Chronic Wound Care Management and Research, 2, 31. 

https://doi.org/10.2147/CWCMR.S50832 

Fournier, M., Cutbirth, C., Lam, D., Marchena, J., & Pearl, C. (2022). Clinical application of 

intrasite™ hydrogel dressing for the management of facial gunshot wounds with a complex soft 

https://doi.org/10.14233/ajchem.2013.14759
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.1016/s0140-6736(05)67700-8
https://doi.org/10.2147/CWCMR.S50832


41 

 

tissue avulsion defect. Craniomaxillofacial Research & Innovation, 7, 275284642211152. 

https://doi.org/10.1177/27528464221115228 

FrykbergRobert, G. (2015). Challenges in the treatment of chronic wounds. Advances in wound 

care. 

Gao, B., He, X., Jiang, Y., Wei, J., Suo, H., & Zhao, C. (2014). Computational simulation and 

preparation of fluorescent magnetic molecularly imprinted silica nanospheres for ciprofloxacin 

or norfloxacin sensing. Journal of Separation Science, 37(24), 3753-3759. 

https://doi.org/10.1002/jssc.201401014 

Ghomi, E., Khalili, S., Khorasani, S., Neisiany, R., & Ramakrishna, S. (2019). Wound 

dressings: current advances and future directions. Journal of Applied Polymer Science, 136(27). 

https://doi.org/10.1002/app.47738 

Giannaccare, G., Pellegrini, M., Senni, C., Bernabei, F., Scorcia, V., & Cicero, A. (2020). 

Clinical applications of astaxanthin in the treatment of ocular diseases: emerging insights. 

Marine Drugs, 18(5), 239. https://doi.org/10.3390/md18050239 

Gnyawali, S., Huang, J., Liu, P., Sen, C., & Xu, R. (2012). Multimodal imaging of ischemic 

wounds.. https://doi.org/10.1117/12.1000018 

Gomes Neto, R. J., Genevro, G. M., Paulo, L. de A., Lopes, P. S., de Moraes, M. A., & Beppu, 

M. M. (2019). Characterization and in vitro evaluation of chitosan/konjac glucomannan bilayer 

film as a wound dressing. Carbohydrate Polymers, 212, 59–66. 

https://doi.org/10.1016/J.CARBPOL.2019.02.017 

Gore, M., Jadhav, S., Schultz, G., & Mehta, D. (2021). Evaluation of safety and efficacy of 

barrier foam dressing in patients with exuding wounds. Biomedical Journal of Scientific & 

Technical Research, 33(5). https://doi.org/10.26717/bjstr.2021.33.005475 

Guenova, E., Hoetzenecker, W., Kisuze, G., Teske, A., Heeg, P., Voykov, B., … & Moehrle, 

M. (2013). Banana leaves as an alternative wound dressing. Dermatologic Surgery, 39(2), 290-

297. https://doi.org/10.1111/dsu.12067 

Guo, S. and DiPietro, L. (2010). Factors affecting wound healing. Journal of Dental Research, 

89(3), 219-229. https://doi.org/10.1177/0022034509359125 

He, G., Tang, Y., Hao, Y., Shi, J., & Gao, R. (2016). Preparation and application of magnetic 

molecularly imprinted nanoparticles for the selective extraction of osthole in libanotis 

buchtomensis herbal extract. Journal of Separation Science, 39(12), 2313-2320. 

https://doi.org/10.1002/jssc.201600266 

Henderson, T. M. A., Ladewig, K., Haylock, D. N., McLean, K. M., & O’Connor, A. J. (2013). 

Cryogels for biomedical applications. Journal of Materials Chemistry B, 1(21), 2682–2695. 

https://doi.org/10.1039/C3TB20280A 

https://doi.org/10.1177/27528464221115228
https://doi.org/10.1177/27528464221115228
https://doi.org/10.1177/27528464221115228
https://doi.org/10.1117/12.1000018
https://doi.org/10.1117/12.1000018
https://doi.org/10.1177/0022034509359125
https://doi.org/10.1177/0022034509359125


42 

 

Heyer, K., Augustin, M., Protz, K., Herberger, K., Spehr, C., & Rustenbach, S. (2013). 

Effectiveness of advanced versus conventional wound dressings on healing of chronic wounds: 

systematic review and meta-analysis. Dermatology, 226(2), 172-184. 

https://doi.org/10.1159/000348331 

Higuera‐Ciapara, I., Félix-Valenzuela, L., & Goycoolea, F. (2006). Astaxanthin: a review of its 

chemistry and applications. Critical Reviews in Food Science and Nutrition, 46(2), 185-196. 

https://doi.org/10.1080/10408690590957188 

Hoffman, A. S. (2002). Hydrogels for biomedical applications. Advanced Drug Delivery 

Reviews, 54(1), 3–12. https://doi.org/10.1016/S0169-409X(01)00239-3 

Huang, L., Wang, Y., Liu, H., & Huang, J. (2017). Local injection of high-molecular 

hyaluronan promotes wound healing in old rats by increasing angiogenesis. Oncotarget, 9(9), 

8241-8252. https://doi.org/10.18632/oncotarget.23246 

Huang, Y., Pan, J., Liu, Y., Wang, M., Deng, S., & Xia, Z. (2019). A spe method with two mips 

in two steps for improving the selectivity of mips. Analytical Chemistry, 91(13), 8436-8442. 

https://doi.org/10.1021/acs.analchem.9b01453 

Huang, Y., Zeng, X., Zhu, Q., Lu, K., Xu, Q., & Chun, Y. (2018). Development of an active 

packaging with molecularly imprinted polymers for beef preservation. Packaging Technology 

and Science, 31(4), 213-220. https://doi.org/10.1002/pts.2368 

Huang, Z., Zhang, Z., Xia, Q., Li, C., & Ye, Y. (2017). Surface molecularly imprinted polymer 

microspheres based on nano‐tio2 for selective recognition of kaempferol. Journal of Applied 

Polymer Science, 134(23). https://doi.org/10.1002/app.44888 

Hussein, G., Goto, H., Oda, S., Sankawa, U., Matsumoto, K., & Watanabe, H. (2006). 

Antihypertensive potential and mechanism of action of astaxanthin: iii. antioxidant and 

histopathological effects in spontaneously hypertensive rats. Biological and Pharmaceutical 

Bulletin, 29(4), 684-688. https://doi.org/10.1248/bpb.29.684 

Hussein, G., Nakagawa, T., Goto, H., Shimada, Y., Matsumoto, K., Sankawa, U., … & 

Watanabe, H. (2007). Astaxanthin ameliorates features of metabolic syndrome in shr/ndmcr-

cp. Life Sciences, 80(6), 522-529. https://doi.org/10.1016/j.lfs.2006.09.041 

Jamaludin, T., Nurumal, M., Saidi, S., Hasan, M., Said, N., Samsudin, N., … & Chong, M. 

(2020). A narrative review on modern wound dressing for diabetes mellitus wound. 

International Journal of Care Scholars, 3(2), 50-56. https://doi.org/10.31436/ijcs.v3i2.142 

Jansen, E., Braun, A., Jansen, P., & Hartmann, M. (2021). Platelet-therapeutics to improve 

tissue regeneration and wound healing—physiological background and methods of preparation. 

Biomedicines, 9(8), 869. https://doi.org/10.3390/biomedicines9080869 

https://doi.org/10.18632/oncotarget.23246
https://doi.org/10.18632/oncotarget.23246
https://doi.org/10.3390/biomedicines9080869
https://doi.org/10.3390/biomedicines9080869


43 

 

Jeon, H., Yu, Q., Lu, Y., Spencer, E., Lu, C., Milovanova, T., … & Graves, D. (2018). Foxo1 

regulates vegfa expression and promotes angiogenesis in healing wounds. The Journal of 

Pathology, 245(3), 258-264. https://doi.org/10.1002/path.507 

Jones, S., Edwards, R., & Thomas, D. (2004). Inflammation and wound healing: the role of 

bacteria in the immuno-regulation of wound healing. The International Journal of Lower 

Extremity Wounds, 3(4), 201-208. https://doi.org/10.1177/1534734604271810 

Kajiwara, S., Kakizono, T., Saito, T., Kondö, K., Ohtani, T., Nishio, N., … & Misawa, N. 

(1995). Isolation and functional identification of a novel cdna for astaxanthin biosynthesis from 

haematococcus pluvialis, and astaxanthin synthesis in escherichia coli. Plant Molecular 

Biology, 29(2), 343-352. https://doi.org/10.1007/bf00043657 

Kil, Y., Park, J., Han, A., Woo, H., & Seo, E. (2015). A new 9,10-dihydrophenanthrene and 

cell proliferative 3,4-δ-dehydrotocopherols from stemona tuberosa. Molecules, 20(4), 5965-

5974. https://doi.org/10.3390/molecules20045965 

Kim, J., Park, J., Lee, B., Joo, M., Chun, H., Lee, S., … & Bak, Y. (2016). Astaxanthin inhibits 

proliferation of human gastric cancer cell lines by interrupting cell cycle progression. Gut and 

Liver, 10(3). https://doi.org/10.5009/gnl15208 

Kishimoto, Y., Yoshida, H., & Kondo, K. (2016). Potential anti-atherosclerotic properties of 

astaxanthin. Marine Drugs, 14(2), 35. https://doi.org/10.3390/md14020035 

Koh, T. and DiPietro, L. (2011). Inflammation and wound healing: the role of the macrophage. 

Expert Reviews in Molecular Medicine, 13. https://doi.org/10.1017/s1462399411001943 

Koksal, C., & Bozkurt, A. K. (2003). Combination of hydrocolloid dressing and medical 

compression stockings versus Unna's boot for the treatment of venous leg ulcers. Swiss medical 

weekly, 133(25-26), 364–368. https://doi.org/10.4414/smw.2003.10144 

Konovalova, M. V., Markov, P. A., Durnev, E. A., Kurek, D. V., Popov, S. V., & Varlamov, 

V. P. (2017). Preparation and biocompatibility evaluation of pectin and chitosan cryogels for 

biomedical application. Journal of Biomedical Materials Research. Part A, 105(2), 547–556. 

https://doi.org/10.1002/JBM.A.35936 

Koomyart, I., Nagamizu, H., Khuwijitjaru, P., Kobayashi, T., Shiga, H., Yoshii, H., … & 

Adachi, S. (2017). Astaxanthin stability and color change of krill during subcritical water 

treatment. Journal of Food Science and Technology, 54(10), 3065-3072. 

https://doi.org/10.1007/s13197-017-2742-1 

Kruse, C., Singh, M., Targosinski, S., Sinha, I., Sørensen, J., Eriksson, E., … & Nuutila, K. 

(2017). The effect of ph on cell viability, cell migration, cell proliferation, wound closure, and 

wound reepithelialization: in vitro and in vivo study. Wound Repair and Regeneration, 25(2), 

260-269. https://doi.org/10.1111/wrr.12526 

https://doi.org/10.1002/path.507
https://doi.org/10.1002/path.507
https://doi.org/10.1177/1534734604271810
https://doi.org/10.1177/1534734604271810
https://doi.org/10.3390/molecules20045965
https://doi.org/10.3390/molecules20045965
https://doi.org/10.1017/s1462399411001943
https://doi.org/10.1017/s1462399411001943
https://doi.org/10.4414/smw.2003.10144
https://doi.org/10.1111/wrr.12526
https://doi.org/10.1111/wrr.12526


44 

 

Kwon, Y., Heo, S., Lee, T., Park, G., Yoon, J., Jang, I., … & Kim, J. (2017). N-acetylated 

proline-glycine-proline accelerates cutaneous wound healing and neovascularization by human 

endothelial progenitor cells. Scientific Reports, 7(1). https://doi.org/10.1038/srep4305 

Lang, H., Zhao, F., Zhang, T., Liu, X., Wang, Z., Wang, R., … & Pang, X. (2017). Microrna-

149 contributes to scarless wound healing by attenuating inflammatory response. Molecular 

Medicine Reports, 16(2), 2156-2162. https://doi.org/10.3892/mmr.2017.6796 

Lee, K. Y., & Mooney, D. J. (2012). Alginate: properties and biomedical applications. Progress 

in Polymer Science, 37(1), 106–126. https://doi.org/10.1016/J.PROGPOLYMSCI.2011.06.003 

Li, M., Liang, Y., He, J., Zhang, H., & Guo, B. (2020). Two-pronged strategy of 

biomechanically active and biochemically multifunctional hydrogel wound dressing to 

accelerate wound closure and wound healing. Chemistry of Materials, 32(23), 9937-9953. 

https://doi.org/10.1021/acs.chemmater.0c02823 

Li, T., Li, X., Liu, H., Deng, Z., Zhang, Y., Zhang, Z., … & Zhong, S. (2020). Preparation and 

characterization of molecularly imprinted polymers based on β‐cyclodextrin‐stabilized 

pickering emulsion polymerization for selective recognition of erythromycin from river water 

and milk. Journal of Separation Science, 43(18), 3683-3690. 

https://doi.org/10.1002/jssc.201901255 

Li, X., Ma, L., Huang, Y., Liu, Z., & Aisa, H. (2015). Preparation of metallic pivot-based 

imprinted monoliths with a hydrophilic macromonomer. RSC Advances, 5(46), 36753-36761. 

https://doi.org/10.1039/c5ra02699g 

Lin, Y., Chen, Z., Liu, Y., Wang, J., Lv, W., & Peng, R. (2022). Recent advances in nano-

formulations for skin wound repair applications. Drug Design Development and Therapy, 

Volume 16, 2707-2728. https://doi.org/10.2147/dddt.s375541 

Liu, D., Zhao, K., Qi, M., Li, S., Xu, G., Wei, J., & He, X. (2018). Preparation of protein 

molecular-imprinted polysiloxane membrane using calcium alginate film as matrix and its 

application for cell culture. Polymers, 10(2), 170. https://doi.org/10.3390/polym10020170  

Liu, J., Wang, Y., Su, T., Li, B., Tang, S., & Jin, R. (2015). Theoretical and experimental studies 

on the performances of barbital-imprinted systems. Journal of Separation Science, 38(23), 

4105-4110. https://doi.org/10.1002/jssc.201500891 

Liu, Q., He, J., Zhou, W., Gu, Y., Huang, H., Li, K., … & Yin, X. (2017). Innovative method 

for the enrichment of high‐polarity bioactive molecules present at low concentrations in 

complex matrices. Journal of Separation Science, 40(3), 744-752. 

https://doi.org/10.1002/jssc.201601193 

https://doi.org/10.1038/srep4305
https://doi.org/10.1038/srep4305
https://doi.org/10.3892/mmr.2017.6796
https://doi.org/10.3892/mmr.2017.6796
https://doi.org/10.1021/acs.chemmater.0c02823
https://doi.org/10.1021/acs.chemmater.0c02823
https://doi.org/10.1021/acs.chemmater.0c02823
https://doi.org/10.2147/dddt.s375541
https://doi.org/10.2147/dddt.s375541
https://doi.org/10.1002/jssc.201601193


45 

 

Lofgreen, J., Moudrakovski, I., & Ozin, G. (2011). Molecularly imprinted mesoporous 

organosilica. Acs Nano, 5(3), 2277-2287. https://doi.org/10.1021/nn1035697 

Lozinsky, V. I., Galaev, I. Y., Plieva, F. M., Savina, I. N., Jungvid, H., & Mattiasson, B. (2003). 

Polymeric cryogels as promising materials of biotechnological interest. Trends in 

Biotechnology, 21(10), 445–451.  

Memic, A., Colombani, T., Eggermont, L. J., Rezaeeyazdi, M., Steingold, J., Rogers, Z. J., 

Navare, K. J., Mohammed, H. S., & Bencherif, S. A. (2019). Latest Advances in Cryogel 

Technology for Biomedical Applications. Advanced Therapeutics, 2(4), 1800114. 

https://doi.org/10.1002/ADTP.201800114 

Ma, L., Feng, S., Fuente-Núñez, C., Hancock, R., & Lu, X. (2018). Development of molecularly 

imprinted polymers to block quorum sensing and inhibit bacterial biofilm formation. Acs 

Applied Materials & Interfaces, 10(22), 18450-18457. https://doi.org/10.1021/acsami.8b01584 

Ma, T., Zhou, Y., Li, X., Zhu, F., Cheng, Y., Liu, Y., … & Liu, T. (2015). Genome mining of 

astaxanthin biosynthetic genes from sphingomonas  sp. atcc 55669 for heterologous 

overproduction in escherichia coli. Biotechnology Journal, 11(2), 228-237. 

https://doi.org/10.1002/biot.201400827 

Moura, L., Dias, A., Carvalho, E., & Sousa, H. (2013). Recent advances on the development of 

wound dressings for diabetic foot ulcer treatment—a review. Acta Biomaterialia, 9(7), 7093-

7114. https://doi.org/10.1016/j.actbio.2013.03.033 

Nasir, A., Ahmad, M., Dzahir, M., Arbain, D., & Islam, A. (2014). Heparin imprinted polymer 

prepared by sol–gel process on silica microparticles surface: analysis of template removal and 

binding performance. Materials Research Innovations, 18(sup6), S6-155-S6-158. 

https://doi.org/10.1179/1432891714z.000000000949 

Nezhadali, A., Mehrdadian, Z., & Mojarrab, M. (2019). Nanogram/ml detection of 

nortriptyline: preparation of a molecularly imprinted polymer for spectrophotometric 

determination of nortriptyline based on multivariate optimization methods. Journal of 

Separation Science, 42(22), 3479-3486. https://doi.org/10.1002/jssc.201900383 

Ni, H., Chen, Q., Ruan, H., Yang, Y., Li, L., Guang-bin, W., … & He, G. (2007). Studies on 

optimization of nitrogen sources for astaxanthin production by phaffia rhodozyma. Journal of 

Zhejiang University Science B, 8(5), 365-370. https://doi.org/10.1631/jzus.2007.b0365 

Okan, D., Woo, K., Ayello, E. A., & Sibbald, G. (2007). The role of moisture balance in wound 

healing. Advances in Skin & Wound Care, 20(1). https://doi.org/10.1097/00129334-

200701000-00013 

Opt Veld, R. C., Walboomers, X. F., Jansen, J. A., & Wagener, F. A. D. T. G. (2020). Design 

Considerations for Hydrogel Wound Dressings: Strategic and Molecular Advances. 



46 

 

Https://Home.Liebertpub.Com/Teb, 26(3), 230–248. 

https://doi.org/10.1089/TEN.TEB.2019.0281 

Ota, T., Nagashimada, M., Zhuge, F., Zhan, L., Nagata, N., Tsutsui, A., … & Kaneko, S. (2015). 

Astaxanthin prevents and reverses diet-induced insulin resistance and steatohepatitis in mice: a 

comparison with vitamin e. Scientific Reports, 5(1). https://doi.org/10.1038/srep17192 

Öter, Ç. (2023). Molecularly imprinted polymer preparations for selective detection of c‐

reactive protein: thermodynamic and kinetic studies. Journal of Polymer Science, 61(17), 2002-

2009. https://doi.org/10.1002/pol.20230114  

Öztürk, N., Korkmaz, S., Öztürk, Y., & Başer, K. (2006). Effects of gentiopicroside, sweroside 

and swertiamarine, secoiridoids from gentian (gentiana luteassp. symphyandra), on cultured 

chicken embryonic fibroblasts. Planta Medica, 72(04), 289-294. https://doi.org/10.1055/s-

2005-916198 

Pal, K., Singh, V. K., Anis, A., Thakur, G., & Bhattacharya, M. K. (2013). Hydrogel-Based 

Controlled Release Formulations: Designing Considerations, Characterization Techniques and 

Applications. Polymer - Plastics Technology and Engineering, 52(14), 1391–1422. 

https://doi.org/10.1080/03602559.2013.823996 

Peak, C. W., Wilker, J. J., & Schmidt, G. (2013). A review on tough and sticky hydrogels. 

Colloid and Polymer Science, 291(9), 2031–2047. https://doi.org/10.1007/S00396-013-3021-

Y 

Petri, J., König, S., Haupt, B., Haustein, U., & Herrmann, K. (1997). Molecular analysis of 

different phases in human wound healing. Experimental Dermatology, 6(3), 133-139. 

https://doi.org/10.1111/j.1600-0625.1997.tb00160.x 

Pilehvar-Soltanahmadi, Y., Dadashpour, M., Mohajeri, A., Fattahi, A., Sheervalilou, R., & 

Zarghami, N. (2018). An overview on application of natural substances incorporated with 

electrospun nanofibrous scaffolds to development of innovative wound dressings. Mini-

Reviews in Medicinal Chemistry, 18(5), 414-427. 

https://doi.org/10.2174/1389557517666170308112147 

Plieva, F. M., Karlsson, M., Aguilar, M. R., Gomez, D., Mikhalovsky, S., & Galaev’, I. Y. 

(2005). Pore structure in supermacroporous polyacrylamide based cryogels. Soft Matter, 1(4), 

303–309. https://doi.org/10.1039/B510010K 

Pollack, S. (1979). Wound healing: a review: ii. environmental factors affecting wound healing. 

The Journal of Dermatologic Surgery and Oncology, 5(6), 477-481. 

https://doi.org/10.1111/j.1524-4725.1979.tb00699.x 

Powers, J., Morton, L., & Phillips, T. (2013). Dressings for chronic wounds. Dermatologic 

Therapy, 26(3), 197-206. https://doi.org/10.1111/dth.12055 

https://doi.org/10.1055/s-2005-916198
https://doi.org/10.1055/s-2005-916198
https://doi.org/10.1055/s-2005-916198
https://doi.org/10.1111/j.1600-0625.1997.tb00160.x
https://doi.org/10.1111/j.1600-0625.1997.tb00160.x
https://doi.org/10.1111/j.1600-0625.1997.tb00160.x
https://doi.org/10.1111/j.1524-4725.1979.tb00699.x
https://doi.org/10.1111/j.1524-4725.1979.tb00699.x
https://doi.org/10.1111/j.1524-4725.1979.tb00699.x


47 

 

Qi, P., Wang, X., Wang, X., Zhang, H., Hao, X., Jiang, K., … & Wang, Q. (2014). Computer‐

assisted design and synthesis of molecularly imprinted polymers for the simultaneous 

determination of six carbamate pesticides from environmental water. Journal of Separation 

Science, 37(20), 2955-2965. https://doi.org/10.1002/jssc.201400558 

Qian, L., Fourcaudot, A., Yamane, K., You, T., Chan, R., & Leung, K. (2016). Exacerbated and 

prolonged inflammation impairs wound healing and increases scarring. Wound Repair and 

Regeneration, 24(1), 26-34. https://doi.org/10.1111/wrr.12381 

Quint, M., Souza, F., Spinelli, A., & Domingos, J. (2015). Low-range detection of the phosphate 

group by a molecularly imprinted polymer-modified carbon paste electrode. Ieee Sensors 

Journal, 15(2), 1012-1019. https://doi.org/10.1109/jsen.2014.2359959 

Rahmawati, C. and Nopitasari, B. (2021). A pharmacoeconomic study: cost-utility analysis of 

modern wound dressings vs conventional wound dressings in patients with diabetic foot ulcer. 

Pharmacy Education, 21(2), 71-76. https://doi.org/10.46542/pe.2021.212.7176 

Ren, M., Guo, Q., Guo, L., Lenz, M., Qian, F., Koenen, R., … & Tang, W. (2010). 

Polymerization of mip-1 chemokine (ccl3 and ccl4) and clearance of mip-1 by insulin-

degrading enzyme. The Embo Journal, 29(23), 3952-3966. 

https://doi.org/10.1038/emboj.2010.256 

Rodrigues, M. and Thilagavati, G. (2021). Study of hydrocellular functional material as 

microbicidal wound dressing for diabetic wound healing. Journal of Applied Biomaterials & 

Functional Materials, 19, 228080002110549. https://doi.org/10.1177/22808000211054930 

Schaarup, S. O., Burgaard, P., & Johannsen, F. E. (2020). Surgical repair of complete plantar 

fascia ruptures in high-demand power athletes: an alternative treatment option. The Journal of 

Foot and Ankle Surgery, 59(1), 195-200. 

Seshadri, D., Bianco, N., Radwan, A., Zorman, C., & Bogie, K. (2022). An absorbent, flexible, 

transparent, and scalable substrate for wound dressings. Ieee Journal of Translational 

Engineering in Health and Medicine, 10, 1-9. https://doi.org/10.1109/jtehm.2022.3172847 

Shen, F. and Ren, X. (2014). Covalent molecular imprinting made easy: a case study of 

mannose imprinted polymer. RSC Advances, 4(25), 13123-13125. 

https://doi.org/10.1039/c4ra00424h 

Shen, Y., Guo, Y., Mikuš, P., Sulniute, R., Wilczynska, M., Ny, T., … & Li, J. (2012). 

Plasminogen is a key proinflammatory regulator that accelerates the healing of acute and 

diabetic wounds. Blood, 119(24), 5879-5887. https://doi.org/10.1182/blood-2012-01-407825 

Shi, C., Wang, C., Li, H., Li, Q., Li, R., Zhang, Y., … & Wang, J. (2020). Selection of 

appropriate wound dressing for various wounds. Frontiers in Bioengineering and 

Biotechnology, 8. https://doi.org/10.3389/fbioe.2020.00182 

https://doi.org/10.1111/wrr.12381
https://doi.org/10.1111/wrr.12381
https://doi.org/10.1109/jtehm.2022.3172847
https://doi.org/10.1109/jtehm.2022.3172847
https://doi.org/10.1182/blood-2012-01-407825
https://doi.org/10.1182/blood-2012-01-407825


48 

 

Shin, M., Shin, Y., & Shin, J. (2013). Inorganic molecularly imprinted polymer by sol-gel 

process for recognition of caffeine. Open Journal of Organic Polymer Materials, 03(01), 1-5. 

https://doi.org/10.4236/ojopm.2013.31001 

Simões, D., Miguel, S. P., Ribeiro, M. P., Coutinho, P., Mendonça, A. G., & Correia, I. J. 

(2018). Recent advances on antimicrobial wound dressing: A review. European Journal of 

Pharmaceutics and Biopharmaceutics, 127, 130–141. 

https://doi.org/10.1016/J.EJPB.2018.02.022 

Sood, A., Granick, M., & Tomaselli, N. (2014). Wound dressings and comparative 

effectiveness data. Advances in Wound Care, 3(8), 511-529. 

https://doi.org/10.1089/wound.2012.0401 

Stashak, T. S., Farstvedt, E., & Othic, A. (2004). Update on wound dressings: Indications and 

best use. Clinical Techniques in Equine Practice, 3(2 SPEC. ISS.), 148–163. 

https://doi.org/10.1053/J.CTEP.2004.08.006 

Stoica, A., Chircov, C., & Grumezescu, A. (2020). Nanomaterials for wound dressings: an up-

to-date overview. Molecules, 25(11), 2699. https://doi.org/10.3390/molecules25112699 

Sun, H., Li, Y., Yang, J., Sun, X., Huang, C., Zhang, X., … & Chen, J. (2016). Preparation of 

dummy‐imprinted polymers by pickering emulsion polymerization for the selective 

determination of seven bisphenols from sediment samples. Journal of Separation Science, 

39(11), 2188-2195. https://doi.org/10.1002/jssc.201501305 

Sweeney, I. R., Miraftab, M., & Collyer, G. (2012). A critical review of modern and emerging 

absorbent dressings used to treat exuding wounds. International wound journal, 9(6), 601–612. 

https://doi.org/10.1111/j.1742-481X.2011.00923.x 

Szekalska, M., Puciłowska, A., Szymańska, E., Ciosek, P., & Winnicka, K. (2016). Alginate: 

Current Use and Future Perspectives in Pharmaceutical and Biomedical Applications. 

International Journal of Polymer Science, 2016. https://doi.org/10.1155/2016/7697031 

Tavakoli, S. and Klar, A. (2020). Advanced hydrogels as wound dressings. Biomolecules, 

10(8), 1169. https://doi.org/10.3390/biom10081169 

Teng, L., Shao, Z., Bai, Q., Zhang, X., He, Y., Lu, J., … & Dong, C. (2021). Biomimetic 

glycopolypeptide hydrogels with tunable adhesion and microporous structure for fast 

hemostasis and highly efficient wound healing. Advanced Functional Materials, 31(43). 

https://doi.org/10.1002/adfm.202105628 

Thangaraj, P., Padma, V., & Santhini, E. (2015). Wound dressings – a review. Biomedicine, 

5(4). https://doi.org/10.7603/s40681-015-0022-9 

https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1089/wound.2012.0401
https://doi.org/10.1111/j.1742-481X.2011.00923.x
https://doi.org/10.1002/adfm.202105628
https://doi.org/10.1002/adfm.202105628
https://doi.org/10.1002/adfm.202105628


49 

 

Thomas, S. (2008). Hydrocolloid dressings in the management of acute wounds: a review of 

the literature. International Wound Journal, 5(5), 602–613. https://doi.org/10.1111/J.1742-

481X.2008.00541.X 

Tofanica, B. M., Belosinschi, D., & Volf, I. (2022). Gels, Aerogels and Hydrogels: A Challenge 

for the Cellulose-Based Product Industries. Gels (Basel, Switzerland), 8(8), 497. 

https://doi.org/10.3390/gels8080497 

Tottoli, E., Dorati, R., Genta, I., Chiesa, E., Pisani, S., & Conti, B. (2020). Skin wound healing 

process and new emerging technologies for skin wound care and regeneration. Pharmaceutics, 

12(8), 735. https://doi.org/10.3390/pharmaceutics12080735 

Tsegay, F., Elsherif, M., & Butt, H. (2022). Smart 3D Printed Hydrogel Skin Wound Bandages: 

A Review. Polymers, 14(5), 1012. 

Tsuda, K., Nakatani, T., Sugama, J., Okuwa, M., & Sanada, H. (2010). Influence of the timing 

of switching a protein‐free to a protein‐containing diet on the wound healing process in a rat 

all‐layer skin defect. International Wound Journal, 7(3), 135-146. 

https://doi.org/10.1111/j.1742-481x.2010.00674.x 

Ulery, B. D., Nair, L. S., & Laurencin, C. T. (2011). Biomedical Applications of Biodegradable 

Polymers. Journal of Polymer Science. Part B, Polymer Physics, 49(12), 832–864. 

https://doi.org/10.1002/POLB.22259 

Vasapollo, G., Sole, R., Mergola, L., Lazzoi, M., Scardino, A., Scorrano, S., … & Mele, G. 

(2011). Molecularly imprinted polymers: present and future prospective. International Journal 

of Molecular Sciences, 12(9), 5908-5945. https://doi.org/10.3390/ijms12095908 

Velnar, T., Bailey, T., & Smrkolj, V. (2009). The wound healing process: an overview of the 

cellular and molecular mechanisms. The Journal of International Medical Research, 37(5), 

1528–1542. https://doi.org/10.1177/147323000903700531 

Vishnuvardhan, V., Yakkala, K., Prathish, K., Battala, G., Yadamari, T., Rao, T., … & Naidu, 

G. (2011). Imprinted polymer inclusion membrane based potentiometric sensor for 

determination and quantification of diethyl chlorophosphate in natural waters. American 

Journal of Analytical Chemistry, 02(03), 376-382. https://doi.org/10.4236/ajac.2011.23046 

Vowden, K. (2017). Wound dressings: principles and practice. Surgery (Oxford), 35(9), 489-

494. https://doi.org/10.1016/j.mpsur.2017.06.005 

Wang, J., Chen, Y., Zhou, G., Chen, Y., Mao, C., & Yang, M. (2019). Polydopamine-coated 

antheraea pernyi (a. pernyi) silk fibroin films promote cell adhesion and wound healing in skin 

tissue repair. Acs Applied Materials & Interfaces, 11(38), 34736-34743. 

https://doi.org/10.1021/acsami.9b12643 

https://doi.org/10.1111/J.1742-481X.2008.00541.X
https://doi.org/10.1111/J.1742-481X.2008.00541.X
https://doi.org/10.3390/pharmaceutics12080735
https://doi.org/10.3390/pharmaceutics12080735
https://doi.org/10.1111/j.1742-481x.2010.00674.x
https://doi.org/10.1111/j.1742-481x.2010.00674.x
https://doi.org/10.1111/j.1742-481x.2010.00674.x
https://doi.org/10.1016/j.mpsur.2017.06.005
https://doi.org/10.1016/j.mpsur.2017.06.005


50 

 

Wang, M., Hu, J., Ou, Y., He, X., Wang, Y., Zou, C., … & Tan, H. (2022). Shape-recoverable 

hyaluronic acid–waterborne polyurethane hybrid cryogel accelerates hemostasis and wound 

healing. Acs Applied Materials & Interfaces, 14(15), 17093-17108. 

https://doi.org/10.1021/acsami.2c0131 

Wang, R., Wang, Y., Cheng, X., Wen, T., Wu, J., Hong, J., … & Zhou, X. (2013). Selective 

separation and enrichment of glibenclamide in health foods using surface molecularly imprinted 

polymers prepared via dendritic grafting of magnetic nanoparticles. Journal of Separation 

Science, 36(6), 1015-1021. https://doi.org/10.1002/jssc.201201115 

Wang, X., Zhang, T., Chen, X., Xu, Y., Li, Z., Yang, Y., … & Ni, H. (2022). Simultaneous 

inhibitory effects of all-trans astaxanthin on acetylcholinesterase and oxidative stress. Marine 

Drugs, 20(4), 247. https://doi.org/10.3390/md20040247 

Wang, Y., Liu, J., Tang, S., & Jin, R. (2015). Preparation of melamine molecularly imprinted 

polymer by computer‐aided design. Journal of Separation Science, 38(15), 2647-2654. 

https://doi.org/10.1002/jssc.201500375 

Wang, Z., Fang, Q., Luo, H., Xu, G., & Wang, D. (2022). Inflammatory microenvironment of 

skin wounds. Frontiers in Immunology, 13. https://doi.org/10.3389/fimmu.2022.789274 

Wong, S. L., Demers, M., Martinod, K., Gallant, M., Wang, Y., Goldfine, A. B., ... & Wagner, 

D. D. (2015). Diabetes primes neutrophils to undergo NETosis, which impairs wound healing. 

Nature medicine, 21(7), 815-819. 

Wu, H., Niu, H., Shao, A., Wu, C., Dixon, B., Zhang, J., … & Wang, Y. (2015). Astaxanthin 

as a potential neuroprotective agent for neurological diseases. Marine Drugs, 13(9), 5750-5766. 

https://doi.org/10.3390/md13095750 

Wu, X. and Li, H. (2021). Incorporation of bioglass improved the mechanical stability and 

bioactivity of alginate/carboxymethyl chitosan hydrogel wound dressing. Acs Applied Bio 

Materials, 4(2), 1677-1692. https://doi.org/10.1021/acsabm.0c01477 

Wu, X., Liu, J., Wu, J., Wang, Y., Cheng, X., Wang, R., … & Zhou, X. (2012). Molecular 

imprinting-based micro-stir bar sorptive extraction for specific analysis of glibenclamide in 

herbal dietary supplements. Journal of Separation Science, 35(24), 3593-3599. 

https://doi.org/10.1002/jssc.201200493 

Xu, W., Wang, Q., & Huang, W. (2017). Construction of a novel electrochemical sensor based 

on molecularly imprinted polymers for the selective determination of chlorpyrifos in real 

samples. Journal of Separation Science, 40(24), 4839-4846. 

https://doi.org/10.1002/jssc.201701004 

https://doi.org/10.1021/acsami.2c0131
https://doi.org/10.1021/acsami.2c0131
https://doi.org/10.1021/acsami.2c0131
https://doi.org/10.3389/fimmu.2022.789274
https://doi.org/10.3389/fimmu.2022.789274


51 

 

Xu, W., Yuan, F., Li, C., Huang, W., Wu, X., & Yin, Z. (2016). Acetylene black paste electrode 

modified with molecularly imprinted polymers/graphene for the determination of bisphenol a. 

Journal of Separation Science, 39(24), 4851-4857. https://doi.org/10.1002/jssc.201600803 

Yadav, P., Yadav, H., Shah, V. G., Shah, G., & Dhaka, G. (2015). Biomedical Biopolymers, 

their Origin and Evolution in Biomedical Sciences: A Systematic Review. Journal of Clinical 

and Diagnostic Research : JCDR, 9(9), 21–25. 

https://doi.org/10.7860/JCDR/2015/13907.6565 

Yahia, E., El-Sharkawey, A., & Bayoumi, M. (2021). Quantitative evaluation of diabetic foot 

wound healing using hydrogel nanosilver based dressing vs. traditional dressing: a prospective 

randomized control study. PJMHS, 15(6), 1571-1574. 

https://doi.org/10.53350/pjmhs211561571 

Yamane, T., Nakagami, G., Yoshino, S., Shimura, M., Kitamura, A., Kobayashi-Hattori, K., … 

& Sanada, H. (2015). Hydrocellular foam dressings promote wound healing associated with 

decrease in inflammation in rat periwound skin and granulation tissue, compared with 

hydrocolloid dressings. Bioscience Biotechnology and Biochemistry, 79(2), 185-189. 

https://doi.org/10.1080/09168451.2014.968088 

Yang, C. H., Wang, M. X., Haider, H., Yang, J. H., Sun, J. Y., Chen, Y. M., Zhou, J., & Suo, 

Z. (2013). Strengthening alginate/polyacrylamide hydrogels using various multivalent cations. 

ACS Applied Materials and Interfaces, 5(21), 10418–10422. 

https://doi.org/10.1021/AM403966X 

Yang, P., Wang, D., Shi, Y., Li, M., Gao, M., Yu, T., … & Liu, Y. (2020). Insulin-containing 

wound dressing promotes diabetic wound healing through stabilizing hif-1α. Frontiers in 

Bioengineering and Biotechnology, 8. https://doi.org/10.3389/fbioe.2020.592833 

Yu, H., Peng, J., Xu, Y., Chang, J., & Li, H. (2015). Bioglass activated skin tissue engineering 

constructs for wound healing. Acs Applied Materials & Interfaces, 8(1), 703-715. 

https://doi.org/10.1021/acsami.5b0985 

Yu, W., Naim, J., & Lanzafame, R. (1994). Expression of growth factors in early wound healing 

in rat skin. Lasers in Surgery and Medicine, 15(3), 281-289. 

https://doi.org/10.1002/lsm.1900150308 

Zare, E., Fallah, Z., Le, V., Doan, V., Mudhoo, A., Joo, S., … & Varma, R. (2022). Remediation 

of pharmaceuticals from contaminated water by molecularly imprinted polymers: a review. 

Environmental Chemistry Letters, 20(4), 2629-2664. https://doi.org/10.1007/s10311-022-

01439-4 

Zgheib, C., Xu, J., & Liechty, K. (2014). Targeting inflammatory cytokines and extracellular 

matrix composition to promote wound regeneration. Advances in Wound Care, 3(4), 344-355. 

https://doi.org/10.1089/wound.2013.0456 

https://doi.org/10.3389/fbioe.2020.592833
https://doi.org/10.3389/fbioe.2020.592833
https://doi.org/10.1021/acsami.5b0985
https://doi.org/10.1021/acsami.5b0985
https://doi.org/10.1021/acsami.5b0985
https://doi.org/10.1002/lsm.1900150308
https://doi.org/10.1002/lsm.1900150308
https://doi.org/10.1002/lsm.1900150308
https://doi.org/10.1089/wound.2013.0456
https://doi.org/10.1089/wound.2013.0456
https://doi.org/10.1089/wound.2013.0456


52 

 

Zhang, L., Wang, S., Tan, M., Zhou, H., Tang, Y., & Yan, Z. (2021). Efficacy of oxidized 

regenerated cellulose/collagen dressing for management of skin wounds: a systematic review 

and meta-analysis. Evidence-Based Complementary and Alternative Medicine, 2021, 1-10. 

https://doi.org/10.1155/2021/1058671 

Zhang, X., Lu, Y., Li, W., Tao, T., Peng, L., Wang, W., … & Li, W. (2021). Astaxanthin 

ameliorates oxidative stress and neuronal apoptosis via sirt1/nrf2/prx2/ask1/p38 after traumatic 

brain injury in mice. British Journal of Pharmacology, 178(5), 1114-1132. 

https://doi.org/10.1111/bph.15346 

Zhang, X., Ren, X., Zhao, X., Liu, H., Wang, M., & Yu, Z. (2022). Stability, structure, and 

antioxidant activity of astaxanthin crystal from haematococcus pluvialis. Journal of the 

American Oil Chemists Society, 99(5), 367-377. https://doi.org/10.1002/aocs.12587 

Zhang, X., Wang, N., Ni, X., Wang, H., Gu, Z., Wu, X., … & Xu, W. (2015). Synthesis and 

evaluation of ionic liquid–mediated molecularly imprinted polymer for highly selective 

recognition of dibutyl phthalate from liquor samples. Advances in Polymer Technology, 36(2), 

220-229. https://doi.org/10.1002/adv.21602 

Zhao, X., Guo, B., Wu, H., Liang, Y., & Ma, P. X. (2018). Injectable antibacterial conductive 

nanocomposite cryogels with rapid shape recovery for noncompressible hemorrhage and 

wound healing. Nature Communications, 9(1). https://doi.org/10.1038/S41467-018-04998-9 

Zheng, L., Wang, H., & Cheng, X. (2018). Molecularly imprinted polymer nanocarriers for 

recognition and sustained release of diclofenac. Polymers for Advanced Technologies, 29(5), 

1360-1371. https://doi.org/10.1002/pat.4247 

Zhong, L., Zhai, J., Ma, Y., Huang, Y., Peng, Y., Wang, Y., … & Guan, S. (2022). Molecularly 

imprinted polymers with enzymatic properties reduce cytokine release syndrome. Acs Nano, 

16(3), 3797-3807. https://doi.org/10.1021/acsnano.1c08297 

Zhong, M., Wang, Y., Wang, L., Long, R., & Chen, C. (2018). Preparation and application of 

magnetic molecularly imprinted polymers for the isolation of chelerythrine from macleaya 

cordata. Journal of Separation Science, 41(16), 3318-3327. 

https://doi.org/10.1002/jssc.201800245 

Zhou, D., Yang, X., Wang, H., Jiang, Y., Jiang, W., Zhang, W., … & Xin, F. (2022). 

Biosynthesis of astaxanthin by using industrial yeast. Biofuels Bioproducts and Biorefining, 

17(3), 602-615. https://doi.org/10.1002/bbb.2449 

Zhu, Q., Huang, D., Li, L., & Yin, Y. (2010). Synthesis of molecularly imprinted polymers for 

the application of selective clean-up vinblastine from catharanthus roseus extract. Science 

China Chemistry, 53(12), 2587-2592. https://doi.org/10.1007/s11426-010-4007-y 

 

https://doi.org/10.1155/2021/1058671
https://doi.org/10.1155/2021/1058671
https://doi.org/10.1155/2021/1058671
https://doi.org/10.1002/bbb.2449
https://doi.org/10.1002/bbb.2449

