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Abstract  

Wounds are usually accompanied by complications such as excessive bleeding and bacteria 

invasion. The design of wound dressings that rapidly stop excessive bleeding and inhibit 

bacterial invasion is crucial to promoting accelerated wound healing. To meet the 

abovementioned requirements in wound dressings, topical gels were prepared from sodium 

alginate (SA) and carboxymethylcellulose (CMC). The wound dressings were loaded with an 

antifibrinolytic agent, tranexamic acid (TA), essential oils, and a variety of metal-based 

nanoparticles, and carbon-based biomaterials. The scanning electron microscopy (SEM) and 

X-ray diffraction (XRD) confirmed the successful formation of the nanoparticles. The prepared 

formulations exhibited in vitro drug release kinetics that best fitted with the Korsmeyer-Peppas 

model. These gels exhibited good spreadability and viscosity, showing a shear-thinning 

behaviour with pH between 6.7 and 7.3, signifying suitability for skin application and ease of 

application. The prepared topical gels exhibited significant antibacterial effects against gram-

negative and gram-positive strains of bacteria. SA/EO-based formulations showed high 

antibacterial activity across all bacterial strains, followed by SA-based formulations compared 

to CMC-based formulations, which exhibited moderate antibacterial activity. Moreover, the 

prepared gels showed good cytocompatibility, promoted cell proliferation, and exhibited >80% 

wound closure on day 3 compared to the untreated group, which showed a 38% wound 

reduction in vitro. Excellent blood clotting properties were observed with CMC-based gels 

compared to other formulations. However, all the prepared formulations exhibited outstanding 

blood clotting ability compared to the control, showing that they can promote rapid blood 

coagulation. The features presented by the prepared gels reveal that they are suitable for rapid 

wound healing. 

Keywords: Haemostasis; tranexamic acid; nanoparticles; topical gels; wound dressings; 

essential oils; antibacterial activity 
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Chapter 1 
1. Introduction  

Skin is the largest part of the body, and protects the body from foreign materials. It acts as the 

first line of defence by providing biological hindrance against infections and maintaining 

haemostasis [1–3]. A wound is a breakdown or injury in the skin that leads to the interruption 

of the skin’s defensive role, disrupting its physical barrier properties against the external 

environment and thereby exposing it to the infectious pathogen [4–7]. Skin injuries may be 

caused by a wide variety of incidents, including burns, genetic disorders, car accidents, 

gunshots, stabs, etc. Wounds can be categorized as acute (friction, electricity, chemicals, 

freezing, and cuts) or chronic (leg ulcers, diabetic foot ulcers, pressure ulcers, and burns) 

depending on the time they take to heal [4,8,9]. Acute wounds heal in a timely manner, while 

chronic wounds fail to heal at the expected time, resulting in a prolonged healing process and 

trauma [7,8]. Wound healing is the body’s innate response to injury [10], and it involves four 

phases: haemostasis, the first phase after injury where the body stops bleeding by forming clots 

[11], inflammation, the 2nd phase, proliferation, the 3rd phase, and remodelling, the 4th phase 

of wound healing where the wound fully closes and forms a scar [12–15]. 

Haemostasis is the first step that occurs directly after an injury, and managing this phase is very 

important to achieving progressive wound healing. This stage can be hampered by various 

factors like diseases, wound depth, biological materials, the use of anticoagulants and blood 

thinners, etc., leading to excessive or uncontrolled bleeding. The body’s inability to stop 

bleeding is termed haemorrhage and may lead to several complications [16]. In the present 

time, haemorrhage is one of the leading causes of death in emergency and pre-hospital cases 

[17–19]. In 2016, excessive bleeding was reported to account for over 10% of the annual death 

toll annually, which is more than 5.8 million deaths worldwide [20,21]. Liang et al. reported 

that haemorrhage is responsible for 40% of deaths during injury and is also the leading cause 

of traumatic deaths [22]. Despite threatening human lives, uncontrolled haemorrhage also 

hinders wound healing, leading to complications such as bacterial infection, acidosis, organ 

failure, coagulopathy, hypothermia, anaemia, etc. [23,24]. Controlling excessive bleeding is a 

crucial step for pre-hospital treatment and a life-saving protocol to prevent excessive bleeding 

[16,22,25]. The primary clinical treatment of bleeding wounds is the use of traditional gauze, 

applying pressure to the wound, and blood transfusion in severe cases of excessive blood loss 
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[26]. However, a blood transfusion after a haemorrhage may lead to multiple organ failure, 

infection, coagulation dysfunction, and many other complications [27].  

Haemorrhage normally cannot be managed by the body’s innate mechanisms. However, it can 

be avoided if suitable care and ideal haemostatic agents or dressings are immediately available 

to control excessive bleeding [17]. Haemostatic dressings offer a life-saving treatment in both 

intraoperative and pre-hospital conditions for victims of haemorrhage. The use of topical 

haemostatic dressings has been practised in many cases of haemorrhaging wounds. Topical 

haemostatic dressings can be categorized as synthetic sealants, active or adhesive materials, 

external dressings, mechanical agents, blood concentrators, etc. [28]. These types of 

haemostatic dressings are derived from or composed of organic or inorganic materials, natural 

or synthetic polymers, plant-based extracts, essential oils, proteins, tissue factors, etc., and they 

promote haemostasis through the different haemostatic mechanisms. Based on the type and size 

of the wound, they are developed in different forms, such as gels, ointments, hydrogels, woven 

and non-woven sheets, films, powder, sponge, glue, nanofibers, lipids, nanocrystals, and 

microspheres [29]. Haemostatic dressings stop bleeding via one or more of the following 

mechanisms: they concentrate the blood by absorbing water, adhere to the tissue, platelets, and 

red blood cells, activate platelet aggregation, strengthen natural stypsis, induce 

vasoconstriction, accelerate the production of tissue factors, and form a viscous gel in contact 

with blood [30]. 

A variety of haemostatic dressings such as CeloxTM, Quikclot combact gauze, Traumacel, 

Floseal, Tisseel, GelFoam®, KaltostatTM, WoundStatTM, or AristaTM are commercially 

available [31–37]. However, the use of these dressings is accompanied by several limitations, 

such as being expensive, suffering from host rejection, requiring professional treatment, having 

the possibility of causing infection, and causing severe pain, including elevated temperatures 

at the wound site leading to superficial burns [19,38,39]. Therefore, developing more effective 

haemostatic agents that are more accessible and cost-effective with fewer limitations and high 

haemostatic ability is a pressing need. 

An open wound is prone to infection, and it is important to develop wound dressings with the 

potential not just to promote haemostasis but also to hinder bacterial infection and rapid wound 

closure. The use of metal-based nanoparticles due to their outstanding features such as optical, 

catalytic, magnetic, bio-separation of DNA and proteins, and antibacterial properties has 

enabled their wide range of use in various fields. Shabanova et al. reported thrombin- Fe3O4-
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NPs for the management of internal bleeding. These NPs displayed non-toxicity against HeLa 

cell lines and promoted rapid local haemostasis effects [40]. A recent report by Buyana et al. 

showed that loading an antifibrinolytic material (aminocaproic acid) and ZnO nanoparticles 

into SA-based gels resulted in a synergistic haemostatic effect in vitro [41]. Masood and co-

workers reported CS/PEG hydrogels loaded with AgNPs to inhibit bacterial cell growth of both 

gram-negative and gram-positive strains of bacteria, and they further promoted wound healing, 

showing significant keratinocyte migration and scar formation with no scabs [42]. Liu et al. 

formulated PCL/Gel electrospun nanofibers fabricated with MgO NPs for the management of 

infected wounds and reported their antibacterial activity to be directly proportional to an 

increase in the concentration of MgO NPs [43]. 

Biopolymers such as CMC can promote coagulation by dissolving in the blood due to their high 

solubility, thereby increasing the viscosity of the blood and eventually stopping blood loss [44]. 

Aoshima et al. revealed that CMC acts as a bridge for fibrin polymerization when it is dissolved 

in the blood, thereby promoting the formation of thick fibrin fiber, leading to improved blood 

coagulation [45]. Wang et al. designed self-expanding porous composites from the combination 

of CMC and polyvinyl alcohol (PVA) that could be easily removed without causing re-bleeding 

after achieving haemostasis at the wound site [37]. Moreover, higher platelet adhesion was 

observed when the content of CMC was increased, suggesting that CMC can promote platelet 

aggregation. Mahmoodzadeh et al. developed cellulose-based aerogels with a high drug 

(tranexamic acid) release rate of 90% within 6h [46]. These scaffolds exhibited high adherence 

to the affected site, forming a milky gel in contact with the plasma that resulted in rapid blood 

clotting. Liu et al. designed formulations of alginate-based paste dressings loaded with 

lipidated tissue factors to induce haemostasis within 75 s [47]. The haemostatic capability of 

these dressings was dependent on the concentration of alginate. Increasing alginate 

concentration increased the clotting time of the scaffolds, suggesting that lower concentrations 

of alginate played a significant role in blood clotting. 

Huang et al. designed haemostatic microspheres composed of silk fibroin with different 

formulations of alginate [27]. A shorter blood clotting time was observed in formulations with 

low alginate concentrations. Zhong et al. designed TA-loaded formulations of CMCS/SA 

composite films with drug release recorded in the range of 60–80% [48]. It was also notable 

that pure SA films exhibited a shorter clotting time than pure CMCS films [48]. Khezri et al. 

designed polymer-based nanostructured lipid carriers (NLC) impregnated with rosemary 

essential oil to induce collagen production, reepithelialization, fibroblast infiltration, increased 
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vascularization, and display antibacterial activity against S. epidermidis, E. coli, L. 

monocytogenes, P. aeruginosa, and S. aureus bacterial strains, and they promoted complete 

wound healing within 12 days [49]. It is important to select an ideal wound dressing for the 

management of haemostasis and in this study, topical gels composed of SA, carbopol, and CMC 

were prepared. The gels were impregnated with tranexamic acid (an antifibrinolytic agent), 

nanoparticles (Ag, MgO, ZnO, Fe3O4, graphene oxide, and reduced graphene oxide), and 

essential oils (lavender, rosemary, and eucalyptus). The prepared topical gels were analyzed 

using FTIR, pH, viscosity, spreadability, in vitro cytotoxicity, in vitro wound healing, 

haemolysis assay, and in vitro antibacterial evaluation.  

1.1. Problem statement  

Haemorrhage is a life-threatening and dreadful condition in injury, and it is fatal. Uncontrolled 

blood loss remains a leading cause of approximately 50% of traumatic deaths, with 8% 

resulting from the inability to apply pressure on the wound [32,50]. This can be attributed to 

limited options to prevent excessive blood loss by first responders [51]. Annually, more than 

5.8 million deaths worldwide have been reported due to excessive uncontrolled bleeding [21], 

and haemorrhage may prevent progressive wound healing, causing several complications. A 

range of haemostatic dressings are commercially available, and these dressings play a crucial 

role in controlling excessive blood loss. However, some of them are associated with severe side 

effects. Applying pressure to a bleeding wound can cause the patient tremendous pain. Fibrin 

and thrombin-based haemostatic products (Tisseel and Evicel) have a high risk of host 

rejection, immune response, causing infection, high cost, and short shelf life [35]. Oxidized 

cellulose (Surgicel® and Traumastem®) delays wound healing by causing tissue inflammation 

as its hydroxyl groups are converted into acidic forms of carboxylic acid [29]. Collagen (Instat, 

Helistat, and Avitene) [52], causes allergic reactions and viral infections. Starch powder 

(AristaTM) is expensive, collapses easily after water absorption, and its crosslinking agent is 

toxic to the human body [36,53]. Chitosan haemostats (CELOXTM, HemCon® bandage) have 

been associated with high wound re-bleeding and have to be removed after application [54]. 

Zeolite-based haemostats (Quikclot) induce an exothermic reaction at the wound site, which 

may cause burns and necrosis [47,51,55]. Kaolin dressings (Quikclot) are toxic to the 

endothelial cells in vitro and may enter the bloodstream, resulting in complications [56–58]. 

Therefore, it is very important to design and develop more effective haemostatic agents that are 

more accessible and cost-effective with fewer limitations and high haemostatic ability. The 

bacterial infection and biofilm resistance also pose a major threat to progressive wound healing. 
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Metal-based nanoparticles have been reported to possess high antibacterial activity. Alavi et al. 

reported that the application of AgNPs in medical fields is hampered by their toxicity on animal 

cells [59]. A summary of the advantages and modes of action associated with haemostatic 

materials is presented in Table 1 below. 

Table 1: Summary of Haemostatic Materials  

Agents Mode of action Advantages Disadvantages References 

QuikClot 

gauze 

Initiates the clotting 

process by activating 

factor XII of the 

clotting cascade 

It stops bleeding 

when applied with 

pressure. 

It may cause skin re- 

damage, and cause 

exothermic reactions. 

Expensive 

[17] 

HemCom  

bandage  

Crosslink with 

erythrocytes to form 

a mucoadhesive 

barrier. 

Stops bleeding 

and promotes clot 

formation. 

It may cause skin re-

damage and be 

painful.  

[38,56]  

Fibrin  Supply the clotting 

cofactors in a much 

higher concentration. 

Promote growth 

factors and mimic 

the final stage of 

blood clotting. 

Expensive, may 

cause infection, and 

is difficult to apply to 

certain wounds. 

[33]  

QuikClot 

zeolite  

initiates the clotting 

process by activating 

factor XII of the 

clotting cascade. 

Easy application, 

rapidly stops 

bleeding, and 

forms clots. 

Raises a body’s 

temperature to 40- 

42℃ causing burns at 

the site of action.  

Expensive  

[33,39,60]  

Kaolin 

dressings  

Initiates the previously 

termed ‘intrinsic’ 

clotting cascade.  

Stops bleeding 

and forms blood 

clots. 

Toxic  to the 

endothelial cells in 

vitro, may enter the 

bloodstream, 

resulting in 

complications. 

[56–58]  

1.2. Motivation and Rationale  

A wide range of haemostatic agents commercially available present different mechanisms 

of action against clot formation and are undoubtedly effective. However, these agents are 

hampered by several limitations, such as host rejection, being time-consuming, being 

expensive, allergenic, painful, causing skin burns, exposing the wound to infections, being 

mostly imported, and not being locally available [19,38,39]. Limitations associated with 
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the presently used dressings can be overcome by combining two biopolymers or 

biopolymers with synthetic polymers. Khezri et al. designed polymer-based nanostructured 

lipid carriers (NLC) impregnated with rosemary essential oil to induce collagen production, 

reepithelialization, fibroblast infiltration, increased vascularization, and display 

antibacterial activity against S. epidermidis, E. coli, L. monocytogenes, P. aeruginosa, and 

S. aureus bacterial strains, and they promoted complete wound healing within 12 days [49]. 

The combination of CMC and PVA reported by Wang et al. resulted in porous composites 

that could be easily removed from the wound site without causing re-bleeding [37]. 

Recently, the use of cellulose-based dressings for the management of traumatic bleeding 

has been one of the main improvements for controlled haemostasis [61]. 

A CMC-based dressing increases blood viscosity by dissolving when in contact with the 

blood and eventually promotes haemostasis [44]. Alginate-based dressings have drawn a 

lot of attention due to their low cost, biodegradability, biocompatibility, skin regenerative 

properties, anti-inflammation, haemostasis, etc. [62]. Zhong et al. reported high SA 

content-based films that promoted rapid drug release and haemostasis when combined with 

CMCS and chitosan (CS) [48]. Furthermore, topical gels with haemostasis effects have 

been reported, where activity results from their capability to penetrate the skin and also 

promote controlled drug release [41]. Based on the improved efficiency of the polymer-

based dressings reported by many researchers, SA and CMC-based topical gels were 

prepared and incorporated with selected essential oils to promote safe and rapid 

haemostasis.  

1.3. Aim of Research  

To develop polymer-based topical gels loaded with bioactive materials for the management 

of bleeding wounds.  

1.4. Objectives of Research  

• Preparation of nanoparticles by known synthetic routes.  

• Characterization of nanoparticles by SEM, FTIR, and XRD  

• Preparation of polymer-based topical gels that are loaded with bioactive materials  

• Characterization of the topical gels using pH, FTIR, spreadability, viscosity, and 

drug release 

• In vitro biological studies (cell viability, haemolysis assay, antibacterial studies, 

and wound healing/scratch assay)  
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1.5. The Novelty of the Research   

The commercially available wound dressings suffer from several limitations. The use of 

biopolymers is a promising approach to overcome some of the limitations associated with 

the presently used wound dressings. To the best of our knowledge, there are no reports on 

topical gels composed of the following formulations (1:1) alginate/carbopol and 

carboxymethylcellulose/carbopol for the management of bleeding wounds. Moreover, 

loading of TA in combination with essential oils and a range of nanoparticles has not been 

reported. In this reported work, TA was combined with selected essential oils and a range 

of nanoparticles in topical gels. The gels promoted cell proliferation, displayed good 

antibacterial activity, and had excellent haemostatic effects. They were biocompatible 

without causing toxic side effects, making them potential wound dressings for the treatment 

of infected and bleeding wounds, but further studies are required.  
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Chapter 2  
2. Literature Review 

2.1. Wound Healing  

Wound healing is the body’s intrinsic mechanism in response to skin breakdown, which 

involves a cascade of events to restore or regenerate tissue in the affected skin area. Wound 

healing is also responsible for stopping blood loss [1], the first and most important step for 

progressive healing. However, several factors may affect the body’s natural reaction to wound 

healing, like old age, bacterial infection, mishandled wound dressings, health diseases 

(haemophilia, diabetes), etc. These factors may delay wound closure and transform the wound 

into an even worse condition, leading to chronic wounds [2]. The body on its own may suffer 

to heal certain wounds depending on the depth and size of the wound, which causes scar 

formation. To overcome this challenge, the application of wound dressings is exercised to 

rapidly stop blood loss, inhibit bacterial infection, cause less or no pain, accelerate wound 

healing, and exhibit less or no scar formation. Biopolymer-based or a combination of both 

natural and synthetic polymer-based wound dressings is reported to be advantageous compared 

to only using synthetic-based wound dressings [3]. Nevertheless, normal wound healing 

requires a complicated interaction of four overlapping stages: haemostasis, inflammation, 

proliferation, and maturation Figure 1 [4–7].   

  

Figure 1: Phases of wound healing  

Haemostasis is the body’s first line of defence in response to injury [8], and it involves a 

complex interaction of platelets, clotting factors, fibrinolytic proteins, cytokine mediators, etc. 

and takes place in three major stages: vascular spasms, vasoconstriction, and platelet plug 

formation, respectively. Upon wound formation, haemostatic mechanisms (activation of 

clotting factors, which leads to the conversion of prothrombin→thrombin→fibrinogen→fibrin) 

take place to stop bleeding by forming a blood clot and holding the platelet plug formation that 

covers the affected blood vessel together [9,10]. Growth factors are then released, and the 
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factors responsible for growth diffuse into the surrounding tissue and attract neutrophils (useful 

against infection) and monocytes (transform into macrophages, which bring about a series of 

activities that are essential for the wound healing process) [11–13] preparing for the second 

stage of wound healing. This stage of wound healing lasts for seconds up to minutes, depending 

on the depth and size of the wound, and also determines how soon a wound dressing has been 

applied to the wound. 

Inflammation is the second phase right after haemostasis, where swelling, warmth, and redness 

in the affected area are observed due to white blood cells (exudate) leaked by blood vessels 

[14]. Wound exudate also provides a moist environment, which is important for wound healing. 

In this stage, neutrophils located in blood vessels migrate to the wound bed, enabling their 

concentration and that of monocytes in response to the degranulation of platelets and foreign 

materials. This interaction leads to the transformation of monocytes into macrophages, which 

protect the wound from infection by clearing microorganisms, pathogens, and debris through 

the release of reactive oxygen species (ROS) and proteases [11,18–20]. Macrophages not only 

clear debris, microorganisms, and pathogens, but they also liberate enzymes and cytokines, 

which produce growth factors that later help in the initiation of granulation tissue formation for 

the post-inflammation stage [8,17]. Moreover, the liberation of enzymes and cytokines 

produces fibroblasts and myofibroblasts, which contract and reconstruct the wound site and 

thereby narrow its size. This stage lasts for hours or days.   

The third phase of wound healing is proliferation, which starts with the migration of fibroblasts 

and myofibroblasts, which are essential in the formation of granulation tissue. This phase is 

characterized by neovascularization, phase epithelialization, and the formation of granulation 

tissue at the wound site, constructing a newly developed extracellular matrix [18]. The 

extracellular matrix is responsible for angiogenesis, a process where the structural framework 

and restoration of the new vessel at the wound site are achieved by endothelial cells [8,17]. The 

migration of keratinocytes to the wound site matures, proliferates, and reconstructs thereby 

covering the wound bed [8]. This stage can last for days or weeks. Collagen, a structural protein 

essential in all phases of wound healing, plays a significant role in both the proliferation and 

remodelling phases. The fourth and final phase of wound healing is remodelling which can last 

for months or years. Finally, the wound is covered, and scar formation is observed. At this 

stage, most involved cells (macrophages, endothelial cells, myofibroblast, fibroblast, etc.) leave 

the wound site, and some undergo apoptosis [9,17]. Replacement of collagen (type III) with 

collagen (type  
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I) takes place, leading to increased scar strength. The formed scar tissue differs from that of 

unwounded tissue in that it has lower mechanical strength. The hair follicles and sweat glands 

might not be regenerated or healed after chronic wound damage. 

2.2. Types of Wound  

Wounds can be characterized based on their biological nature of repairing themselves as acute 

or chronic. Acute wounds are the type of wounds that typically heal within 1–3 months [19], 

progressing through the normal phases of wound healing at the expected rate without any 

complications. These types of wounds can regenerate without external care and form minimal 

scars. Primary causes of acute wounds include frictional contact of skin on a rough surface, 

paper cuts, animal bites, knife stabs, gunshots, burns (superficial, partial-thickness, and full 

thickness), corrosive chemicals, incisions, and electricity [20] that destroy the underlying skin 

tissue [21]. Typical types of acute wounds include non-penetrating (bruises, lacerations [22], 

concussions, and abrasions) and penetrating (animal bite, gunshot, cuts, surgical [23], stabs, 

and burns [24]). However, at any stage of wound healing, an acute wound can turn into a 

chronic wound if the progressive normal phases of wound healing are hampered by different 

factors like an imbalanced immune system, health diseases, and bacterial biofilm, leading to an 

extended healing time [25,26]. 

Chronic wounds unlike acute wounds fail to heal within 2–3 months and thus require additional 

medical attention. The literature revealed that the majority of chronic wounds approximately 

70% or more, are a result of biofilm infection [27]. Impaired re-epithelialization and 

angiogenesis, increased protease activity, and dysregulated growth factors with persistent 

inflammation characterize chronic wounds as they lead to delayed progression of wound 

healing [4]. The most common and different types of chronic wounds include venous ulcers, 

diabetic foot ulcers, arterial ulcers, pressure ulcers, infectious wounds, radiation poisoning, and 

ischemic wounds. Bagher et al. reported that over 25 billion dollars are spent annually on the 

management of chronic wounds, with approximately 6.5 million people affected in the US [28]. 

Wounds can also be classified based on their depth as full-thickness (affecting the hypodermis 

and dermis), partial-thickness (affecting the dermis and epidermis), or superficial wound 

(affecting only the epidermis). Appropriate understanding of the type of wound and proper care 

of the wound is key to preventing chronic wounds. Treatment of chronic wounds varies 

depending on the wound type and wound site; therefore, a proper wound dressing has to be 

selected and applied accordingly. Polymer-based wound dressings play a major role in the 

treatment of different types of wounds. 
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2.3. Classification of Wound Dressings  

Wounds that are deep, partial, minor, or major require suitable medical treatment to avoid 

further complications. The practice of treating wounds requires different approaches, which 

can be termed (wound dressings), leading to different classifications of these wound dressings 

as follows: (I) traditional or passive, (II) skin substitutes, (III) interactive materials, and (IV) 

bioactive dressings (Figure 2) [29,30]. Wound dressings should be easily accessible and easy 

to use by non-trained people in cases of emergency and in places far from where medical 

attention can be offered. Wound dressings play various roles in each phase of wound healing; 

some are suitable for a specific stage, while others are commonly used in every phase of wound 

healing. An ideal wound dressing should have a good water vapour transmission rate (WVTR), 

tensile strength, be biocompatible, biodegradable, non-toxic, absorb exudate, be patient-

compliant, provide a wet environment at the wound site, prevent the formation of scars, etc. 

Traditional or passive wound dressings are designed to protect the wound from the outside 

environment by covering the wound and thereby stopping excessive loss of blood; they also act 

as wound cushions, absorb wound exudates, and provide a dry wound environment [30,31]. 

Regardless of the aforementioned advantages, this type of wound dressing requires frequent 

changing and can lead to skin re-damage and severe pain [29,32]. Bandages, wool dressings, 

plaster, and gauze are examples of traditional or passive wound dressings [29–31]. 

Skin substitutes are wound dressings designed to substitute the injured skin and are made up of 

epidermal and dermal tissue layers made from keratinocytes and fibroblasts on a collagen 

matrix [29,33]. The application of skin substitutes is limited due to limited survival time on the 

wound site, host rejection, and possibilities of infection and transmission; examples include 

allografts, autografts, and acellular xenografts [30,33]. Interactive materials are wound 

dressings prepared from natural (alginate, chitosan, gelatin, etc.) or synthetic (PEG, PVA, etc.) 

polymers [30]. They provide a wet environment for the wound, acting as a cushion and barrier 

against infection from microorganisms, enhancing granulation, modifying the physiology of 

the wound site, displaying good tensile strength, and improving water vapour transmission rate 

[29–31,34]. This type of wound dressing can be divided into different forms like sprays, films, 

foams, hydrogels, sponges, etc. 

Bioactive wound dressings are capable of promoting wound healing and can be incorporated 

with active materials, which they deliver to the target site of action to promote faster wound 

healing and improve their biological activity. Active materials like antimicrobials, vitamins, 
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metal nanoparticles, stem cells, etc. are usually fabricated in these types of dressings, and they 

are in different forms, such as gels, nanofibers, wafers, foams, sponges, hydrogels, membranes, 

and films [30,35]. These dressings are designed from a variety of naturally occurring 

biopolymers such as cellulose, hyaluronic acid, collagen, gelatin, alginate, pectin, chitosan, silk 

fibroin, etc., or synthetic polymers (PEO, PVA, PEG, etc.) [3,5,7]. Bioactive dressings reported 

in current studies are biocompatible, biodegradable, promote wound healing, are antibacterial, 

promote WVTR, have good tensile strength, patient compliance, and have environmentally 

friendly characteristics [29,36]. Biopolymers can be used solely or in combination with other 

polymers and biologically active materials like vitamins, organic drugs, growth factors, metal 

nanoparticles, etc. for direct delivery to the affected area. 

  

Figure 2: Classes of wound dressings  

2.4. Biopolymers used in the Design of Wound Dressings with Haemostatic Wound  

2.4. Healing Effects  

2.4.1. Chitosan  

Chitosan (a straight natural polymer resulting from the deacetylation of chitin) is composed of 

D-glucosamine and N-acetyl-β-D-glucosamine and is obtained from fungi and the exoskeleton 

of crustaceans [37–39]. Deacetylation of chitin results in the formation of amine groups, which 

give chitosan its cationic characteristic [39–41]. Generally, cationic biopolymers often possess 

an antimicrobial effect [39,42], which is no surprise given chitosan’s ability to inhibit bacterial 
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growth against several bacterial strains, leading to the promotion of wound healing [43]. When 

applied to the body, it is easily recognized by the body cells, leading to its degradation by 

enzymes and promoting the activation of macrophages. Moreover, it stimulates the synthesis 

of hyaluronic acid, which is produced by the body to enhance blood clotting [44]. Wound 

dressings fabricated from chitosan have been reported to exhibit a great coagulation effect even 

in the presence of coagulopathy [45]. Chitosan has been repeatedly reported to possess 

excellent haemostatic properties both in vitro and in vivo. The haemostatic properties of 

chitosan seem to be charge-dependent [46]. The positively charged chitosan, due to the 

presence of amino groups, crosslinks with the negatively charged membranes of red blood cells, 

leading to a higher degree of platelet adhesion and wound surface constriction [1,39]. It is also 

reported that the degree of deacetylation may influence the haemostatic activity of chitosan. 

Bano and co-workers reported solid chitosan with a high degree of deacetylation to have a high 

haemostatic effect and higher platelet adhesion [1]. Moreover, chitosan can be easily attracted 

to platelets, resulting in thrombosis and activation of platelets. 
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Scheme 1: Shows deacetylation of chitin to chitosan  

Bagher and co-workers prepared hesperidin-loaded alginate/chitosan hydrogels and analysed 

their wound-healing potential in a rat model. Two formulations of the hydrogels were prepared 

based on the concentration of hesperidin (1 and 10%) and tested for their wound healing 

potential. The in vitro drug release showed a sustained release in 14 days of 77.03 ± 8.71%, 

and the hydrogels with or without hesperidin exhibited good haemocompatibility [28]. The 

presence of hesperidin in the hydrogels made no significant difference when tested for 

haemolysis. Hydrogels without hesperidin displayed a higher number of bacterial colonies, 

while hydrogels containing 10% hesperidin exhibited a lower number of bacterial colonies, 

followed by 1% hesperidin-loaded hydrogel. This implies that the addition of hesperidin to the 

hydrogels played a significant role in improving the antibacterial activity of the hydrogels, 

which is dependent on the concentration. A similar trend was also observed in the cytotoxicity 
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assay results, and the gels were not only cytocompatible but also promoted cell proliferation, 

which increased with an increase in the concentration of hesperidin. This proliferative effect 

was linked to hesperidin’s remarkable positive cell growth effect. In vivo wound healing studies 

revealed incomplete wound healing with inflammation and infection in the plain hydrogel-

treated wound, while hesperidin hydrogels exhibited full wound healing with no signs of 

infection or inflammation. The commercial wound dressing exhibited 32 and 59% wound 

closure on days 7 and 14, respectively, while hesperidin 10% hydrogel exhibited 82 and 98% 

wound closure post-injury, respectively.  

Chen and co-workers reported porous starch/chitosan composites crosslinked with sodium 

trimetaphosphate (STMP) labelled (SPC) and tested their wound healing activity on a rat model 

[47]. These composites exhibited swelling ratios of 355.0% and a water absorption ratio of 

150.8%. They were reported to be hemocompatible with a 0.12 ± 0.02 haemolytic absorbance, 

and they showed a high cell adhesion area against the rat tail. In vitro blood loss was recorded 

at 0.070 ± 0.031 g with 164.42 ± 8.67s clotting time, compared to the medical gauze with 0.27 

± 0.091 g and 230.8 ± 10.30s, respectively. Using the rat tail and the liver haemorrhaging 

models, the blood loss and clotting time were recorded at 0.29 ± 0.023 g and 147.25 ± 15.80s 

and 145.2 ± 19.2 s, respectively, with a 20 mg SPC dosage. Sundaram et al. prepared injectable 

chitosan composite hydrogels for rapid haemostasis. The prepared hydrogels were adhesive, 

haemocompatible (1 ± 0.5%), and non-toxic with 96.6 ± 5.9% cell viability and 112 ±12s 

clotting time in vitro. In vivo investigation of the femoral artery and rat liver haemorrhage 

revealed shorter clotting times compared to the marketed haemostatic agents like Floseal and 

Fibrin sealant, with 20 ± 10s, 105 ± 31s, 76 ± 15s, 218 ± 46 s, and 77 ± 26s, 204 ± 58s, 

respectively [48]. Wang et al. prepared a porous haemostatic sponge from chitosan/alginate 

and Bletilla striate polysaccharide (CS/Alg/Bsp) [49]. All the prepared sponges with varying 

ratios of Alg (5, 10, 15, 20% w/w) and Bsp (2.5, 5, 7.5, and 10% w/w) exhibited more than 90% 

porosity. A CS/Alg10/Bsp composite sponge was selected for further experimental studies 

because it exhibited significant pore size and water absorption results. The blood clotting 

kinetics of this sponge were greater than those of the plain CS, and they were found to be better 

as Bsp concentration increased. They exhibited a minimal BCI of 22.41%. These composite 

sponges showed an increase in cell growth of 3T3 cells, as they exhibited cell viability in the 

range of 109-117% after 48h of incubation. Using the rabbit ear artery haemorrhage model, the 

in vivo blood clotting time was recorded at 68.82s with 0.03 g of blood loss. The ternary 
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composite sponge exhibited shorter clotting time and blood loss compared to the marketed 

gelatin sponge.  

Mohandas et al. prepared loaded VEGF fibrin nanoparticle composites from 

chitosan/hyaluronic acid (CS/HA) sponges to enhance angiogenesis in wounds. Porosity and 

swelling ratios for all the tested samples were in the range of 65–75% and 8–12%, respectively, 

with degradation percentages between 10–20% from the 1st week, which gradually increased 

to 30–35% from the 2nd week. The haemostatic behaviour of CS/HA-VFNPs sponges was 

compared to that of CS/HA sponges and Koltastat, a commercially available haemostatic 

dressing, and it was found that CS/HA-VFNPs exhibited the highest blood clotting ability, 

which was attributed to the presence of fibrin nanoparticles. Cell viability studies were 

performed against human umbilical vein endothelial cells (HUVECs) and human dermal 

fibroblast (HDF) cells using the Alamar blue assay. CS/HA-VFNPs sponges exhibited a 

maximum of approximately 85% against HDF cells and 98% against HUVECs. VEGF released 

from the fibrin nanoparticle composite sponges is significantly the most potent growth factor 

that promotes angiogenesis, which induces endothelial cell proliferation and migration [50]. 

Their results suggest that CS/HA-VFNPs sponges are promising scaffolds for the enhancement 

of angiogenesis. However, further studies still need to be done to evaluate the in vivo wound-

healing properties of these sponges. 

He et al. prepared alginate/carboxymethyl-chitosan/kangfuxin (ACK) sponges to enhance 

blood clotting and the management of full-thickness wounds. Different concentrations of 

kangfuxin (5, 10, and 15%) were used to evaluate its wound healing properties compared to 

plain AC and alginate. Blood coagulation tests showed that alginate sponges had poor blood 

clotting ability as compared to AC, ACK-5, ACK-10, and ACK-15, with blood completely 

clotting in contact with these sponges at a record time of less than 60 seconds. The antibacterial 

assay revealed that S. aureus was more resistant to all the treatment groups, with bacterial 

colonies decreasing by less than 65%, while in E. coli, all treatment groups exhibited similar 

antibacterial activity of more than 80%, with ACK-5 showing the highest number of bacterial 

colonies killed. hGFs cells were selected to check the cytocompatibility of these sponges, and 

ACK-10 and ACK-15 presented the highest number of attached hGFs as compared to the other 

treatment groups. In vivo wound healing was done for 14 days, and on day 4, the ACK-15 

composite sponge exhibited a greater wound closure as compared to all other groups. From 

days 9 to 14, the ACK-10 composite sponge exhibited significant wound reduction, greater 

than all other treatment groups [5]. These results signify that a high concentration of kangfuxin 
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may lead to fast drug release, which influences the initial fast healing properties of ACK-15; 

however, a controlled release is more beneficial for the treatment of wounds, and after the 14th 

day, ACK10 sponge-treated wound was almost covered by regenerated skin.  

Hao and co-workers fabricated alginate and chitosan-based composite sponges with fucoidan 

(ACF) to enhance hair follicle regeneration and angiogenesis for the treatment of full-thickness 

wounds [51]. Different compositions of fucoidan (AC, ACF-1, ACF-2, and ACF-3) were used 

to investigate its wound-healing properties. Evaluation of haemostatic assay for these 

composite sponges showed high blood clotting ability as follows: ACF-1 > ACF-2 > AC > 

ACF-3, signifying high fucoidan concentrations induced lower haemostatic ability and the 

blood clotting ability of AC was influenced by both chitosan and alginate. The antimicrobial 

evaluation revealed that the activity of AC is influenced by the antibacterial properties of CS 

and SA, and the fabrication of fucoidan decreased the antimicrobial ability of these polymers 

as it increased in concentration against E. coli (a gram-negative bacterial strain). These findings 

suggest that the antibacterial activity of these sponges is dependent on the concentration of 

fucoidan, and lower concentrations exhibit high antibacterial activity. Despite the influence of 

fucoidan on haemostatic and antimicrobial activity, ACF-1 and ACF-3 exhibited great cell 

viability against human gingival fibroblasts (hGFs). In vivo studies on rat full-thickness wounds 

were performed using AC, ACF-1, and ACF-3 composite sponges and sterile gauze as the 

control group for 21 days. All the samples appeared to have normal subcutaneous tissue with 

no evidence of infection. However, there was no visible wound contraction. The control group 

showed scabs and was haemorrhagic at the wound site on day 4. On day 9, ACF-1 exhibited 

the highest wound contraction, which was significantly closer to the one for ACF-3, with 

control and AC showing lesser wound contraction. On days 14–20, ACF-1 greatly accelerated 

wound healing, with wound contraction of over 98%, while there was no significant difference 

between AC and ACF-3, with both exhibiting less than 80% wound healing, whereas the 

control exhibited over 80% wound healing. The ACF-1 composite sponge enhanced wound 

healing by promoting cell proliferation, inflammatory cell infiltration, and angiogenesis.  

Wang et al. prepared (CDDs) dopamine bio-glued beads from the combination of chitosan with 

diatom-biosilica to promote fast blood clotting. These beads showed large and fast absorption 

of water, which was linked to their porous internal structure, as confirmed by a scanning 

electron microscope (SEM). L929 cells were used to evaluate the cytotoxicity of the composite 

beads, and the cell viability of these composite beads was above 80% regardless of the 

concentration, reaching above 90% after 48 hrs [52]. According to GB/T 16886.5-2003 (ISO 
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10993-5: 1999), a material exhibiting 75% or more cell viability is considered noncytotoxic 

[53]. Cell viability that exceeded 100% was observed after 72 hrs, showing that the prepared 

composite beads also stimulate cell growth. The clotting time of CDDs composite beads was 

compared to other prepared formulations: CS (chitosan beads), CD (chitosan dopamine 

composite beads), and powder of chitosan (CP). The clotting time was recorded at 3.19 min, 

3.08 min, 2.23 min, and 1.35 min for CP, CS, CDs, and CDDs, respectively. CDDs exhibited 

the shortest blood clotting time, and this is in relation to the fast and rapid water absorption of 

these composite beads. This shows that the CDDs blood clotting mechanism could involve 

water absorption within the blood cells, concentrating in them, and thereby forming a sticky 

blood clot that hinders blood flow or loss. 

The addition of polydopamine significantly shortened the clotting time of the composite beads, 

as CDs and CDDs exhibited shorter times compared to other treatment groups. As observed by 

SEM, CDs exhibited a significant increase in blood cells on their surface, while CDDs revealed 

a large number of blood cells and a dense network of fibrin, indicating an excellent haemostatic 

effect. Polydopamine has a hydrophilic surface, which aids in the absorption of the composite 

beads, leading to the accelerated aggregation of coagulation cascades. Moreover, its phenolic 

hydroxyl groups may cause adhesion, leading to calmed blood clots and the closure of blood 

vessels. It is evident that chitosan, dopamine, and diatom-biosilica significantly exhibited a 

synergistic effect to promote rapid blood clots.   

2.4.2. Gelatin  

Gelatin is a high molecular weight protein extracted from the hydrolysis of collagen from plants 

or animals [54,55], and it is used in various pharmaceutical practices due to its biocompatibility, 

biodegradability, haemocompatibility, etc. [56,57]. Based on the hydrolysis procedure used 

(alkali or acid hydrolysis) during their manufacture, they can be classified as either type B or 

type A, respectively [58]. Its polypeptide chain is composed of a high number of amino acids 

[58], with proline, hydroxyproline, and glycine being the most dominant residues in its 

structure (Figure 3) [59,60]. The gelling effect of gelatin is influenced by a temperature of 35–

40℃, including the dominance of proline and hydroxyproline [58,61]. In wound healing 

applications, it has been proven to promote a fast migration of healed cells [62]. Its wide 

application in the management of external haemorrhage and the clinical prevention of internal 

bleeding during surgery has made it a reliable agent in tissue regeneration. 
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Figure 3: Summary of the composition of amino acids in gelatin [59,60] 

 

Owing to its adhesive potential, recent studies have reported that gelatin-based scaffolds are 

advantageous in the rapid control of haemorrhage, as they accelerate the coagulation cascades 

[63] by adhering to RBCs and platelets via electrostatic interaction, which additionally 

promotes thrombus formation. Moreover, Alipal et al. reported that its swelling properties can 

limit blood flow by providing a site for fibrin clots and thereby forming a stable matrix around 

the broken blood vessel [64]. Gelatin’s bio-adhesion properties can be linked to the high 

number of hydrogen bond-forming moieties available in its structure (-OH, -NH2, and -OOC). 

Wang et al. reported its cellular adhesion and proliferation properties to be facilitated by its 

similar peptide chain to that of collagen [65]. Han et al. reported that its adhesion is influenced 

by the arginine-glycine-asparagine (RGD) sequence present in its molecular structure, which 

further promotes migration [66]. It can also activate the intrinsic blood clotting pathway as it is 

extracted from collagen. Nevertheless, its application in the critical control of haemorrhage 

conditions is limited as a result of its high water solubility, poor mechanical strength, and poor 

swelling capacity. Moreover, it also plays an important role in the 2nd phase of wound healing 

by facilitating the healing processes of the inflammation phase and the proliferation phase [67]. 

Drug release kinetics and incorporation capacity of gelatin-based scaffolds in the drug delivery 

system can be monitored by either varying their degree of crosslinking, molecular weight, or 

selection of type A or B [61].   
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Scheme 2: Chemical structure of gelatin  

Huang et al. prepared gelatin/silver nanoparticle-based biodegradable composite cryogels and 

checked their potential to inhibit Pseudomonas aeruginosa (P. aeruginosa)-infected burn 

wound, biofilm, and haemostatic activity [68]. The prepared cryogels exhibited haemolysis 

ratios below 5% when their concentration was as high as 5 mg/mL, signifying good 

haemocompatibility of the cryogels. In vitro cytocompatibility showed that a concentration 

below 20 mg/mL exhibited no significant cell toxicity with both Gel/AgNPs-0.5 and 

Gel/AgNPs cryogels, with cell viability equivalent to that of Gel cryogel. Moreover, the cell 

viability of L929 cells in contact with Gel/AgNPs-0.5 and Gel/AgNPs revealed no significant 

difference as compared to that of Gel cryogel (P > 0.05) in 1, 3, and 5 days of incubation; this 

suggests that the addition of AgNPs did not affect the cell viability and haemocompatibilty of 

the prepared cryogels. The live/dead staining revealed a green spindle-like morphology of the 

cells and almost no evidence of dead cells recorded in 1 day of cryogels in contact with the 

cells. The antibacterial activity of these cryogels was evaluated against P. aeruginosa, E. coli, 

and MRSA bacterial strains, where 80 mL of the sample was added to 10 mL of 105 central 

forming units/mL of the microorganism’s solution incubated at 37℃. The untreated bacterial 

solution showed OD600 values that increased with increasing time for up to 24 h, and they then 

remained constant for all three bacterial strains. Gel cryogel exhibited similar results to those 

of the untreated bacterial solution, signifying that gelatin does not have any significant 

antimicrobial activity against the treated bacterial strains. Gel/AgNPs-0.5 exhibited good 

antimicrobial activity against E. coli and MRSA in the 1st 12 h, while against Pseudomonas 

aeruginosa, such activity was observed within 24 h. Gel/AgNPs cryogels exhibited the best 

antimicrobial activity against MRSA and P. aeruginosa strains, where all the bacteria were 

killed within 48 h. These results were outstanding and indicated that the bacterial activity was 
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dependent on the amount of AgNPs loaded within the cryogels. Similarly, the antibacterial 

results of the blank and gel cryogel treated with selected bacterial strains showed no significant 

difference in the biofilm biomass. The removal ratio of the biofilm biomass for Gel/AgNPs was 

recorded at 70%.   

In vivo haemostatic capacity for the prepared cryogels was compared to that of the 

commercially available gelatin sponge, medical gauze, and untreated group using a mouse liver 

trauma model. The recorded blood loss was 350 mg for the untreated, 230 mg, 121 mg, 82 mg, 

and 81 mg for the medical gauze, gelatin sponge, Gel cryogel, and Gel/AgNPs cryogels, 

respectively. The slight difference between Gel cryogel and Gel/AgNPs shows that silver 

nanoparticles have no significant haemostatic activity and did not influence the swelling water 

absorption capacity of the Gel cryogels. The bleeding time was faster (2.5 min) for the gel 

sponge, gel cryogel, and Gel/AgNPs treated groups, while the gauze-treated bleeding time was 

3.3 min and 5 min for the untreated. The fast healing potential was linked to gelatin’s potential 

to bind or activate platelets, thereby leading to the formation of blood clots as well as swelling 

and porosity, which may concentrate the blood after absorption. In vivo haemostasis assay 

against the rat liver defect model revealed a short bleeding time for Gel/AgNPs of 3.3 min, 

greater than that of Gel cryogels (4.1 min) and untreated (6.7 min). In vivo wound healing of 

Gel/AgNPs cryogels exhibited wound contraction of 96%, higher than that of Gel cryogel and 

commercially available Tegaderm™ with 75% and 56%, respectively. Moreover, the collagen 

content increased with treatment time, with the Gel/AgNPs cryogel-treated group exhibiting 

higher collagen content as compared to Tegaderm™ after the 1st and 2nd weeks of treatment.   

Cao and co-workers formulated porous gelatin microspheres fabricated with vancomycin (Van) 

and checked their haemostatic efficacy. The specific surface area and porosity were recorded 

at 22.9 m2/g and 40.1% for plain porous microspheres (P-MS), with no significant difference 

with those of vancomycin porous gelatin microspheres (Van/Gel-MS) with 23.3 m2/g and 

39.6%, respectively. Water absorption of Van/Gel-MS was 1460%, P-MS (1450), and 1330 for 

crosslinked gelatin microspheres (CL-MS). This proves that porous Gel microspheres exhibit 

a higher absorption capacity than crosslinked Gel microspheres, and the fabrication of Van 

slightly aided the porosity and water uptake of the microspheres. The prepared samples 

exhibited in vitro coagulation more than three times better than those of the untreated and 

Yunnan Baiyao (a haemostatic material from China) treatment groups, with CL-MS exhibiting 

136 s, Gel-MS 133 s, and P-MS 80 s. Moreover, across different concentrations of Van/Gel-

MS, they all exhibited similar clotting times to those of P-MS, indicating that Van had no 
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significant effect on the blood clotting effect of the microspheres. Van/Gel-MS were proven to 

promote cell adhesion as the SEM images revealed an accumulation of fibrin and RBC on their 

surface [69]. Drug release kinetics of 8, 4, and 2% concentrations of Van from Van/Gel-MS 

were recorded in 5 days. Upon the 1st hour, Van/Gel-MS 8, 4, and 2% initial bursts of 12.22%, 

14.47%, and 19.68% release were followed by 61.18%, 68.01%, and 76.71% in 24 h, and lastly 

78.05%, 86.95%, and 91.67% in 120 h, respectively. The trend in these findings indicates that 

lower concentrations of Van lead to higher drug release from the microspheres, and vice versa. 

Gel microspheres without Van exhibited no antibacterial activity against S. aureus, while 

Van/Gel-MS 8% revealed the highest antibacterial inhibition (8.5 mm), 4% (7.5 mm), and 2% 

(7 mm). Comparing drug release kinetics and antibacterial activity, it can be said that slower 

and controlled drug release positively played a significant role in the inhibition of S. aureus. In 

vivo haemostatic results on the liver lacerated model revealed contrary results in comparison to 

the in vitro haemostatic results on all the tested samples.   

The untreated liver model had the longest clotting time, while CL-MS had a better clotting time 

than Gel-MS. Yunnan Baiyao exhibited a shorter time than both of them. However, shorter 

haemostatic times were recorded for P-MS (1.25 min) and Van/Gel-MS (1.55 min), which can 

be linked to their high porosity and water absorption capacity. Similar blood clotting times 

were observed for Van/Gel-MS irrespective of the difference in their concentrations, indicating 

that blood coagulation was dependent on gelatin’s haemostatic potential and porosity of the 

microspheres. In vivo infected wound repair showed a nearly sealed, bright, and moist surface 

in all Van/Gel-MS treated groups with muscle lesion reduction filled with fibrous connective 

tissue over 10 days of treatment. Although there were no bleeding spots across all groups, the 

PMS-treated group showed the presence of exudate and inflammation. Furthermore, 

histological analysis revealed a larger number of scattered macrophage permeation, fibroblasts, 

neovascularization, and myocyte necrosis for all the Van/Gel-MS concentrations. However, 

Van/Gel-MS 2% exhibited a higher number of new capillaries formed compared to all other 

groups, while P-MS showed severe exudate and inflammation.   

Atashgahi et al. prepared gelatin nanofibers covering epinephrine-entrapped chitosan 

nanoparticles (E/CS/Gel) for fast haemostasis. The composition of this nanofiber material was 

as follows: chitosan (15 % w/v), epinephrine (300 µg/ml), and gelatin (1.5% w/v). Epinephrine 

exhibited concentration-dependent cytotoxicity, which increased with an increase in 

concentration. However, it exhibited reduced cytotoxicity when fabricated with chitosan NPs 

and even displayed good biocompatibility when treated as E/CS/Gel. This shows that chitosan 
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and gelatin significantly improved the biocompatibility of epinephrine. In vitro haemolytic 

assay displayed haemolysis ratios of 3.4% and 2.1% for E/CS/Gel and CS NPs, respectively. 

As stated, haemoglobin release is classified as haemolytic at >5%, slightly haemolytic at 2–

5%, and non-haemolytic at 0-2% [70]. In vitro blood clotting of E/CS/Gel nanofiber was 

compared to that of the commercially available dressing (GelFoam®). The whole blood (WB) 

and normal saline (NS) absorptions were recorded at 300% and 270%, respectively, for 

E/CS/Gel, while GelFoam® absorbed 210% and 200%, respectively. Using citrated human 

blood, the clotting time for E/CS/Gel was recorded at 20 seconds, 52 seconds for the base pad 

containing E/CS NPs, 70 seconds for GelFoam®, and 110s for the base pad. The application 

of blood cells on the surface of E/CS/Gel revealed immediate blood clotting as the E/CS/Gel 

nanofibers showed activation of agglutination and coagulation procedures. SEM images 

showed a substantial adherence of RBCs to the surface of nano-biomaterials, forming thrombus 

and thereby activating platelets. Plasma prothrombin time (PT) and activated partial 

thromboplastin time (aPTT) revealed about a 20% notable decrease in PT compared to aPTT, 

with no significant change after applying E/CS/Gel. In vivo haemostatic assay on raptured 

femoral arteries was performed for E/CS/Gel, GelFoam®, base pad containing E/CS NPs, and 

blank, and the haemostatic time was recorded at 99 s, 140 s, 163 s, and 203 s, respectively. The 

lower blood loss could be linked to gelatin’s adhesive nature and the fact that in high dosage, 

it causes blood clotting through platelet adhesion [70]. Using a raptured liver model, the 

bleeding time was recorded at 33s for E/CS/Gel, 54s GelFoam®, 75s base pad containing E/CS 

NPs, 97s blank, and 104s for untreated wounds, with 50% of the animals still haemorrhaging 

throughout the end of the experiment. In vivo haemostatic evaluation of these nanofibers 

concludes that they are potentially active materials for rapid blood clotting, and a combination 

of gelatin and chitosan yielded a synergistic effect.  

Aydemir and co-workers prepared sodium oxidized regenerated cellulose as a cross-linker of 

gelatin-based microparticles (Gel/NaORC) to stimulate fast haemostasis [71]. NaORC 

exhibited no notable swelling capability, while different formulations of NaORC (1, 5, 10, 25, 

and 50%) used to crosslink the gelatin microparticles exhibited 21.59%, 21.03%, 16.63%, 

15.21%, and 14.63% swelling capabilities, respectively. The swelling ratios of the 

microparticles decreased with an increase in the concentration of NaORC. The in vitro 

coagulation time of the microparticles was compared to that of NaORC as a control and 

Celox®, a marketed product. The coagulation time for the Gel/NaORC formulation presented 

a shorter time for NaORC-1 which increased with concentration as Gel/NaORC-50 had the 
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longest blood clotting time. However, there was a notable difference between Gel/NaORC-1 

and Gel/NaORC-5 despite their similar swelling capabilities, suggesting that the haemostatic 

activity of the microparticles did not solely depend on swelling ratios but also the concentration 

of NaORC. Celox® displayed the shortest time compared to all the tested groups, while 

NaORC revealed a short time against all other Gel/NaORC formulations except for 

Gel/NaORC-1. Gel and NaORC synergistically played a key role in reducing the blood clotting 

time of Gel/NaORC-1. Gel/NaORC-1 was selected for further studies, and the calcification 

profiles for Gel/NaORC-1 and Celox® were similar with shorter calcification periods than in 

the control and Gel groups, while NaORC presented the shortest calcification period (p < 0.05). 

In vitro cytotoxicity was performed against human umbilical vein endothelial cells (HUVEC) 

incubated for three days, and Celox®, Gel/NaORC-1, and Gel displayed more viable cells than 

the control and NaORC groups. MTT assay conducted for 6, 12, and 24 h showed that all 

treatment groups except the control exhibited an increase in cell viability that increased with 

time. However, there was a notable decrease in cell viability for Gel groups in the 24th h, while 

Celox® showed an exceptionally increased cell viability. 

Wang et al. designed photo-crosslinkable hybrid haemostatic injectable and in situ hydrogels 

composed of gelatin methacryloyl (GelMA) and pectin methacrylate (PECMA). Their polymer 

combination therapy resulted in a highly porous structure, mechanical properties, tunable 

rheology, biodegradability, and controllable swelling of the hybrid injectable hydrogel. These 

properties were achieved by varying the polymer (1.5–7.0%) and calcium (0–15 mM) content 

used in the sequence of crosslinking the hybrid hydrogels via UV-photopolymerization and 

calcium gelation. These hybrid hydrogels showed a synergistic effect in their haemostatic 

activity and biocompatibility, and their highly porous structure aided in rapid blood clotting 

and quick blood absorption properties [72]. They were further proven to show rapid photo-

crosslinking and can be easily injected into the affected area, halting blood loss and thereby 

reducing blood clotting time by 39%. These hybrid hydrogels could be easily removed from 

the site of treatment without causing skin re-damage. 

Nagahama et al. also reported combined haemostatic dressings already on the market [Gel 

sponge (GelFoam®) and fibrin glue (Tisseel)] for improved haemostatic effect and in 

neurosurgical applications. Treating a 51-year-old female who suffered from brisk venous 

bleeding due to a tear at the sigmoid sinus junction, using the fibrin/Gelfoam immediately 

controlled the bleeding and remained uncomplicated for the remainder of the resection of the 

tumour operation [73]. 
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Yan et al. formulated a collagen sponge reinforced with chitosan/calcium pyrophosphate 

nanoflowers (CPNFs-Col sponge) for fast haemostasis [74]. These sponges were formulated at 

different concentrations of collagen (0, 15, 30, and 40%). In vitro and in vivo biological studies 

were performed for these sponges, and there was no evident cytotoxicity on both HUVEC cells 

past 2 days and mice appeared normal with no sudden change in their behaviour. Using 2% 

rabbit haemocyte the sponges also showed excellent in vitro compatibility during the 

haemolysis test. CPNFs-Col-30% exhibited overall excellent results in all the in vitro biological 

tests. Platelet adhesion was more significant for the CPNFs-Col-30 sponge with ± 80%, 

followed by the collagen sponge with ± 53% and the chitosan sponge with ± 53%. The 

haemoglobin adsorption test revealed that the CPNFs-Col-30 sponge exhibited the highest 

ratios of approximately 50% within the initial 2 minutes compared to other groups with less 

than 25%. However, from 3-5 min, the collagen sponge exhibited similar ratios with CPNFs-

Col30 sponge, with a maximum of ± 90% in 5 min. These results prove that the CPNFs-Col-

30 sponge will enhance the rate of blood clotting at the very beginning of post-injury. In vivo 

haemostatic evaluations were performed in a rabbit hepatic trauma model and an ear artery 

model. The shortest haemostatic time was observed for the groups treated with CPNFs-Col-30 

sponge, exhibiting the best haemostatic ability and showing minimal blood loss. Other 

treatment groups achieved haemostasis in an elongated time frame with more blood loss. These 

sponges are undoubtedly the best candidates for the management of haemorrhage in a shorter 

time to hinder excessive blood loss. 

Arunagiri et al. formulated haemostatic microparticles composed of crosslinked polyelectrolyte 

Gelatin-Tannic acid-κ-Carrageenan (GTC) [75], and the prepared microparticles were found to 

be stable at 86 μm (GTCk), 63 μm (GTCl), and 46 μm (GTCm). The swelling and water 

absorption properties of these formulations increased with a decrease in the particle size of the 

microparticle, with GTCm showing the highest swelling (273%) and water absorption (2400%) 

properties. The prepared scaffolds exhibited haemolysis ratios below 0.5%, showing their good 

haemocompatibility. Using the FE-SEM analyser, the microparticles exhibited high cell 

adhesion of RBC and platelets, which increased with an increase in the particle size. 

Pseudopodia structure was deformed due to the high number of platelet adhesion, and deformed 

pseudopodia aided in forming platelet plugs, which help to strengthen fibrin and thereby stop 

blood loss [76]. A blood clotting index was performed for the prepared microparticles and 

compared to that of tannic acid, gelatin, and κ-Carrageenan. The microparticles revealed a 

significant BCI than the other groups, with GTCm displaying the lowest percentage of 10.33% 
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and κ-Carrageenan with the highest of 68.44%. GTCm was selected for further studies, and the 

cell toxicity was checked using a range of 10–1000 μg/mL. Cell viability was dependent on the 

concentration of GTCm, as lower concentrations of 10–60 μg/mL displayed over 100% cell 

viability, 80–500 μg/mL displayed >90% viability, and lastly, 1000 μg/mL showed >80% 

viability. Despite the decrease, all these concentrations are still considered safe. The blood 

clotting and blood loss properties for GTCm were recorded at 50 s and 66.77 mg, respectively, 

showing a rapid coagulation time.  

2.4.3. Cellulose  

Cellulose is an environmentally friendly polymer composed of a linear series of D-glucose 

molecules linked by β-glycosidic bonds [77,78]. It is extracted from plant fibre cell walls, and 

it is also available in algae and bacteria in small proportions. It is a widely distributed natural 

polymer compound and offers several advantages, such as sustainability, renewability, 

biocompatibility, biodegradability, patient compliance, and affordability. A composite sponge 

prepared from cellulose absorbed blood rapidly and stimulated thrombosis to achieve 

haemostasis [79]. Cellulose can be modified to produce a variety of its derivatives, which can 

be used in different fields of biomedical research depending on their structure, and some of 

them have been widely used in wound healing and as haemostatic materials (oxidized cellulose, 

carboxymethyl cellulose, etc.). CMC is derived from cellulose, where, depending on the degree 

of substitution (DS), the hydroxyl groups present in the cellulose structure are modified into 

carboxymethyl groups. The DS varies between 0.4 and 1.5 [80]. The substitution of the 

hydroxyl groups with carboxymethyl groups has increased the water solubility of CMC and it 

is widely used in sodium salt form. Owing to these features, CMC has been widely applied in 

a variety of different industries (such as lubricants in eye drops in healthcare and food 

thickeners in the food industry). It has been used in regenerative medicine, wound healing, and 

drug delivery [81]. CMC can promote coagulation by dissolving in the blood due to its high 

solubility, thereby increasing the viscosity of the blood and eventually stopping blood loss [82]. 

Aoshima and co-workers revealed in their work that CMC operated as a bridge for fibrin 

polymerization when it is dissolved in the blood, thereby promoting the formation of thick 

fibrin fibre and, as a result, improving blood coagulation [83]. As reported by Ribeiro et al., a 

variety of commercially available CMC dressings have been widely used in different stages of 

wound healing, like IntraSite™ Gel (which promotes fast wound healing by removing hard-

boiled tissue on the affected area), Silvercel™ (used in chronic wounds to hinder microbial 
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infection), Aquacel Ag™ and GranuGel™ (which suppress microbial infection and treat full-

thickness wounds, respectively) [84]. 
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Scheme 3: Carboxymethylation of cellulose to form carboxymethylcellulose  

Ohta and co-workers formulated non-woven sheets composed of carboxymethylcellulose 

(CMC) with varying degrees of substitution (DS) for the management of haemostasis [81]. The 

DS significantly played a notable role in the absorption properties and biodegradability of the 

sheets, as an increase in DS increased their biodegradability and decreased the absorption 

potential of the nonwoven sheets. Using clot signal, nonwoven sheets without CMC had less 

haemostatic ability compared to those with CMC, which significantly improved the formation 

of hard blood clots, which could be linked to the incorporation of CMC into fibrin fibres. The 

clotting time was short for the CMC-treated group compared to the groups treated with normal 

saline. They discovered that the prepared CMC scaffold accelerates the development of clots 

thereafter, but it does not shorten the initiation of clotting. The high DS of CMC sheets 

increased the viscosity of the blood as they dissolved in contact with it. Using rat tail, the 

haemostatic evaluation of the CMC sheets was recorded to significantly shorten the bleeding 

time regardless of the DS, with the shortest bleeding time of 7.5 min being lower than that of 

the native cellulose nonwoven sheet by 3.3 min. 

Fan et al. prepared CS/cellulose composite sponges loaded with sodium dodecyl sulphate 

(SDS) for the management of excessive bleeding using a variation of CS to cellulose (9:1, 7:3, 

5:5, 3:7, and 1:9). The porosity of these formulations was in the range of 95.9-79.3% with 

Cel9/CS1 exhibiting the highest ratios. There was no significant difference in the water 

absorption ratios of the formulations though there was a slight difference between Cel5/CS5 

and Cel9/CS1, showing better absorption, respectively. The haemoglobin absorbance of the 

reported sponges was significantly low compared to that of a commercial gelatin sponge, pure 

cellulose gel, and gauze, implying that the presence of CS improved the haemostasis of the 
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sponges [79]. In vitro blood clotting time was recorded at 3 min for gelatin sponge and gauze, 

while the sponges stopped bleeding within the range of 98–35s, with the shortest time recorded 

for Cel5/CS5. These sponges revealed good adhesion properties as the amount of CS was 

increased, showing a great number of RBCs on their surface, and their haemolytic ratios were 

below 5%, showing good haemocompatibility. Moreover, these sponges exhibited antibacterial 

activity against P. aeruginosa, S. aureus, and E. coli. With no surprise, the cell viability rate 

increased with an increase in the content of CS, and the sponges promoted cell growth as 

recorded from day 1-3 with viability rates in the range of 89.6–106.9% and 102.1-115.2%, 

respectively. In vivo haemostatic evaluation revealed the shortest bleeding time for Cel5/CS5 

on rat liver (20 s), leg artery (34 s), and tail amputation (29 s), compared to gelatin sponge-

treated groups with 131 s, 372 s, and 159 s, clotting times, respectively.  

Liu and co-workers prepared carboxylated cellulose nanofibers (CNF/Gel/AgNPs) with gelatin 

loaded with aminated silver nanoparticles of (0.2 and 0.5) varying concentrations. Equilibrium 

fluid uptake of these nanofibers was compared to that of plain CNF, and CNF exhibited better 

fluid uptake of simulated blood fluid (SBF) compared to the blood. However, this was 

significantly lower than that of CNF/Gel/AgNPs formulations, which showed similar SBF and 

blood absorption that increased with an increase in AgNPs. Haemoglobin absorbance was 

significantly lower for CNF/Gel/AgNPs scaffolds compared to that of CNF, however, they 

were all non-haemolytic with absorbances lower than 0.18. Expectedly, CNF/Gel/AgNPs 

exhibited the highest number of platelets adhered to their surface, and a similar trend was 

observed for the thrombin-antithrombin complex. The in vitro cytotoxicity against normal 

neonatal human dermal fibroblast displayed cell viability greater than 100% for the tested 

dressings, and the CNF/Gel/AgNPs0.5 scaffold exhibited the best antibacterial inhibition 

compared to the other tested groups over S. aureus and P. aeruginosa bacterial strains [85]. 

Wound healing results revealed that approximately 90% of the wound was closed in 14 days, 

with a survival rate of 83% for the treated mice, while CNF-treated mice did not survive more 

than 7 days. 

Barbar et al. formulated haemostatic granules from gamma radiation cross-linked 

CMC/kappacarrageenan (KC) and polyethylene oxide (PEO) [86]. Two formulations were 

achieved, CMC (20% w/w CMC, irradiated at 40 kGY) and KPP (2.5% KC, 2.5% PEG, 5% 

PEO, irradiated at 25 kGy), which were further designated –G (granules) or –D (pasted in 

medical gauze). Swelling ratios showed water absorption to be high and reaching equilibrium 

within the first 4h for CMC and 7h for KPP. The prepared CMC-G scaffold could absorb 10 
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times more of its amount, despite a significant decrease in saline solution absorption. KPP-D 

presented a restricted swelling capacity, which was linked to the gauze backing and high 

crosslinking by PEO. In vitro haemostatic evaluation displayed no significant difference over 

KPP-D and CMC-D scaffolds, with a BCI lower (1:2 sample-to-blood ratio) than that of 

commercially available agents Celox®, medical gauze, and QuickClot®. Blood clotting results 

presented a relatively faster blood coagulation time for the two formulations as compared to 

that of the commercially marketed haemostats. Platelet adhesion results showed less adhesion 

observed for QuickClot® and CMC formulations, whereas KPP formulations presented high 

adhesion of platelets on their surface. KPP-D was suggested to work as an adhesive material 

and to attract and aggregate platelets, while CMC-G was more of a tissue factor dehydrator, 

concentrating RBCs. In vitro cytotoxicity of the formulations revealed cell viability of 85% 

(CMC) and 87% (KPP). In vivo blood coagulation investigation using 20 rat femoral arteries 

showed treatment with CMC-G and KPP-D exhibited 100% survival in 7 and 14 days, 

regardless of the age of the rat, and induced blood clotting in less than 90 s. These formulations 

displayed complete wound closure in 14 days, which was comparable to a popular chitosan-

based product. 

Mahmoodzadeh et al. formulated cellulose-based superabsorbents (aerogels and hydrogels) 

loaded with tranexamic acid to promote haemostasis. The prepared formulations revealed that 

the aerogels had a higher porosity (~70%) than the hydrogels, and they exhibited higher 

swelling and blood absorption ratios (60 times their size) by trapping the RBCs. The 

commercial dressings (Gelita-Cel® and Traumastem®) exhibited no significant swelling ratios 

[87]. Aerogels formulation exhibited adherence to the bleeding site of 1.5 cm2 area with an 

average stress of 82 ± 6 kPa, even greater than that of commercial fibrin glue (15–20 kPa), 

Traumastem® (23 kPa), and Gelita-Cel® (18 kPa). The release of tranexamic acid was 

recorded at 41% in 4h and 90% in 6h. For aerogels, 90% release was achieved. Aerogel 

formulations were used for further studies, and they exhibited good cytocompatibility, 

including non-haemolytic behaviour (0.66 ± 0.05% haemolytic ratio), including a BCI of 0.8%. 

BCI and RBC attachment of Traumastem® and Gelita-Cel® were recorded at (60 and 30%) 

and (20 and 4%), while the aerogel scaffold exhibited an 80% RBC attachment. The clotting 

was more rapid for the aerogel scaffold forming a milky gel in contact with the plasma, while 

the Traumastem® and Gelita-Cel® clotting times were recorded at nearly 240 s. In vivo studies 

using a rat femoral artery showed the amount of blood loss and coagulation time of (0.8 g and 
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179s), (3.6.g and 380s), and (3.42 g and 402s for aerogel scaffold, Traumastem®, and Gelita-

Cel®, respectively.  

2.4.4. Hyaluronic Acid  

Hyaluronic acid (HA) is a biopolymer that is naturally occurring in most body parts and is more 

abundant in synovial fluid (SF) and articular cartilage. It is a glycosaminoglycan forming the 

main component of the extracellular matrix (ECM) [88,89]. Its structure is composed of 

repeating linear disaccharides, made up of D-N-acetylglucosamine and D-glucuronic acid [90], 

linked together by β-1,3 and β-1,4 glycosidic bonds [91]. It is non-allergic, biocompatible, 

biodegradable, bioresorbable, and non-toxic [88,90]. Moreover, it acts as a shock-absorber, 

lubricant, flow resistance regulator, and joint structure stabilizer [92]. Its structural formula is 

composed of a large number of hydroxyl and carboxylic acid groups and a few acetamide 

groups, which aid in its high water absorption ability and hydrophilic behaviour as its molecules 

have the potential to swell up to 1000 times. It is involved in all stages of wound healing, and 

just after an injury, it is increased at the site of injury as it promotes angiogenesis, decreases 

the inflammatory process, and regulates tissue remodelling [93]. 

During the process of wound healing, high levels of HA are reported in granulation tissue, and 

its hydrophilic character makes it bind to fibrin, making the fibrin clot soft and more susceptible 

to being colonized by the cells. It can be composed of 25 000 repeating disaccharides and more, 

and this determines the role it plays in the body, concluding that its activity is dependent on its 

molecular weight [91]. Low molecular weight HA molecules stimulate angiogenesis, pro-

inflammatory cytokines, migration, and vascular endothelial cell proliferation [91], allowing 

sufficient blood supply at the broken blood vessel [94]. Contrary, high molecular weight HA 

inhibits angiogenesis, migration, and vascular endothelial cell proliferation; however, it 

stimulates the anti-inflammatory response [95]. When applied to the body, HA is ineffective 

until it attaches to the cluster determinant 44 (CD44) receptor, and when that happens, it 

induces fibroblast migration [94]. Its binding to CD44 triggers its fragmentation from high 

molecular weight to low molecular weight oligomers thereby regulating cellular activity that 

recruits monocytes and leucocytes and thus sustains the inflammatory response [92,93]. 

However, its interaction with CD44 has been reported to slow down the movement of 

leukocytes, affecting neutrophils' adhesion to the broken blood vessel [95]. HA-based 

hydrogels have been reported to play a positive role in cartilage haemostasis, proliferation, 

wound healing, cellular signalling, and biomechanical integrity [96].  
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Chen et al. reported an in vitro evaluation of a composite powder (RapidClot) composed of 

hyaluronic acid and alginate for the management of excessive bleeding wounds. The water 

absorption properties of these composites were compared to those of the commercially 

available dressings, i.e., Celox and WoundSeal. The swelling ratios were recorded at 1124% 

RC, 372% CX, and 201% WS. Distilled water was used to simulate the blood clotting time and 

contact time with the PBS, WS exhibited the longest clotting time of 705 s, while RC and CX 

were 95 and 80 s, respectively. Using blood, the clotting time for WS remained at 705 s, while 

a significant difference was observed between CX and RC with increased or prolonged clotting 

times of 132.7 and 378.7 s, respectively. This shows that RC has better haemostatic ability than 

the two commercially available dressings. The haemolysis assay for these dressings was tested 

using different concentrations, and results revealed that the haemolysis of WS and RC was not 

dependent on their concentration, while CX revealed an increase in concentration to negatively 

affect its haemocompatibility. At the highest concentration used, (20 mg/mL), the haemolytic 

ratio for these dressings was recorded at 46.3 ± 6.5%, 36.4 ± 9.1%, and 4.2 ± 1.5% for WS, 

CX, and RC, respectively [97]. Enzymatic degradation studies using hyaluronidase and 

lysozyme revealed a decreased weight of CX and RC from day 1 (35%) and day 7 (55%), while 

WS revealed no notable difference. While in the lysosome, CX was more susceptible with 40% 

remaining after digestion on day 7, while RC showed 50% remaining. Using NIH/3 T3 

fibroblasts, the cell viability was recorded at 98.4 ± 4.1% for CX, 90.7 ± 3.1% for RC, and 49.6 

± 14.4% for WS. 
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Liu and co-workers prepared hyaluronic acid/cationized dextran (HA/Dex) sponges, and these 

sponges were composed of poly((2-dimethyl amino)-ethyl methacrylate)-grafted dextran 

(DexPDM) and partially-quaternized Dex-PDM crosslinked using sodium trimetaphosphate 

(STMP). These sponges were labelled SHDP and SHDQ, respectively. Amongst formulations 

of SHDP depending on STMP, 50 mg STMP (SHDP-2) was selected for further wound healing 

studies accompanied by SHDQ due to its high water absorption and swelling capacity of 1035% 

and 1159%, respectively. Lower haemolysis ratios below 0.5% were observed for both SHDP-

2 and SHDQ, moreover, they further exhibited cell viability of over 70%, revealing the 

cytocompatibility of the sponges against HEK 293 cells. SEM images confirmed the blood 

compatibility of SHDP-2 and SHDQ with red blood cells (RBCs), showing a biconcave disk 

morphology even after treatment. Compared to sterile gauze (65% haemoglobin content), the 

whole-blood clotting assay after the 60s revealed SHDP-2 and SHDQ sponges with significant 

haemoglobin content of about 30%. This rapid blood clotting could be linked to the highly 

porous and swelling ratios of these sponges. Complete blood clotting was observed in 2 min in 

treatment with SHDQ and 3 min for SHDP-2, while sterile gauze did not reveal blood clotting 

formation after 3 min. These results signify that excessive bleeding cannot be solely stopped 

by the body’s natural mechanisms, thereby requiring an effective haemostatic wound to play a 

vital role in rapid haemostasis. Application of optical microscopy showed that the SHDQ 

sponge was more effective when compared to all other tested treatments, revealing more 

aggregated RBCs on its surface. The high haemostatic ability of SHDQ was linked to its high 

cationic charge, which might have interacted with the negatively charged blood cells to inhibit 

blood loss. In vivo haemostatic performance was done using blank (no treatment), sterile gauze, 

SHDP-2 and SHDQ on bleeding livers treated for 60 s, then later covered the affected area with 

filter paper for another 60s. [98]. SHDP-2 and SHDQ displayed promising haemostatic ability 

in vitro and in vivo and are promising materials for haemorrhaging wounds. 

An et al. formulated a highly haemostatic tissue-adhesive hydrogel (HA-serotonin) through the 

oxidative crosslinking of serotonin molecules combined with the HA backbone. This scaffold, 

due to serotonin’s nucleophilic activity of oxidative intermediates, exhibited outstanding 

biocompatibility against human adipose-derived stem cells and HepG2 cells cultured for 7 

days. The blood clotting time of HA-serotonin was compared to that of an existing haemostatic 

agent (Fibrin glue) as a positive control, and the HA-serotonin hydrogel exhibited a 

significantly decreased bleeding time of 30 s in comparison with fibrin glue. The blood clotting 

kinetics of HA-serotonin was dose-dependent as compared to those of fibrin glue, signifying 
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that in diverse clinical applications, it may be more efficient and easier to control haemostatic 

performance [99]. Control of blood clotting kinetics can be achieved by changing the material 

doses, revealing the competitive advantage of HA-serotonin hydrogel over conventional 

haemostatic agents for realistic applications. The amount of blood loss was checked using filter 

paper on a mouse liver model, and the HA-serotonin hydrogel and the fibrin glue exhibited 

minimal blood loss compared to the untreated group. However, the mass of blood lost was 

significantly reduced by HA-serotonin hydrogel compared to all other treatment groups. These 

findings imply that HA-serotonin hydrogels could promote greater haemostatic activity than 

the fibrin-based agents already on the market. The HA-serotonin hydrogel not only promotes 

rapid blood clotting but also prevents massive blood loss. Histological analysis of the liver after 

treatment revealed no unusual immune response for the HA-serotonin hydrogel-treated groups, 

confirming their biocompatibility and safety for further clinical evaluations. These adhesive 

hydrogels exhibited anti-adhesion behaviour for tissues surrounding the injured tissue and the 

formation of a thin layer on the bleeding area. However, out of 9 treated animals, there was 

only one single case where 11% of abnormal tissue adhesion was observed, while all others 

exhibited 44% for the untreated groups and 66% for the fibrin glue-treated groups. 

Furthermore, the haemostatic potential of the scaffold was studied using a haemophilic 

(B6;129S-F8tm1Kaz/J) mouse strain on the raptured liver. A fatal haemorrhage was observed in 

the untreated groups, in contrast to the HA-serotonin hydrogel-treated groups, which had 

decreased bleeding mass. After 1 min of treatment, only a few blood spots were observed on 

the filter paper for HA-serotonin-treated mice, while excessive bleeding was still observed in 

the untreated mice. Regardless of almost impossible blood clotting in haemophilic mice, 

histological analysis showed almost complete haemostasis when treated with HA-serotonin, 

with a clot-like structure noted in the bleeding area of the liver retrieved from the mice. The 

factor VIII-mediated coagulation pathway is thought to be the target site for complete 

haemostasis by HA-serotonin hydrogel, as it is deficient in haemophilia. The scaffolds reported 

in this research have a promising haemostatic ability. However, more clinical studies need to 

be done to confirm their activity. 

Wang et al. reported HA-catechol hydrogels by drafting dopamine hydrochloride into HA 

(CHI-HA) to manage haemostatic wounds. This material was crosslinked using a varying 

concentration of H2O2 and horseradish peroxidase (HRP) to form CHI-HA-R1 and CHI-HAR2. 

After 24 h, CHI-HA exhibited the highest swelling ratios compared to CHI-HA-R1 and CHI-

HA-R2. However, it was noticeable that an increase in HRP and H2O2 ratios significantly 
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decreased the swelling capability of the hydrogels, as CHI-HA exhibited 3115.86%, CHI-

HAR1 (1112.76%), and CHI-HA-R2 (889.70%). The cytocompatibility of the hydrogels was 

tested against L929 cells, and none of the hydrogels exhibited a negative cell growth rate effect, 

as CHI-HA exhibited 82%, CHI-HA-R1 (93%), and CHI-HA-R2 (98%). The haemostatic 

capability of these hydrogels was evaluated using a rat liver defect model, and the untreated 

group after 20 min of treatment exhibited 70 mg of blood loss, while CHI-HA showed 18 mg 

of blood loss in 12 min, and CHI-HA-R2 revealed rapid control of bleeding and good 

haemostatic properties. Further studies were performed in a rat leg artery haemorrhage model, 

and the results were similar to those of the liver model, with CHI-HA-R2 revealing almost no 

notable bleeding. This outstanding performance was linked to its elastic and adhesion 

properties [100]. The wound closure of these hydrogels was investigated in comparison with 

that of the surgically sutured wound for 9 days. On day 6, CHI-HA-R2 exhibited better wound 

closure than the suture and CHI-HA. However, on day 9, there was no significant difference 

between CHI-HAR2 and suture-treated wounds with 97% wound closure. 

Wang and co-workers formulated wound dressings composed of starch and HA cross-linked 

with sodium trimethaphosphate (STMP) with varying concentrations of HA and STMP. The 

swelling ratios of these scaffolds increased with an increase in HA content; however, an 

increase in STMP had a different trend, where it increased from a concentration of 5–10% and 

decreased from 10–20%. BCI results showed that an increase in HA significantly decreased 

BCI sharply to (0.025), and a similar trend for STMP was observed. A correlation between the 

swelling behaviour and the blood coagulation behaviour of the dressings was also observed. 

The selected composite dressing containing 15% HA and 5% STMP exhibited improved 

haemostatic ability than the marked dressings (Yunnan Baiyao®, Arista™, and Quickclean® 

particles [101]. In vitro cytotoxicity evaluation using MTT assay against L929 cells revealed 

that for a concentration of 12.25–100%, the prepared composite exhibited 111.2–124.0% cell 

viability, revealing their safety for the cell and capability to promote proliferation. The 

haemolysis ratio was recorded at 0.97% ± 0.21%, showing a non-haemolytic effect, and the in 

vivo histocompatibility after 14 days showed no signs of oedema, exothermic burns, redness, 

or bleeding at all stages. Haemostatic evaluation of the S5/S/HA15 composite compared to that 

of Quickclean® particles was performed against rabbit ear artery, liver, back, and ear vein 

injuries. There was no significant difference observed between the haemostatic potential of the 

composite dressings in terms of blood loss and clotting time. S5/S/HA15 had better haemostatic 
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potential when applied to the ear vein, with reduced blood loss in a few seconds compared to 

Quickclean® particles. 

2.4.5. Alginate 

Alginate (alginic acid) is a readily available and naturally occurring anionic biopolymer 

extracted from the cell walls of brown seaweed [102-104]. It is used and investigated for many 

biomedical applications due to its low toxicity, biocompatibility, mild gelation, and relatively 

low cost [104]. The polysaccharide backbone is composed of (1-4) linked α-L-guluronate (G-

blocks) and β-D-mannuronate (M-blocks) and followed by segments of repeatedly linked MG 

blocks [105]. Alginate-based wound dressings promote a moist environment with reduced 

bacterial invasion [104]. Alginate dressings also promote good inflammatory properties such 

as skin regeneration, biodegradability, moderate water transmission rate, good antimicrobial 

activity, promising mechanical strength, etc. Alginate hydrogels prepared from natural or 

biopolymers are used as wound dressings for different types of wounds, including burn wounds. 

These alginate-based hydrogels help in the maintenance of an optimally moist environment and 

an appropriate temperature for the wound [106–108]. A wound dressing material that is used 

must be selected depending on the condition of the wound [109,110] and must be easily 

removed from the wound without causing trauma to the healed tissue. Modified alginate-based 

wound dressings play a fundamental role in absorbing large amounts of wound exudates to 

prevent infection at the wound site; they are biocompatible, non-toxic, remove wound 

debridement, stop bleeding, create a moist environment, and act against bacterial infections 

[111–115]. 
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Scheme 5: M and G-block structure of alginate  

Feng et al. prepared alginate-based TEMPO-mediated oxidized cellulose nanocrystal (TOCN) 

composites to target the first phase (haemostasis) of wound healing. The size of the produced 

nanocrystal composites was in the expected and acceptable range, which has been reported in 

the literature. The prepared SA/TOCN composites were divided into different concentrations 
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and cross-linked with calcium chloride. Outstanding water absorption properties were observed 

in SA/TOCN-30 composite sponge (1399.1%), and SA/TOCN-30 composite film (75.2%) in 

all the testing materials, contrary to alginate sponge (825.9%) and film (43.35%), which 

presented the lowest water uptake. Haemolysis in vitro assay was conducted using 2% rabbit 

erythrocyte suspension. Haemolysis was evident in the positive control (distilled water) 

compared to SA solution (4 and 6 mg/mL), TOCN solution (1 and 4 mg/mL), and SA/TOCN 

composite extracts, which did not cause any haemolysis. These results prove that SA, TOCN, 

and SA/TOCN composites have outstanding haemocompatibility and are suitable for wound 

dressing applications. The CCK-8 method was used to perform cytocompatibility for 48 h. The 

cell viability on the control was set to 100%. The cell viability for the composites was 99% 

after 48 h, showing that all the composites were non-toxic to Hela cells despite different 

concentrations (0.1, 0.5, 2.5, and 5 mg/mL). SEM revealed that the erythrocytes kept their 

characteristic morphology of a bio-concave disk with a large amount gathered on the SA/TOCN 

composites, and none exhibited deformation or aggregation. In vivo studies were performed on 

a rabbit liver injury model and an ear artery injury model [116]. The bleeding amount in the 

liver injury model was recorded as 0.539 ± 0.069g, 0.826 ± 0.075 g, and 1.735 ± 0.055g for 

SA/TOCN-30 composite sponge, SA/TOCN-30 composite film, and gauze as compared to all 

other materials, respectively. Similar results were observed for the ear artery injury model; 

however, they were comparably lower in this model. Moreover, the SA/TOCN-30 composite 

sponge`s haemostatic time (76 ± 8.13 s) was significantly shorter than in all other groups. The 

SA/TOCN composite sponge groups presented a more rapid haemostatic time when compared 

to all other materials and SA/TOCN composite films, with the SA/TOCN-30 composite sponge 

(70 ± 5.93 s) haemostatic speed which was the shortest. 

Jin et al. prepared sodium alginate, carboxymethyl chitosan, and collagen haemostatic 

microspheres (CMCSM) with an average particle size of 13.33 and 39.33 surface area and 

volume, respectively, and tested their activity in vivo. These microspheres were 

haemocompatible with haemolysis ratios of 0.051 ± 0.008%. The haemostatic performance of 

the microspheres was compared to that of a marketed compound microporous polysaccharide 

haemostatic powder (CMPHP) and wet gauze on an amputated rat tail. The wet gauze groups 

after haemostasis showed a block of blood clots, while in the CMCSM and CMPHP groups, 

there was no apparent clot observed, with a small volume of powder stuck. The coagulation 

time was recorded at 249.2 ± 44.7 s, 370.0 ± 43.1 s, and 428.0 ± 83.3 s for the CMCSM, 

CMPHP and gauze groups, respectively. Blood loss was 665.2 ± 51.3 mg for the wet gauze 
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group, 54.5 ± 24.6 mg for CMPHP, and 37.6 ± 8.1 mg for CMCSM. The hybridization of SA, 

CMCS, and collagen produced a synergistic effect in promoting wound healing. The CMCS 

led to the aggregation of RBCs, thereby forming a barrier of a blood clot, while SA activated 

clotting factors with the eggshell skeleton consisting of Cs2+, and collagen strengthened platelet 

aggregation by activating intrinsic pathways for rapid haemostasis [117]. The wound-healing 

assay showed rapid healing for CMCSM-treated groups in the first 2 days compared to the 

control; however, they exhibited similar wound healing with no significant difference at day 

12 with >80% wound closure. 

Liu et al. prepared alginate paste and hydrogels containing lipidated tissue factor (TF) to form 

a controllable haemostatic material. The formulated scaffolds had varying concentrations of 

alginate (1%, 2%, and 3% w/v). The drug release kinetics revealed a sequential decrease as the 

concentration of alginate increased in the scaffolds. TF-hydrogels exhibited drug release 

kinetics that was not dependent on alginate concentration. After 2h, all the hydrogels released 

35% TF and 40% in 4h. These hydrogels followed a Fickian diffusion mechanism, while the 

release from a 1% scaffold followed a case-II diffusion mechanism [118]. The TF-paste 

scaffolds exhibited high drug release compared to the TF-hydrogel scaffolds. TF-paste 

scaffolds exhibited the shortest blood clotting time (1.5 min, 3.2 min, and 5.1 min) compared 

to the TF-hydrogels (4.3 min, 8.2 min, and 8.9 min), which increased with an increase of 

alginate concentration, respectively. The untreated group showed a coagulation time of 14.2 

min. In vitro cytotoxicity was performed using the Calcein AM/PI dual-staining survival assay 

on NIH 3T3 cells. The TF-hydrogels and TF-paste scaffolds exhibited similar results, with the 

cells stained green showing no signs of toxicity on NIH 2T3 cells and almost no PI-positive 

cells noted. 

Jin and co-workers formulated alginate microspheres coated with different amounts of 

berberine (B1, B5, and B10%) for the management of bleeding wounds and bacterial-infected 

wounds [119]. The microspheres were termed SCC as they contained SA, 

carboxymethylchitosan, and collagen. The particle size and surface area average size of the 

microspheres increased with an increase in berberine, respectively. The swelling ratios of these 

microspheres showed an increasing behaviour in relation to the increase in berberine amount, 

and SCC-B10 exhibited the highest of 4300% in the first 5 min and a maximum of 4800% in 

10 min. Biodegradability studies revealed that all the tested microspheres exhibited more than 

90% degradation after 90 min. Haemolysis evaluation using 2% rabbit RBC suspension proved 

that all the microspheres were haemocompatible with less than 2% haemolytic activity, and the 
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encapsulation of berberine significantly aided in the haemocompatibility of the microspheres. 

In vivo haemostatic activity on rat tails revealed that mixing plain S/C/C and berberine did not 

induce blood coagulation, with a clot forming after 12 min which could be attributed to the 

self-clotting mechanism. However, when these were used in the form of microspheres, SCC-

B10 expectedly showed the shortest clotting time of 180.33 ± 6.11s, followed by SCC-B1, 

SCCB5, and plain SCC microspheres with 209.7 ± 42.4s, 217.0 ± 26.1s, and 249.2 ± 44.7s, 

respectively, greater than that of the commercially available compound microporous 

polysaccharide haemostatic powder ‘CMPHP’ (370.0 ± 43.1s). Blood loss was evaluated for 

SCC-B10, SCC, and CMPHP and was found to be 26.3 mg, 37 mg, and 54.5 mg, respectively. 

Antibacterial activity evaluation revealed that the plain SCC microspheres did not exhibit 

antibacterial activity against S. aureus, while SCC-B1 exhibited the highest antibacterial 

inhibition, which is in line with its rapid drug release. These results suggest that berberine has 

a high antibacterial activity dependent on its concentration, and its influence on the swelling 

capacity of the microspheres makes it suitable for haemostasis and controlled drug release. 

Sutar et al. prepared Croton oblongifolius extract-coated alginate/pectin dressings for the 

management of bleeding. The prepared dressing had the morphology of a highly porous sponge 

of 90% porosity, and the simulated wound fluid absorption was greater for A/P-CO and A/P 

(5.2 g) compared to the marketed gauze (4.1 g) [120]. The dressings were biodegradable; 

however, their slow rate of degradation was linked to their swelling capacity, and coating them 

with CO did not affect the rate of degradation. Drug release kinetics revealed a controlled 

release of CO, which was 72% in 72h of incubation. The BCI of the dressing was compared to 

the untreated group, and CO-coated dressing exhibited a lower BCI percentage of 

approximately 15% compared to plain A/P dressing 27%, and untreated 39%. The clotting 

ability of A/P-CO dressing was linked to tannins presently available in CO extract. The A/P-

CO dressing exhibited a high thrombin-antithrombin complex (TAT) concentration of 41.36 

mg/mL compared to other groups with minimal TAT levels. The in vitro cell biocompatibility 

of the dressings was performed using primary HDF cells, and they were non-toxic to the cells 

with 82% cell viability. Antibacterial activity of the dressing compared to that of plain CO 

extract was evaluated on S. aureus and E. coli, and the bacterial inhibition was observed to be 

more efficient for plain CO extract with 15 mm and 14 mm zones of inhibition, respectively, 

while A/P-CO exhibited none and 8 mm, respectively. 

Huang and co-workers formulated silk fibroin/alginate microspheres (SF/SA) with varying 

concentrations of alginate 2 and 4% to promote fast blood clotting. The swelling ratios of the 
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microspheres were recorded at 3311 ± 30.5% for SF/SA2, 2868.3 ± 50.6% SF/SA4, 2810.6 ± 

52.2% SA, and 712 ± 40.1% SF. Similarly, the in vitro water absorption ratios were highest for 

SF/SA2 (4775 ± 478 %) than all other groups. In vitro cytotoxicity of the microspheres was 

investigated using an MTT assay on L929 cells, and they were reported to not only be 

biocompatible but also promote cell growth of the L929 cells [121]. The cell viability was 

recorded at 139.0 ± 8.39 % for SF/SA4, 134.9 ± 5.12% for SF/SA2, 131.8 ± 3.66% for SA, and 

128.4 ± 7.91 % for SF. In vitro simulated blood clotting tests revealed a 122 ± 2.05 s clotting 

time for SF/SA2, followed by SF/SA4 (173 ± 5.43 s), SA (188 ± 1.41 s), and lastly SF (287 ± 

8.57 s). The in vitro blood clotting evaluation showed that SF/SA2 exhibited the shortest time 

of 2.33 ± 0.20 min, followed by SA (3.06 ± 0.23 min), SF/SA4 (3.36 ± 0.37 min), and SF 

microspheres (4.93 ± 0.76 min), while the control groups exhibited 6.86 ± 0.21. The whole 

blood clotting kinetics also confirmed that SF/SA2 have better haemostatic potential than other 

groups, as it exhibited the lowest absorbance values in all treated times. Biodegradation studies 

revealed the greatest degradation for SA microspheres compared to other groups, and SF/SA4 

had better degradation than SF/SA2, showing that SA is more degradable than SF. In relation 

to the in vitro blood clotting assay, the in vivo coagulation evaluation on the rat tail exhibited 

similar results, with SF/SA2 showing the shortest blood clotting time of 65.6 ± 6.7 s and SA 

the longest of 203 ± 11.1 s. The amount of blood loss was recorded at 7.1 ± 2.5 mg for SF/SA2, 

13.4 ± 2.3 mg (SA), 16.8 ± 2.6 mg (SF), and 17.4 ± 3.9 mg (SF/SA4) microspheres. These 

findings were similar to those of the rat liver laceration model, however, the amount of blood 

loss and clotting time were a bit slower than in the rat model, as the liver produces a greater 

amount of blood compared to the tail. 

Table 2: Summary of polymer-based dressings with haemostatic activity  

Polymer  Hybridized 

polymer  

Type of 

wound  

dressing  

Material 

loaded  

Advantages  Reference  

Chitosan  alginate  Sponge  Kungfuxin  Fast blood 

clotting, active 

against E. coli,  

[5]  

  

 

   Rapid wound 

healing ability.  
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   alginate  Hydrogel  Hesperidin   Fast wound 

closure, hinder 

microbial infection, 

exhibits anti-

inflammatory, 

haemocompatible   

[28]  

   starch  Sponge    Haemocompatible, 

high cell adhesion, 

promotes 

haemostasis  

[47]  

    Injectable 

hydrogels  

  Non-toxic, 

haemocompatible, 

reduces the 

bleeding time  

[48]  

   Alginate,  

Bletilla striate polysaccharide  

Sponge     promote cell 

growth, 

haemocompatible, 

promote fast blood 

clotting and less 

blood loss  

[49]  

  Hyaluronic acid  Sponge   VEGF 

fibrin 

nanoparticle  

Cytocompatible, 

high blood clotting 

ability, promotes 

angiogenesis  

[50]  

   Alginate  Sponge   Fucoidan  Blood clotting, 

active against E. 

coli at lower 

concentrations, 

non-toxic.  

[51]  
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  Diatom- 

biosilica  

Beads  Dopamine  Cytocompatible, 

stimulates cell 

growth, fast blood 

clotting time  

[52]  

Gelatin    Cryogel   AgNPs  Haemocompatible, 

non-toxic, hinders 

bacterial infection, 

removes biofilm 

biomass, 

haemostatic  

[68]  

    microspheres  vancomycin  Rapid blood 

clotting, cell 

adhesive, S. 

aureus inhibition, 

accelerated 

healing of an 

infected wound  

[69]  

  Chitosan  Nanofibers   Epinephrine  Haemocompatible, 

cytocompatible, 

cell adhesive, 

rapid blood 

clotting,   

[70]  

  Na oxidized 

regenerated 

cellulose  

Microparticles    Blood clotting, 

promoted cell 

viability and cell 

growth  

[71]  

  Pectin 

methacrylate  

Injectable &  

in situ 

hydrogel   

  Biodegradable, 

biocompatible, 

haemostatic, 

easily removed  

[72]  

  Fibrin glue  Sponge    Immediate control 

of bleeding  

[73]  
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  κ-Carrageenan  Microparticles     Non-haemolytic, 

high cell adhesion, 

fast blood clotting, 

non-toxic  

[75]  

Carboxymethyl  

cellulose  

Chitosan   Sponge   Na dodecyl 

sulphate  

Haemocompatible, 

haemostatic, rapid 

blood clotting, cell 

adhesive, 

antibacterial 

inhibition, 

increased cell 

growth  

[79]  

    Nonwoven  

sheets  

  Biodegradable, 

accelerate blood 

clotting, 

haemostatic  

[81]  

  Gelatin   Nanofibers   AgNPs  Non-haemolytic, 

platelet adhesive, 

proliferative, 

antibacterial,  

promoted wound  

healing  

[85]  

  κ-Carrageenan, 

polyethylene 

oxide  

granules  

  

  Fast blood 

clotting, high 

platelet adhesion, 

tissue factor 

dehydrator, 

nontoxic, 

accelerate wound 

healing   

[86]  

    Aerogel & 

hydrogel  

Tranexamic 

acid  

High blood 

absorption rates, 

adhesive, fast drug 

release kinetics,  

[87]  
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    cytocompatible, 

non-haemolytic, 

haemostatic  

 

Hyaluronic acid  Alginate   Powder     Haemostatic, 

haemocompatible  

[97]  

  poly((2dimethyl 

amino)-ethyl 

methacrylate)  

Sponge   Dextran   Non-haemolytic, 

non-toxic, fast 

blood clotting, 

aggregate RBC  

[98]  

  

    Hydrogel   Serotonin   Biocompatible, 

decreased 

bleeding time, 

tissue adhesive,  

[99]  

    Hydrogel   Dopamine   Cytocompatible, 

reduce blood loss, 

fast blood clotting, 

and accelerated 

wound closure  

[100]  

  

  Starch       Haemocompatible, 

non-toxic, promote 

cell growth, 

haemostatic  

[101]  

Alginate   Oxidized 

cellulose  

Sponge & 

film  

  Non-toxic, fast 

blood clotting, 

minimizes blood  

loss  

[116]  

  Carboxymethyl 

chitosan, 

collagen  

Microspheres     Non-haemolytic, 

biocompatible, 

aggregate RBC, 

haemostatic  

[117]  
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    Paste & 

hydrogel  

Lipidsted 

tissue factor  

Reduce bleeding  [118]  

time,    

biocompatible  

    Microspheres   Berberine   Non-haemolytic,  [119] 

blood clotting,    

antibacterial  

  Pectin  Sponge   Croton 

oblongifolius  

Biodegradable,  [120]  

controlled drug 

release, 

haemocompatible, 

biocompatible, 

antibacterial, 

blood clotting  

  Silk fibroin   Microspheres     Non-toxic,  [121]  

promotes 

proliferation, 

nonhaemolytic, fast 

blood clotting in 

vivo and minimal 

blood loss  

  

2.5. Application of Organic Drugs and Nanoparticles in Wound Healing  

Nanomaterials should have a dimension of at least 1–100 nm [122]. Their size is even smaller 

than the body cells, allowing them to have high uptake to interact with biomaterials within the 

cells or on their surface [123]. Nanomaterials come in many forms, such as polymeric 

nanoparticles, solid lipid nanoparticles, nano-emulsions, lipids, inorganic (metal oxides or 

metals) nanoparticles, etc. The use of metal-based nanoparticles has evolved in the research 

industry since their discovery. Their unique and outstanding features, such as optical, 

electronic, catalytic, magnetic, bio-separation of DNA and proteins, and antibacterial 

properties, have enabled their wide range of use in various fields. They can be prepared from 

the synthesis of inorganic compounds or from natural plants. Farooq et al. reported that titanium 

oxide (TiO2) and zinc oxide nanoparticles (ZnO-NPs) possess antibacterial activity by 

generating reactive oxygen species (ROS), leading to radical stress in the bacterial organism. 
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ZnO NPs oxidize bacterial proteins and destroy DNA synthesis, thus inhibiting bacterial growth 

[78]. They further reported that the antibacterial activity of ZnO is dependent on the electronic 

state, surface energy, roughness, surface charge, shape, surface area, and particle size [78]. 

Gel formulations containing ZnO were reported by Buyana et al. and the gels exhibited good 

antimicrobial activity [124]. Manuja et al. reported nanocomposites of sodium alginate, gum 

acacia, and ZnO. These nanocomposites increased the rate of wound healing in full-thickness 

excisional rabbit wounds and also promoted an anti-inflammatory response and cell adhesion 

and proliferation [125]. Norouzi et al. formulated PVA-ZnO nanofibers that possess 

antibacterial properties against S. aureus and E. coli; higher antibacterial inhibition was 

observed when tested in vivo, including fast wound healing and better cell attachment [126]. 

Soubhagya et al. formulated CS/pectin-ZnO NPs-based films for the management of wounds 

and reported their antimicrobial activity against both gram-positive and gram-negative bacterial 

strains. Moreover, they promoted an increased rate of cell growth and migration with a non-

toxic effect against primary human dermal fibroblast cells [127]. Zhang et al. prepared 

hydrogels composed of alginate/chitosan oligosaccharides-ZnO and reported their 

antimicrobial activity against C. albicans, E. coli, B. subtilis, and S. aureus. They further 

reported their biocompatibility against 293T cells, RBCs, and 3T3 cells [128]. Yang et al. 

reported ZnONPs' negative effect on prothrombin and thrombin regeneration by absorbing 

these coagulation factors and thereby delaying blood clotting [129]. However, there’s limited 

research on the interaction of ZnO with the haemostatic pathways.   

Iron oxide nanoparticles (FenOn) can be found in different forms in nature as hematite (α-

Fe2O3), maghemite (g-Fe2O3), and magnetite (Fe3O4) [130]. Shabanova et al. reported 

thrombin@ Fe3O4NPs for the management of internal bleeding; these NPs displayed 

nontoxicity against HeLa and HELF cells, and they rapidly promoted local haemostasis and 

stopped bleeding [131]. Li et al. developed iron oxide exosomes derived from mesenchymal 

stem cells. The exosomes increase collagen expression and enhance proliferation and the 

migration of endothelial cells, resulting in reduced scar formation [132]. Yadav et al. 

fractionated iron oxide NPs with Trianthema portulacastrum L. to inhibit glycogen synthase 

kinase-3-β associated with delayed wound healing. The prepared ointment was reported to 

accelerate wound contraction and epithelialization processes and promote high hydroxyproline 

content and tensile strength [133]. Sathiyaseelan et al. prepared CS/PVA nanocomposite 

sponges fabricated with iron oxide NPs for the management of anaemia-associated diabetic 
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wounds [134]. These composite sponges exhibited moderate antidiabetic, antioxidant, and 

considerable antibacterial activity, with lower concentrations of NPs exhibiting increased cell 

growth in HEK293 cells [134]. The antibacterial activity of magnesium oxide (MgO) NPs is 

influenced by their particle size. Yaroslavovytch et al. reported MgO NPs with particle size 

less than 10 nm to intensively promote cell death of B. subtilis and S. aureus bacterial strains, 

while those of 50 nm had partial activity against B. subtilis and E. coli [135]. 

Liu et al. formulated PCL/Gel electrospun nanofibers fabricated with MgO NPs for the 

management of infected wounds. The antibacterial activity of the nanofibers increased with an 

increase in the concentration of MgO NPs with 90%, 94%, and 98% inhibition against S. 

aureus, S. epidermidis, and E. coli, respectively [136]. These nanospun fibres promoted the 

healing of full-thickness wounds in a rat model and were non-toxic against NIH 3T3 fibroblasts 

and HUVECs. In another report, Liu et al. focused on MgO NPs-fabricated PCL/Gel 

electrospun membranes to improve the healing of diabetic wounds and promote angiogenesis. 

These scaffolds showed cytocompatibility with VEGF cells and a fast degradation profile in rat 

models [137]. Upon subcutaneous implantation, these membranes exhibited the formation of a 

robust blood vessel within the first week, including newly formed capillary networks. They 

further promoted angiogenesis, boosted the formation of granulation tissue, and accelerated the 

rate of diabetic wound healing by suppressing the inflammatory response [137]. Sukumaran et 

al. prepared composite films from CS/Gel polymers fabricated with MgO, and these scaffolds 

displayed high antibacterial activity against E. coli and S. aureus, including an antifungal effect 

against C. albicans, while lower concentrations of MgO NPs showed increased cell 

proliferation, migration, and biocompatibility on C3H10 T1/2 cells [138]. MgO NPs on 

reported reviews showed most of their antibacterial activity against E. coli and S. aureus 

compared to other bacterial strains, including an increased activity observed at lower 

concentrations and smaller particle sizes.  

The application of silver nanoparticles (AgNPs) in the medical field is hampered by their 

toxicity against animal cells. This limitation is overcome by loading AgNPs into polymer-based 

dressings [139]. Polymer-based dressings containing AgNPs have been widely used for 

infected wounds to inhibit microorganisms on the wound site. Fabrication of AgNPs into fabric 

wound dressings and other textiles has significantly promoted their antibacterial activity against 

a wide range of gram-negative and gram-positive bacterial strains and the inhibition of biofilm 

[140]. The AgNPs bind to the bacterial cell wall and disturb enzymes essential for their 

metabolism. Masood et al. reported AgNP loaded in CS/PEG hydrogels to inhibit bacterial cell 
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growth of P. aeruginosa, B. subtilis, E. coli, and S. aureus compared to plain AgNPs and gels 

of this form, and they further promoted wound healing, showing significant keratinocyte 

migration and scar formation with no scabs [141]. On day 4, a 47% wound contraction occurred 

in the hydrogel loaded with the nanoparticles compared to the plane hydrogels, which had a 

12% contraction. Huang et al. reported xerogels containing AgNPs and ZnO NPs. These hybrid 

scaffolds synergistically killed microorganisms (S. aureus and E. coli) by 99.85 and 99.9%, 

respectively [142]. These xerogels exhibited good biocompatibility, and complete wound 

healing was observed within 10 days of post-injury in the animal model. Their outstanding 

results make them suitable for the treatment of infected or chronic wounds. 

Yang et al. prepared ε-poly(L-lysine)-modified PVACS/AgNPs hydrogels and reported their 

non-cytotoxicity on mouse fibroblasts and antibacterial activity against E. coli and S. aureus. 

These hydrogels were suitable for accelerated wound healing and increased the formation of 

collagen fibers, the integrity of the epidermal tissue, and thickness [143]. Choudhary et al. 

formulated AgNPs and calcium alginate nanoparticle-impregnated CS hydrogels for the 

management of full-thickness diabetic wounds [144]. These hydrogels showed good 

antibacterial activity against B. subtilis, S. aureus, E. coli, and P. aeruginosa, and almost 

complete wound closure of 83.5% on day 15 compared to the marketed Silverex Heal (60.3%) 

on diabetic rats. Graphene oxide (GO), a derivative of graphene, is a 2D nanomaterial 

composed of a large number of carbon and oxygen atoms in its structure. Many reports have 

shown its activity against a large variety of bacterial strains, haemocompatibility and 

haemostatic, hydrophilicity, and biocompatibility. Yang et al. reported GO nanosheet’s 

antibacterial activity to be arbitrated by reactive oxygen species and destructive extraction of 

bacterial phospholipids, leading to damaged cell membrane integrity and bacterial death [89]. 

Zhang et al. formulated sponges composed of N-alkylated chitosan (AC) and GO for the 

management of haemostasis in emergencies [145]. These sponges were reported to be 

biocompatible and promote increased blood clotting efficiency with an increase in GO ratios 

when tested in vitro. In vivo performance on rabbit femoral artery revealed that the sponges 

containing 20% GO ratios exhibited shorter haemostatic times compared to those of Celox®, a 

marketed haemostatic material. Additionally, they were proven to promote RBC and platelet 

adhesion and haemostasis by activating platelets and intracellular Ca+. Li et al. reported 

polydopamine-reinforced GO sponges that stopped bleeding within 105 s with a BCI of 

approximately 22% and blood loss of less than 1g [146]. 
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Liang et al. reported GO-kaolin composite sponges that promoted haemostasis in 73 s on rabbit 

arteries, also showing RBC adhesion on their interface [147]. Guajardo et al. prepared 

positively and negatively charged aerogels composed of GO and Gel with improved 

haemostatic activity [148]. Positively charged aerogels showed greater structural properties as 

they promoted H bonding compared to negatively charged aerogels. However, negatively 

charged aerogels exhibited a superior blood clotting potential of 95.6% and promoted 

coagulation without using common mechanisms. Moreover, negatively charged aerogels 

induced the growth of fibroblasts and were biocompatible. Borges-Vilchez et al. reported Gel-

GO aerogels reinforced with grape skin extract high in proanthocyanidins and evaluated their 

haemostatic potential [149]. The addition of 5 and 10% proanthocyanidins significantly 

increased blood clotting by 36.6 and 24.5%, respectively, compared to Gel-GO aerogels. 

Moreover, these aerogels were non-toxic and promoted platelet adhesion, forming a stable 

fibrin network. Reduced graphene oxide (rGO) is a precursor of GO with fewer oxygen-

containing groups. Singh et al. reported that reduced graphene oxide (rGO) is not endowed 

with any prothrombotic or platelet-stimulating characteristics because of the loss of oxygen-

containing groups [146]. Zhao et al. formulated Gel-rGO/tannic acid cryogel, and the 

haemostatic ability was influenced by the concentration of tannic acid more than rGO [150]. 

However, rGO-Gel cryogels exhibited haemolysis ratios below 5% together with cryogels 

containing tannic acid, showing it is safe to be applied to bleeding wounds despite its low 

blood-clotting kinetics. 

Haemostatic activity using organic compounds such as antifibrinolytic agents promotes 

haemostasis through a different mechanism compared to most inorganic or metal-based 

nanomaterials. There are several organic haemostatic materials such as antifibrinolytic agents 

(tranexamic acid, aprotinin [151], and aminocaproic acid) [152]. TA is a synthetic compound 

derived from the amino acid lysine and is responsible for the inhibition of fibrinolysis by 

hindering plasminogen activation and thus reducing plasmin formation, preventing fibrin 

network destruction that leads to stable blood clot formation [87,153–155]. It is commonly 

used systemically (orally or intravenously) [156] and can reduce the need for blood transfusions 

[157]. TA, though it has been mostly used systemically, has also been used in topical 

formulations to control bleeding [153]. Huang et al. reported that the use of TA in neurosurgical 

settings can cause neurotoxicity and hyperexcitability [158]. Xi et al. reported enhanced 

haemostatic efficiency of starch by encapsulation of TA in its porous form [159]. Sasmal and 

Datta formulated PVA/CS (1:1 and 3:2) nanofibers fabricated with 40 mg/mL of TA to control 
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haemorrhaging wounds [160]. All the prepared nanofibers exhibited haemolysis ratios below 

5%; however, it was evident that loading of TA had the potential to increase the haemolysis of 

the scaffolds. Plain 3:2 PVA/CS exhibited high water absorption ratios compared to the plain 

1:1 PVA/CS formulation, 3:2 PVA/CS-TA, and 1:1 PVA/CS-TA. However, 1:1 PVA/CS-TA 

exhibited the shortest blood clotting time (167 ± 6 s) compared to all other groups, followed by 

1:1 PVA/CS, 3:2 PVA/CS-TA, and 3:2 PVA/CS. These results suggest that an appropriate ratio 

of CS to TA has a synergistic effect in promoting rapid coagulation time. These nanofibers also 

showed anti-biofilm characteristics. 

Zhong and co-workers formulated CMCS/SA composite films impregnated with 0.01 g/mL 

TA, and the drug release was recorded in the range of 60–80%, with the 1:2 CMCS: SA 

formulation showing the highest release profiles, followed by the 1:1 formulation [161]. The 

drug release kinetics of the 1:2 CMCS: SA formulation exhibited the shortest blood clotting 

time (115 s), followed by 1:1. This shows that TA played a significant role in controlling 

bleeding. It was also notable that pure SA films exhibited a shorter clotting time than pure 

CMCS films. Bhattacharya et al. prepared TA-loaded gellan gum-based polymeric beads, and 

the drug release kinetics revealed a prolonged cumulative release of TA at pH 7.4 up to 90% 

compared to pH 1.2, which was less than 20% [162]. Saporito et al. reported TA-impregnated 

CS acetate dressings with glycosaminoglycan (HA or chondroitin sulphate), and the release 

profiles for all the prepared dressings were 50% in 30 min and reached the plateau value in 3 h 

[163]. The reported formulations were all biocompatible and promoted proliferation and blood 

coagulation. However, the CS-containing formulation promoted fast blood clotting, resulting 

in a synergistic effect of CS and TA. Buyana et al. reported SA/pluronic F127 topical gels 

impregnated with ZnO and aminocaproic acid. These gels exhibited absorbance values below 

0.25 in whole blood clot analysis, revealing their potential application in bleeding wounds 

[124]. Koumentakou et al. reported CS dressings containing levofloxacin (LEV) and inorganic 

additives [iron (III) sulphate "FS", aluminium sulphate hydrate "AS", and aluminium chloride 

"ACl"] [164]. The drug release from the prepared dressings reached 80% within 30 min and 

100% in 6 h, which was sustained for 12 h, except for CS-LEV, which had less than 70% drug 

release within 5 h. However, CS-LEV dressings exhibited the fastest blood clotting time below 

50 s, followed by CS/ACl-LEV, with no significant difference between the two. This suggests 

that the antibiotic LEV has a haemostatic ability. Regardless of the shorter haemostatic time 

displayed by CSLEV, haemolysis ratios were slightly above 5% which was significantly 

decreased to 2% by addition of ACl. 
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Zhang et al. prepared hydroxybutyl CS-containing dopamine (HBCS-DA) hydrogels with a 

non-toxic effect against L929 cells with haemolysis ratios below 3% [165]. The haemolysis 

ratios decreased with an increase in DA content, and the inhibition zone increased with an 

increase in DA concentration against E. coli and S. aureus. However, it was more effective 

against S. aureus compared to E. coli. The haemolysis test on the scaffolds containing a higher 

content of DA displayed the shortest clotting time (95.6 s) compared to all other tested 

hydrogels. Lv et al. reported cotton-like mat dressings of poly (L-lactic acid) (PLLA)/SA 

grafted with dopamine and fabricated with Fe3+ to exhibit excellent antibacterial activity against 

both E. coli and S. aureus [166]. These scaffolds possessed great cytocompatibility, 

haemocompatibility, and histocompatibility. The in vitro blood clotting evaluation showed the 

shortest time of 47 s when treated with the scaffolds. The application of these scaffolds in vivo 

in the rat liver model displayed a decreased clotting time of 23 s and a bleeding volume of 

0.097g. Wang et al. prepared DA-hydrochloride-grafted CS/HA hydrogels with H2O2 and 

horseradish as triggers [100]. These hydrogels significantly shortened haemostasis time and 

showed less than 20 mg of blood loss. Wang et al. reported CS/DA/diatom-biosilica composite 

beads with 83 s of coagulation time and less than 5% haemolytic ratios [52]. Additionally, these 

composite beads were biocompatible displaying more than 80% cell viability.  

2.6. Essential Oils in the Management of Wounds  

Essential oils (EOs) are mostly extracted from natural products like plants and are applied in a 

large number of different industries, including cosmetics, pharmaceuticals, and medication. 

They contain semi-volatile and volatile organic compounds responsible for the smell, aroma, 

and flavour of plants [167]. Due to their biocompatibility, they can be applied directly to the 

skin; however, some can irritate, mostly on broken skin, and are not stable at room temperature. 

In the preparation of wound dressings using EOs, it is evident that loading them into polymer-

based dressings and loading bioactive materials significantly reduced their toxicity, volatility, 

increased stability, wound healing, and biological potential. The loading of essential oils into 

polymer-based gels leads to the formation of emulsified dressing. Emulsions can be categorized 

into different forms, for example, nano-emulsion, micro-emulsion, etc., depending on their 

nanoparticle size, and these formulations serve different advantages in drug delivery systems. 

Nanoemulsions have great potential for the protection, encapsulation, and delivery of 

nanoparticles and organic drugs to the targeted site. Emulsions can be primarily prepared at 

room temperature using water, oil, and emulsifiers and are noted as oil-in-water (O/W) 

emulsions or water-in-oil emulsions (W/O). Furthermore, they can also be formulated as double 
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solvent emulsions as water in oil in water (W/O/W) or oil in water in oil (O/W/O) emulsions, 

which are often unstable and require lipophilic and hydrophilic emulsifiers in the presence of 

high-pressure and high-energy approaches [168]. Other types of dressings containing EOs have 

been developed and applied in wound healing, including films, hydrogels, patches, sponges, 

nanofibers, etc. 

Djemaa et al. prepared lavandula aspic L. (lavender EO)-based ointment and reported its 

wound healing and antioxidant potential [169]. The ointment possessed low antioxidant activity 

compared to ascorbic acid. However, the wound healing contraction in the rat model was 

recorded at 98% for 14 days post-injury, proving that the lavender EO-based ointment can 

promote tissue repair within a short time. Mahmood et al. prepared gellan gum-based hydrogel 

films loaded with lavender or tea tree EO and ofloxacin, followed by in vitro and in vivo wound 

healing activity [170]. The antibacterial activity showed that the zone of inhibition against E. 

coli and S. aureus was independent of the concentration of ofloxacin, as there was no significant 

difference observed in films containing different ofloxacin ratios. The films containing EO 25% 

(w/w) displayed the highest zone of inhibition of 21 mm for the films containing lavender and 

31 mm for the films containing tea tree EO. Using films loaded with 25% (w/w) of EO and 9 

mg of ofloxacin, antibacterial activity was significantly improved, showing the synergistic 

effect of the drug and the essential oils in the bacterial strains. A great synergistic effect was 

observed when lavender EO was used in combination with ofloxacin. In vivo wound healing 

showed 98% wound contraction in 10 days when using both films containing the drug and 

lavender or tea tree EO films, compared to the control and films containing only EO. A 

completely healed epidermis was observed using histological images. These findings suggest 

that wound dressings containing antibiotics and EO are good candidates for accelerated wound 

healing. 

Liakos and co-workers formulated SA film loaded with a variety of EO (lavender, eucalyptus, 

elicriso italic, lemongrass, cinnamon, peppermint, tea tree, chamomile blue, and lemon) and 

reported their wound healing and antimicrobial potential against C. albicans fungi and E. coli 

bacteria [171]. The antimicrobial activity of the films increased with an increase in the 

concentration of EO. Films containing cinnamon, lemongrass, peppermint, and tea tree EO 

exhibited the highest inhibition zone, followed by lavender EO. Eucalyptus, lemon, and elicriso 

EO only showed activity against C. albicans, while chamomile blue had no antimicrobial 

activity. Araujo and co-workers topically applied rosemary EO to cutaneous mouse wounds, 

and enhanced wound healing occurred within 14 days and developed hair follicles by day 21. 



56  

  

Rosemary EO-treated groups also showed regeneration of granulation tissue, 

reepithelialization, reduced inflammation, angiogenesis, and collagen deposition [172]. Wound 

healing effects of topically applied rosemary EO were also reported by Umasanar et al., and it 

accelerated wound contraction in diabetic and non-diabetic wounds compared to antibiotic 

(streptozotocin)-treated groups [173]. Khezri et al. loaded rosemary EO on polymer-based 

nanostructured lipid carriers (NLC), and they promoted complete wound healing within 12 days 

for rosemary-NLC and rosemary topical gels [174]. The prepared NLCs induced collagen 

production, re-epithelialization, fibroblast infiltration, increased vascularization, and displayed 

antibacterial activity against S. epidermidis, E. coli, L. monocytogenes, P. aeruginosa, and S. 

aureus bacterial strains. 

Godoi et al. reported nanoemulsions containing eucalyptus EO to possess high cell viability 

and be non-haemolytic at lower concentrations [175]. These findings suggest that eucalyptus 

oil-based polymer dressings are suitable for application in wound management. Labib et al. 

reported CS-films loaded with tea tree oil and rosemary oil to synergistically promote fast 

wound healing compared to the sole encapsulation of these oil formulations [176]. 

Additionally, the histopathological analysis also presented complete re-epithelialization and 

suitable formulations of these EOs that promoted wound healing at different stages. Kazemi et 

al. prepared nanoemulsions composed of lavender EO, licorice (rhizome and root of 

Glycyrrhiza glabra) extract, tween (20 and 80), glycerine, and PEG and loaded them in 

Eucerine cream (Mahdarou, Iran) for healing of deep-skin wounds [177]. The prepared 

nanoemulsion accelerated wound contraction, with approximately 90% wound closure on day 

10 and 98% on the 14th day. These nanoemulsions also up-regulated both collagen I and III 

expressions, including TGF-β-1. Histopathological analysis showed complete re-

epithelialization in groups treated with the nanoemulsion, showing that the nanoemulsions are 

good candidates for the rapid healing of wounds. Bhalke et al. developed topical gels containing 

curcuminoids, tulsi/holy basil oil, and eucalyptus oil and checked their anti-inflammatory 

effects [178]. The reported formulation exhibited no apparent skin irritation, i.e., oedema or 

erythema, in the albino Wistar rats. Formulations that induced a higher anti-inflammatory effect 

were those containing a higher content of curcuminoids, and their anti-inflammatory activity 

was significantly close to that of diclofenac sodium.   

Sofi et al. reported that lavender oil and AgNPs loaded into polyurethane (PU) nanofibers had 

high antibacterial activity against E. coli and S. aureus [179]. Selective formulations of these 

nanofibers exhibited cell growth of up to 260% on day 6. These results show that these scaffolds 
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can promote the healing of infected wounds and thus promote proliferation and granulation. 

However, more studies based on the application of these scaffolds in vivo for wound healing 

are needed. Manikandan et al. reported murivenna oil-impregnated polyurethane nanofibers 

with low haemolytic activity and improved surface properties, which led to delayed blood 

clotting in both prothrombin and activated partial thromboplastin time [180]. Manzouerh et al. 

reported dill (Anethum graveolens) EO-loaded ointment decreased inflammation, triggered the 

proliferation stage and regulated collagen in MRSA-infected wounds when topically 

administered [181]. García-Salinas et al. reported polycaprolactone (PCL) electrospun patches 

loaded with EOs (thymol and tyrosol) and reported these dressings had high cell viability when 

containing lower concentrations of EOs [182]. The pro-inflammatory gene in thymol-treated 

groups was more down-regulated compared to other treatment groups. Additionally, it 

represented low cell attachment affinity, which may delay wound integration and adherence. 

Pivveta et al. reported thymol-loaded nanostructured lipid carriers that presented anti-

inflammatory activity and improved the wound healing of infected wounds [183]. Alam et al. 

studied the wound-healing potential of nanoemulsions containing clove oil [184]. The wound 

healing time for these nanoemulsions was significantly close to that of pure clove oil and 

gentamycin-treated groups in 24 days. However, the nanoemulsions and gentamycin group 

exhibited the shortest epithelialization period compared to the pure clove oil group. The 

nanoemulsions were non-toxic, and there were no signs of inflammatory cells observed using 

histopathological analysis.   

2.7. Commercially Available Haemostatic Wound Dressings  

Excessive blood loss hugely contributes to the death toll globally, mostly during accidents, on 

battlefields, delayed treatment of stabs, gunshots, etc. The management of bleeding wounds is 

a vital step in people’s lives even before they reach professional medical help. Haemostatic 

dressings have been developed to stop bleeding and are readily available on the market. 

Haemostatic dressings should be easy to use even by non-professional candidates because 

bleeding is usually due to unplanned circumstances (e.g., accidents, fights, etc.). The 

commercially available haemostatic dressings are in the form of hydrogels, woven and non-

woven sheets, films, powder, sponges, [185] ointments, glue, gels, nanofibers, lipids, 

nanocrystals, and microspheres. A variety of these haemostatic materials are prepared from 

polymers, organic and inorganic compounds, biologically derived from proteins and tissue 

factors that biologically promote haemostasis and synthetic materials. An ideal haemostatic 

dressing for pre-hospital bleeding control should possess the following characteristics: easily 
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prepared and used by non-trained candidates, stop blood loss rapidly even at a site with a blood 

pool, sustain haemostasis until professional help arrives, easily removed without complication, 

biodegradable, prolonged shelf-life, cost-effective, and biocompatible [155]. 

Powder haemostatic materials are mostly applicable in cases of emergency injuries and 

prehospital medication before the wounded person reaches the healthcare centre. Haemostatic 

powder materials can be easily used even by untrained personnel; however, they have poor 

biodegradability properties and have to be removed at the wound site before the medical 

intervention, a process that may cause re-bleeding [86]. Commercially available powder 

haemostatic materials include CeloxTM, QuikClot, Surgicel®, TraumaDEX etc. [86,186,187]. 

CeloxTM is biocompatible and stops bleeding rapidly, however, it has to be removed after use 

from the body, and in vivo, it may cause long-term inflammatory response [188,189]. 

Quikclot® zeolite also rapidly stops bleeding, but it induces an exothermic reaction at the 

wound site, which may cause burns and necrosis [79,87,190]. AristaTM is a hemisphere used in 

surgical procedures, and the crosslinkers used to prepare it cause side effects in humans and 

are toxic [101]. XSTAT®, a polymer-based sponge, induces haemostasis and acts by absorbing 

blood within a short space of time, however, it’s not suitable for uncontrolled bleeding [191]. 

Other commercially available haemostatic dressings are Oxicel®, Evarrest, ActCel, Traumacel, 

Gelita-Cel®, Floseal, Tisseel, GelFoam®, KaltostatTM, WoundStatTM, ARTISS, Stypro®, 

HEMOBLAST™ etc. Table 3 below shows the summarized properties of commercially 

available haemostatic dressings. 

Table 3: Summary of commercially available haemostatic dressings  

Product name  Product type  Mechanism of action  disadvantage  

QuickClot  Powder   Concentrates blood  Cause burns and 

necrosis  

Celox  Granules  Quickly forms blood 

clots  

Inflammation   

XSTAT  Sponge  Absorbs blood and 

stops bleeding  

Only suitable for 

minor wounds  

Tisseel  Sealant   Forms fibrin clot and 

triggers coagulation  

cascade  

Expensive, short 

shelf-life and 

expensive   
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WoundSeal  Powder   Absorbs water in the 

blood and thus 

forming clots  

The risk of viral 

transmission must be 

removed before 

wound closure  

Tranexamic acid   Powder, tablets  Prevents fibrin clot 

degradation  

No apparent effects   

GelFoam  Sponge, foam, 

powder  

Covers wound area 

and absorbs 

surrounding fluid 

while forming blood  

clots  

Vascular structure 

compression  

Oxycel   Woven, sponge, 

gauze   

Forms local artificial 

brown clot in contact 

with blood  

Inflammation, 

necrosis, and 

rebleeding during 

removal  

Floseal   Sealant   Forms fibrin clot and 

triggers coagulation  

cascade  

Requires removal 

and might cause 

rebleeding  

Instat   Paste, nonwoven 

sheets, pads  

Forms clot by binding 

clotting factors  

Might cause pain or 

numbness  

Hemostat  Sheets, liquid  Adhesive  

vasoconstriction and 

forms clots  

Requires removal, 

and might be allergic 

to some patients   

Thrombostat    Spray, liquid  Initiates blood clotting 

cascades  

Risk of disseminated 

coagulopathy if 

thrombin enters the 

circulatory system  

Drysol   Liquid   Vasoconstriction   May cause irritation  

  

2.8. Four mathematical models of in vitro drug release  

Zero-order release equation  
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 Q = K.t + Qo  

Where Q is the amount of drug dissolved in time t, Q0 is the initial amount of drug in the gels, 

and K is the zero-order release constant expressed. This equation refers to a release profile 

where the release rate of the drug is independent of the pharmaceutical dosage concentration 

and time [192]. This release model applies to slow drug release.  The data obtained from in vitro 

drug release studies was plotted as the cumulative amount of drug released versus time.  

Higuchi release equation  

 Q = K √t   

Where K is the Higuchi dissolution constant, t is the time, and Q is the amount of drug released 

in time t. This equation refers to a system where the release of drugs is by diffusion. This model 

is suitable for porous matrix. This model is based on the hypotheses that (i) the initial 

concentration of drug in the drug delivery system is higher when compared to the drug 

solubility; (ii) drug diffusion occurs via one dimension only whereby the edge effect is 

negligible; (iii) drug particles are smaller than the thickness of the system; (iv) the system 

swelling and dissolution are negligible; (v) drug diffusivity is constant, and (vi) perfect sink 

conditions are attainable in the release environment [193]. The data obtained were plotted as 

cumulative percentage of drug release versus the square root of time.  

Korsmeyer-Peppas:  

Q= Mt / M∞  

Mt / M∞ = K.tn   

Where Mt / M∞ is the amount of drug released at time t, K is the release rate constant, and n is 

the release exponent. The n value is used to characterize the release profile. This release model 

illustrates drug release from a polymeric system equation [194]. To find out the mechanism of 

drug release, only the first 60% of drug release data are fitted in the Korsmeyer-Peppas model. 

To study the release kinetics, data obtained from in vitro drug release studies were plotted as 

log cumulative percentage drug release versus log time. The diffusion coefficient (n) is used to 

calculate the mechanism of release.  
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Table 4: The coefficient constant of diffusion [193–196].  

Coefficient of diffusion value  Mechanism of release  

n < 0.5  Quasi-Fickian diffusion  

n = 0.5  Fickian diffusion  

0.5 < n < 1.0  Anomalous (non-Fickian)  

n = 1  Non-Fickian case II. It means a zero-order 

release profile.  

n > 1.0  Non-Fickian super case II.  

 

2.9. Impact of Microorganisms on wound healing 

Microorganisms are one of the major challenges associated with delayed wound healing, 

resulting from their resistance to multiple drug scaffolds used in wound management. Various 

types of bacterial microorganisms are classified as gram-negative and gram-positive. P. 

aeruginosa is a gram-negative strain of bacteria most commonly found in chronic and burn 

wounds [197,198]. This bacterial pathogen delays wound healing by weakening mechanisms 

associated with the repair of epithelial tissue and damaging epithelial cells [199]. P. aeruginosa 

is resistant to a vast number of drugs used in wound healing, including antibiotics [200]. The 

resistance of P. aeruginosa is linked to its ability to form biofilm and genetic mutations 

allowing it to adapt to different environments [199-201]. S. aureus is a common strain of gram-

positive bacteria responsible for various wound infections. It is commonly found in the 

wound’s top layer [202]. B. subtilis is a gram-positive pathogen that forms endospores that 

enable it to survive harsh conditions such as alkaline, acidic, osmotic, and nutrition-lacking 

environments [203]. 

S. aureus contributes to delayed wound healing by producing virulent factors such as coagulase, 

α-toxin, metalloprotease, and enterotoxins that destruct cell membranes, resulting in cell death 

[204]. Moreover, molecules covering its cell membrane, such as lipoprotein and peptidoglycan, 

induce an enhanced pro-inflammatory response by activating immune cells through pathogen 

recognition receptors [204]. The mechanism of resistance for S. aureus to various antibiotics 

includes its β-lactamase enzymes, which are responsible for breaking β-lactam antibiotic’s ring 

[205]. E. faecalis is commonly found in diabetic and burn wounds, delays re-epithelialization, 

and has developed resistance due to its acquired and intrinsic resistance to a range of antibiotics 

[203]. 
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Figure 4: Schematic presentation of bacterial pathogens 
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Chapter 3  
3. MATERIALS  

3.1. Solvents and Reagents  

Distilled water was used to prepare the topical gels. The materials used (alginate, carbopol 940, 

methylparaben, propylene glycol, sodium hydroxide, potassium hydroxide, triethylamine, 

graphene oxide (GO) (carbon content 42.0-52.0 %), reduced graphene oxide (rGO) (carbon 

content >75%), and tranexamic acid (TA) (grade: pharmaceutical secondary standards) were 

all purchased from Sigma Aldrich, South Africa. They were all used without further 

purification. Sodium dihydrogen phosphate (NaH2PO4), trisodium citrate, silver nitrate 

(AgNO3), magnesium chloride (MgCl2), ferrous sulfate heptahydrate (FeSO4. 7H2O), and Zinc 

chloride (ZnCl2), with ≥95% purity, were purchased from Associated Chemical Enterprises 

(ACE).  

  

3.2. EXPERIMENTAL  

3.2.1. Preparation of Ag nanoparticles 

The nanoparticles were prepared according to the Turkevich method [1]. Sixty millilitres of 1 

mM AgNO3 solution was boiled and covered with a watch glass on a hot plate. The solution 

was stirred using a magnetic stirrer bar, and then 6 mL of 10 mM trisodium citrate was added 

dropwise per second to the boiling solution. When the solution was light yellow, it was removed 

from the hot plate, allowed to cool, and then stored in the fridge at 4 ℃.  

  

3.2.2. Preparation of ZnO nanoparticles  

The zinc oxide nanoparticles were prepared according to the procedure reported by Jyoti et al. 

[2]. Distilled water (50 mL) was used to dissolve zinc chloride (2.75g) in a beaker. The resultant 

solution was stirred at 90 ℃ until the zinc chloride was completely dissolved in the distilled 

water. A solution of sodium hydroxide (8 mL of 5 M) was added to the solution of zinc chloride 

dropwise with constant stirring. A milky white colloid was formed without the formation of 

precipitation. The reaction was allowed to stir for 2 hours after the complete addition of sodium 

hydroxide. After 2 hours of stirring, the reaction was then allowed to cool the supernatant 

solution was removed with 5 mL of distilled water 5 times. After complete washing, the zinc 

nanoparticles were dried at 100 ℃ in an oven for 30 minutes resulting in white powder.  
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3.2.3. Preparation of MgO nanoparticles  

Magnesium oxide nanoparticles were prepared according to a procedure reported by 

Chandrappa et al. [3]. Magnesium chloride (203.3 mg) was dissolved in 50 mL of ethanol and 

that was labelled as reaction (A). Sodium hydroxide pellets (80 mg) were also dissolved in a 

separate beaker containing 50 mL of ethanol (reaction B). Both solutions (A & B) were stirred 

at 60 ℃ for about 30 min and then B was added dropwise to the solution, A under vigorous 

stirring. The mixture was stirred at 60 ℃ for another 10 min, 20 mL of ethanol was then added 

to dilute the mixture with constant stirring. The resultant solution was centrifuged at 2000 rpm 

for 10 min. The pellet obtained was dried at 60 ℃ and then at 300 ℃ (calcined) for 1h, to 

obtain MgO NPs.  

  

3.2.4. Preparation of Fe3O4 Nanoparticles  

Iron oxide nanoparticles were prepared based on the method presented by Fatima and co-

workers [4]. A solution of FeSO4•7H2O (0.2780 g) was prepared in 5 mL ethylene glycol to 

form a homogenous solution. Then KOH (0.5 M) was dissolved in 8 mL of ethanol in a separate 

beaker, and then this solution was added dropwise to the first solution with constant stirring to 

get a homogenous solution. The resultant solution was then put at 200 ℃ for 24 h and a black 

solid product obtained was separated using a magnet. The magnet-separated particles were 

washed with ethanol or water and were dried at 40 ℃ for 6 h.  

  

3.2.5. Preparation of topical gels  

The topical gel formulations were prepared according to Tables 5-7. A ratio of 1:1 was used to 

prepare the topical gels in 10 mL distilled water, with continuous stirring at 200-600 rpm for 2 

h or until a clear gel was formed at room temperature. Methylparaben was also added and used 

as a preservative for the gels. The required quantities of TA, nanoparticles and EOs were added 

to the prepared gels and continued stirring for 20 minutes. Triethylamine was used to adjust the 

pH of the gels to neutral and propylene glycol was used as a penetration enhancer. The prepared 

gel formulations were stored at 4℃ prior to further characterization.  

 

Table 5: Formulations used to prepare SA-based topical gels  

Code  Polymers  Drug  NPs Distilled 

water 

(mL)  
SA Carbopol TA Ag GO MgO rGO ZnO Fe3O4 
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X1  100 mg 100 mg - - - - - - - 10  

X2  100 mg 100 mg 70 mg  - - - - - - 10  

X3  100 mg 100 mg 70 mg - - - - - 50 mg 10   

X4  100 mg 100 mg 70 mg - - 50 mg - - - 10  

X5  100 mg 100 mg 70 mg  - - - - 50 mg  - 10  

X6  100 mg 100 mg 70 mg 1 mL  - - - - - 10  

X7  100 mg 100 mg 70 mg - 50 mg  - - - - 10  

X8  100 mg 100 mg 70 mg  - - - 20 mg - - 10  

X9  100 mg 100 mg - - - - - - 50 mg 10  

X10  100 mg 100 mg - - - 50 mg - - - 10  

X11  100 mg 100 mg - - - - - 50 mg - 10  

X12  100 mg 100 mg - 1 mL - - - - - 10  

X13  100 mg 100 mg - -  50 mg - - - - 10  

X14  100 mg 100 mg - - - - 20 mg - - 10  

  

Table 6: Formulations used to prepare SA/EO-based topical gels   

Code  Polymers  Drug  Essential oils  NPs  Distilled 

water 

(mL)  
SA  Carbopol  TA  Lav  Rose  Euc  Fe3O4  

SA/Rose 100 mg 100 mg -  -  2 mL -  -  10  

SA/Euc 100 mg 100 mg -  -  -  2 mL -  10  

SA/Lav 100 mg 100 mg -  2 mL -  -  -  10   

SA/Rose/Fe3O4  100 mg 100 mg -  -  2 mL -  30 mg 10  

SA/Euc/Fe3O4 100 mg 100 mg -  -  -  2 mL 30 mg 10  

SA/Lav/Fe3O4 100 mg 100 mg -  2 mL  -  -  30 mg 10  

SAT/Euc/Fe3O4 100 mg 100 mg 70 mg -  -  2 mL 30 mg 10  

SAT/Rose/Fe3O4 100 mg 100 mg 70 mg  -  2 mL -  30 mg 10  

SAT/Lav/Fe3O4 100 mg 100 mg 70 mg 2 mL -  -  30 mg 10  

  

Table 7: Formulations used to prepare CMC-based topical gels  

Code  Polymers (mg) Drug  NPs (mg) 
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CMC  Carbopol  TA 

(mg)  

Ag GO MgO rGO  ZnO  Fe3O4  Distill

ed 

water 

(mL)  

CMC 100 100 - - - - - - - 10  

CMC/TA 100 100 70 - - - - - - 10  

CMC/TA/Fe3O4  100 100 70 - - - - - 50 10   

CMC/TA/MgO 100 100 70 - - 50 - - - 10  

CMC/TA/ZnO 100 100 70 - - - - 50 - 10  

CMC/TA/Ag  100 100 70 1 

mL 

- - - - - 10  

CMC/TA/GO 100 100 70 - 50 - - - - 10  

CMC/TA/rGO 100 100 70 - - - 20 - - 10   

  

3.3. CHARACTERIZATION  

3.3.1. Fourier Transform Infrared Spectroscopy (FTIR)  

FTIR was performed on an FTIR spectrometer (Spectrum Two) PerkinElmer on the topical 

gels. The spectra were recorded in the range of 4000-500 cm-1 and analysed using OMNIC 

software.  

3.3.2. Spreadability  

Spreadability was used to determine the rate at which the gels can be spread throughout the 

wound. 0.1 g or an initial gel diameter of 1-1.3 cm gel was placed in round glass slides on a 

flat surface and a second glass slide was carefully placed on top of the slide containing the gel. 

A known mass was placed on top of the two glass slides for about 10 min and the spreadability 

was determined in cm [5–9].  

3.3.3. Viscosity  

Brookfield viscometer (DV-1) was used to determine the viscosity (cP) of the prepared topical 

gel formulations. Spindle 63 (LV3) was rotated at a speed of 50 rpm. The reading was recorded 

at 1 and 2-minute time intervals, and the samples were measured at 25 ℃.  

3.3.4. pH evaluation & stability studies  

The pH of the topical gel formulations was evaluated using pH strips and a digital pH meter.  

3.3.5. X-ray Diffraction (XRD)  

XRD thermographs were reported on a Bruker D8 Discover equipped with a proportional 

counter using Cu-Kα radiation. Data were collected within the range of 2ϴ =5-80°, scanning 
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at 1.5° min−1 with a time constant filter of 0.38s per step and 6.0 mm slit width. Samples were 

mounted on a slide with a silicone wafer [10].  The X-ray diffraction data were handled using 

the Profex program (evaluation curve fitting). It was used to study the crystalline nature of 

synthesized nanoparticles, and the Debye–Scherrer equation was used to calculate the particle 

size using the high-intensity peaks [11].  

𝐷 =
0.9λ

βcosθ
     (Equation 1) 

3.3.6. Scanning Electron Microscope (SEM)  

The SEM was used to evaluate the surface morphology and elemental composition of the 

nanoparticles. The samples were solidified and coated with gold. It was performed on a JEOL 

(JSM- 6390 LV) Scanning Electron Microscope, Japan, at an accelerating voltage of 15 kV.  

3.3.7. In vitro drug release kinetics  

The drug release profile of the topical gels was evaluated at pH 7.4 and 37 ºC. Fifty milligrams 

of the topical gel loaded with Ag, Fe3O4, MgO, ZnO nanoparticles, rGO, GO and TA were 

placed in 10 mL of buffer solution of pH 7.4. The dissolved solution was transferred to a 

dialysis membrane, and the membrane was placed in a vial containing 40 mL of pH 7.4 buffer 

solution. The vial was then placed in a shaking incubator at 37 ºC. At 5, 10, 15, 20, 25 30, 45, 

and 60 min intervals the release media was collected and replaced with a fresh buffer then was 

collected per hr. The release of Ag, Fe3O4, MgO, ZnO nanoparticles, rGO, GO and TA from 

the topical gels was evaluated using UV-vis spectroscopy at a UV wavelength of 424 nm, 303 

nm, 282 nm, 271 nm, 263 nm, 267 nm and 266 nm, respectively, see Appendix. All the 

obtained data were expressed as % cumulative drug release. The concentration of Ag, Fe3O4, 

MgO, ZnO nanoparticles, rGO, GO and TA released from the topical gels was evaluated by the 

application of a calibration curve and plotted as % drug release against time. All the 

measurements were carried out in triplicate for each topical gel. The percentage of drug release 

was calculated using the following equation [12].  

amount drug released 
% 𝑑𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  × 100         (Equation 2)  

𝑎𝑚𝑜𝑢𝑛𝑡 𝑑𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑒𝑑 

Selected release models were used to determine the release mechanisms of Ag, Fe3O4, MgO, 

ZnO nanoparticles, rGO, GO and TA from the topical gels. The release of drugs from the gels 

was evaluated by Higuchi, Zero order, First order, and Korsmeyer-Peppas equations.   
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3.3.8. In vitro antibacterial analysis  

The antibacterial evaluation was conducted to determine the effectiveness of the wound 

dressings against selected bacterial strains. Three controls were used, streptomycin (STM), 

ampicillin (AMP), and nalidixic acid (NLD) with their MIC against different bacteria strains 

(Table 8). MIC of the studied compounds was carried out following Fonkui et al. [13]. Stock 

solutions were prepared by dissolving 4 mg of each gel in 5 mL of a mixture of DMSO and 

dH2O (4:1, v/v). These solutions were then serially diluted (6 times) in 100 uL of Muller-Hinton 

nutrient broth in 96 well plates to the desired concentrations (400, 200, 100, 50, 25 and 12.5 

µg/mL). Then after, 100 µL of each of these solutions was placed in duplicate and seeded with 

100 µL of an overnight bacterial culture brought to 0.5 Mc Farland in nutrient broth. 

Streptomycin, ampicillin and nalidixic acid were used as positive control and negative control 

was prepared to contain 50% nutrient broth in DMSO.   

Table 8: Different bacterial strains used in the in vitro antibacterial studies  

  code  

Bacillus subtilis (ATCC19659)   BS  

Enterococcus faecalis (ATCC13047)   EF  

Mycobaterium smegmatis (MC2155)  MS  

Staphylococcus epidermidis (ATCC14990)  SE  

Escherischia coli (ATCC25922)  EC  

Enterobacter cloacae (ATCC13047)  ECL  

Klebsiella oxytoca (ATCC8724)  KO  

Proteus vulgaris (ATCC6380)  PV  

Pseudomonas aeruginosa (ATCC27853)  PA  

Proteus mirabilis (ATCC7002)  PM  

Staphylococcus aureus (ATCC25923)  SA  

Klebsiella pneumonia (ATCC13882)  KP  

  

3.3.9. Whole blood clot assay  

The in vitro haemostasis analysis was performed according to the procedure described by 

Catanzano et al. [14]. A two-tailed t-test using GraphPad by Dotmatics was used to evaluate 

the significant difference between the formulations and the control. The wound dressing 

(10mg) was immersed with 200 µL of the whole blood and the gel was placed in 15 mL tubes. 
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Blood coagulation on the formulations after covering was activated by adding 20 µL of CaCl2. 

The wound dressings were then further incubated in a thermostatic incubator for 10 minutes at 

37°C with gentle shaking. Deionized water (6 mL) was used to haemolyse the Red Blood Cells 

(RBCs) that were not trapped in the clot. The deionized water was added inside the wall of the 

tubes by dripping. A spectrophotometer was used to measure the relative absorbance (A) of the 

blood samples that were diluted to 25 mL at a wavelength of 540 nm [14].  

3.3.10. Cytotoxicity evaluation  

The in vitro cytotoxicity of the wound dressings was performed to evaluate the biocompatibility 

of the developed topical gels employing the MTT assay. The gels were screened against HaCaT 

cells (immortalized human keratinocytes) which were seeded at a density of 5×104 cells/mL in 

96-well plates at a volume of 90 µL per well.  Twenty-four hours later, the cells were treated 

in triplicates with 10 µL of gel solution per sample, making final concentrations of 200, 100, 

50, 25, and 12.5 µg/mL. Cells treated with 1× PBS and 10% DMSO served as the negative and 

positive controls, respectively. The 96-well plates were incubated for 48 h after which MTT 

reagent was added, the plates were incubated for 4 h, solubilized overnight using DMSO, and 

the absorbance values were measured at 570 nm [8]. The experiments were run in triplicate 

three times. The cytotoxicity results of the wound dressings were analysed by calculating the 

percentage cell viability of each gel against untreated cells using:  

% Cell viability =  × 100                (Equation 3)  

Where ODS is the absorbance of the test compound and ODc is the absorbance of the control.  

ODu is the absorbance of the untreated cells.   

  

3.3.11. Wound healing assay  

In vitro wound healing assay was evaluated based on a procedure adapted from Felice et al.,  

Suarez-Arnedo et al., Cheng et al., and Ranzato et al. [15–18].   Immortalized human keratinocyte 

(HaCaT) cells were cultured in a humidified incubator at 37°C and 5% CO2 to 90% confluency 

in DMEM containing 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin 

(Penstrep) antibiotics. The cells were then trypsinized and viable cells were quantified using 

the trypan blue dye elimination method. The cell density was adjusted to 2.5 × 105 cells/mL 

and the cells were seeded in 6-well plates until cell monolayers were formed (48 hours later). 

Single scratch wounds per well were generated using a 200 µL micropipette tip. The cells were 

then washed once per well with 2 mL of 1× phosphate-buffered saline (1× PBS) to remove 

dislodged cells. Serum-poor DMEM medium (containing 1% FBS) was added to the wells 
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(1800 µL per well) and cells were treated with 200 µL of the reported topical gels of various 

concentrations that showed the highest viability on the MTT assay screen. Untreated cells 

cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% FBS were used as 

positive control while those cultured in 1% FBS in DMEM were used as the negative control. 

The Images were captured in duplicates at 0, 24, 48, 72, and 96 hours using the 4× objective 

and phase-contrast feature of an inverted light microscope (Olympus CKX53, Olympus, 

Tokyo, Japan). Cell migration was quantified using ImageJ image processing software [18]. 

Wound closure was calculated using the following equation [19]:  

%wound closure =
wound area day 0−wound closure day 96

wound closure day 0
 × 100  (Equation 4) 

3.3.12. Statistical analysis 

The data obtained from the in vitro studies were evaluated via Student’s unpaired t-test on 

GraphPad Prism version 9 (GraphPad Software, Inc., San Diego, CA, USA). The data obtained 

are expressed as mean ± standard deviation, in triplicate (n=3) and a p-value ≤ 0.05 is 

considered significant.  
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Chapter 4 
4. RESULTS AND DISCUSSION  

4.1.  Fourier-Transform Infrared Spectroscopy (FTIR)  

4.1.1. Fourier-Transform Infrared Spectroscopy of SA-based gels 

The FTIR spectra of the prepared SA-based topical gels are shown in Figures 5–10 below. The 

topical gels containing TA and nanoparticles were compared with the ones containing only 

nanoparticles. Similar characteristic peaks were observed for all the prepared topical gels, 

which can be attributed to the similar polymer composition used in their preparation. The 

spectra also showed that the nanoparticles, or TA, did not interact with the polymer network. 

The FTIR of all the prepared topical gels revealed absorption bands at 3310 cm-1 for O-H 

stretch, 1637 cm-1 for C=O stretch, and 1042 cm-1 for C-O stretch. Similar peaks were reported 

for alginate-based topical gels, which further confirmed the successful preparation of the gel 

formulations [1,2]. Pure SA powder revealed C=O stretch at 1604 cm-1, O-H carboxylic group 

peaks at 3302 cm-1, C-O stretch at 1026 cm-1, and C-H stretch at 2936 cm-1. The O-H stretch in 

the prepared topical gel confirmed the successful interaction of the polymers, SA and carbopol. 

The C-O stretch further confirmed an interaction between SA and carbopol. The FTIR spectrum 

of TA revealed absorption signals at 2936 cm-1, 2830 cm-1, 2959 cm-1, 2205 cm-1, 1651 cm-1, 

1549 cm-1, 1379 cm-1, and 1041 cm-1, which are attributed to the O-H stretch carboxylic group, 

C-H stretch, C=O stretch, and C-O stretch, respectively. The FTIR spectra of the nanoparticles 

and rGO are shown as supplementary figures. The FTIR spectra of iron oxide nanoparticles 

revealed a characteristic peak of Fe-O stretch at 661 cm-1. The peak at 661 cm-1 is attributed to 

the Fe-O stretching of iron oxide, and similar peaks have been reported between 620-660 cm-1 

for maghemite nanoparticles [3,4]. The FTIR spectra of magnesium oxide nanoparticles 

displayed a characteristic peak of Mg-O vibration at 873 cm-1
, revealing the formation of 

hexagonal nanoparticles [5]. Zinc oxide nanoparticles also showed a characteristic peak of Zn-

O stretching at 699 cm-1 [6]. FTIR spectra for the nanoparticles are presented in Appendix.  
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Figure 5: FTIR spectra of X1, X3 and X9  
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Figure 6: FTIR spectra of topical gels X2, X5, and X11  
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Figure 7: FTIR spectra of topical gels X4 and X10 
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Figure 8: FTIR spectra of topical gels X8 and X14  
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Figure 9: FTIR spectra of topical gels X7 and X13  
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Figure 10: FTIR spectra of topical gels X6 and X12  

4.1.2. Fourier-Transform Infrared Spectroscopy of SA/EO-based gels 

Gel formulations of SA/Euc exhibited prominent characteristic peaks, as shown in Figures 11a 

and b below. Euc-EO showed a sharp vibration bend at 2948 cm-1 attributed to asymmetrical 

and symmetrical bending of C–H stretching [7]. The vibration bends at 968 cm-1, 1079–1203 

cm-1, and 1354 cm-1 correspond to the symmetrical bending of the CH2 plane, C–O–C 

stretching, and C–O–H deformation, indicating the presence of 1,8-cineol and citronella the 

active compounds of eucalyptus oil. As in lavender oil-containing formulations, there was also 

no major difference between SA/Euc, SA/Euc/Fe3O4, and SAT/Euc/Fe3O4 gel formulations. 

The presence of eucalyptus oil components was retained in all the formulations, with major 
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characteristic peaks visible at 968 cm-1, 1079–1203 cm-1, 1354 cm-1, and 2948 cm-1 related to 

the CH2 plane, asymmetric C–O–C stretching, C–O–H deformation, and C–H symmetric 

bending, respectively. Additionally, a broad vibrational bend was observed at 3457 cm-1 

constituting the O–H bending present in alginate. Hydrophobic interaction and hydrogen 

bonding were the main non-covalent bonds between eucalyptus oil and alginate gel [8]. 
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Figure 11: (a) FTIR spectra of Euc & SA/Euc, (b) FTIR spectra SA/Euc/Fe3O4 & SA/Euc/Fe3O4  

 

FTIR spectra of gels containing Rose-EO are displayed in Figures 12a & 12b. Rose-EO 

revealed vibration bending for C–H methylene group vibration and O–H alcohol at 2932 cm-1 

and 3486 cm-1, respectively [9,10]. The characteristic at 1723 cm-1 is attributed to the carbonyl 

(a) 

(b) 
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group C=O linked to camphor [10]. The vibration bends protruding at 833 cm-1, 984 cm-1, 1085 

cm-1, 1236 cm-1, and 1330 cm-1 indicate the monoterpenes such as 1,8-cineole present in 

rosemary oil [11,12]. The FTIR SA/Rose, SA/Rose/Fe3O4, and SAT/Rose/Fe3O4 revealed 

similar absorption bends, and a broad O–H peak alcohol was observed at 3443 cm-1. These 

formulations showed the presence of rosemary oil was stable in the polymeric matrix and did 

not interact significantly with the polymers functional groups, as the major vibration bends for 

monoterpenes were retained [13].  
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Figure 12: (a) FTIR spectra of Rose & SA/Rose, (b) FTIR spectra SA/Rose/Fe3O4 & SA/Rose/Fe3O4 
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Figures 13a & 13b present absorption peaks of the formulation containing Lav-EO. Pure 

lavender oil exhibited an absorption peak at 3468 cm-1 linked to the O–H stretch alcohol, 

showing the presence of terpene-4-ol and linalool [14]. The intense C–H stretch at 2946 cm-1 

is attributed to the aliphatic and aromatic groups. The strong peak at 1740 cm-1 is linked to the 

C=O carbonyl group indicating the presence of the major components of lavender oil such as 

Lavandula acetate, linalool, camphor, and linalyl acetate [15,16]. The C-O stretch bend visible 

at 1253 cm-1 further confirms the presence of the mentioned ester components of lavender oil 

[14,15]. The peaks at 917 cm-1, 1018 cm-1, and 1253 cm-1 correspond to the C–H deformations 

as that in camphor [15,16]. SA/Lav/Fe3O4 and SAT/Lav/Fe3O4 exhibited a broad 

characteristic peak at 3460 cm-1 corresponding to the O–H stretching alcohol present in the 

alginate polymer network [17]. The vibration bend at 2923 cm-1
 is attributed to C–H stretch 

present in both polymer and lavender oil components. The twin peaks at 1641 cm-1
 and 1732 

cm-1 are linked to C=O stretching carbonyl group [14]. There was no major difference between 

spectra of SA/Lav, SA/Lav/Fe3O4, and SAT/Lav/Fe3O4, and it can be noted that components 

of lavender oil were retained in all formulations. 
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Figure 13: (a) FTIR spectra of Lav & SA/Lav, (b) FTIR spectra SA/Lav/Fe3O4 & SA/Lav/Fe3O4 

4.1.3 Fourier-Transform Infrared of CMC-based Gels 

Figures 14a–c present FTIR spectra of CMC-based topical gels fabricated with TA and 

nanoparticles. This can be likened to the similar chemical structures of SA and CMC. Similar 

characteristic peaks were observed for all the prepared topical gels, which can be linked to a 

(a) 
(b) 
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similar polymer composition. The FTIR spectra of the topical gels also revealed the absence of 

an interaction between the nanoparticles, or TA, with the polymer network. Characteristic 

bands of these gel formulations were visible at 3548–3132 cm-1 O-H stretch, which can be 

linked to the CMC–carbopol intermolecular hydrogen bonding and 1667–1602 cm-1 C=O 

stretch, and 1040–1018 cm-1 C-O stretch can be linked to both CMC and carbopol.   
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Figure 14a-c: FTIR spectra of CMC-based topical gels  

4.2.  SEM and XRD  

Photomicrographs of various nanoparticles are presented in Figures 15a-e. The SEM image of 

Fe3O4 nanoparticles revealed aggregated and almost spherical morphology and similar 

morphology was reported by Gul et al. for Fe3O4 nanoparticles [18]. Pirsa et al. reported that 

(a) 

(b) 
(c) 
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the particle aggregation of Fe3O4 nanoparticles is influenced by an increase in the particle’s 

surface energy and decreased particle size [19]. The SEM image of ZnO NPs also showed a 

spherical, block-shaped with a solid dense structure morphology. Similar SEM morphology 

was reported by Mohammadi et al. for ZnO NPs [20]. The SEM image of MgO NPs showed 

spherical particles with larger particle clusters, and similar morphology was reported by 

Sushma et al. [21]. Photomicrographs of GO showed a block-shaped morphology with a 

smooth surface. rGO exhibited coarse and irregular morphology.  



98  

  

 

Figure 15: SEM images of a) Fe3O4, b) GO, c) MgO, d) rGO, and e) ZnO-NPs 

 

The X-ray diffraction graphs of all the reported molecules are presented in the Appendix. XRD graphs 

of the prepared nanoparticles displayed prominent crystalline characteristic 2Ɵ peaks at 21.7°, 30.01°, 

  

a   

b   

c   

d   

e   
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31.01°, 36°, 43.6°, and 52.4° that were assigned to the crystal planes of (111), (220), (311), (222), (400), 

and (422) inverse cubic spinel magnetite, respectively, for Fe3O4 nanoparticles. Qureshi et al. 

investigated the systematic properties of hematite and magnetite nanoparticles, and they reported similar 

findings with a 44nm particle size for Fe3O4 nanoparticles calculated using the Debye-Scherrer equation 

[22]. The prepared ZnO revealed crystal 2Ɵ peaks at 11.8°, 30°, 32°, 34.9°, 36.5°, 48°, and 57°. 

Shalumon et al. also reported similar ZnO 2Ɵ peaks at 33.2° and 36.3° [23]. GO showed one major 

crystalline 2Ɵ peak at 26.4°. The MgO diffraction 2Ɵ peaks were visible at 11°, 18°, 25.5°, 27.9°, 33.5°, 

36.5°, 43°, 45.5°, 53.1°, 56.3°, and a sharp peak at 31.9°. Similar diffraction peaks were reported by 

Sukumaran et al. and were attributed to (111), (200), (220), (311), and (222) [24]. Also using the sharp 

peak at 43.1° corresponding to the (200) lattice plane Sukumaran et al. calculated the size distribution 

of the prepared MgO nanoparticles to be 27nm by the Debye-Scherrer method [24]. Using the Debye-

Scherrer equation, the average nanoparticle size of the most intense peak was 27.5nm for MgO, 15nm 

for ZnO, and 19nm for Fe3O4 nanoparticles. Also, the intensified peaks confirmed the crystalline 

properties of the nanoparticles [19]. 

 

4.3. Spreadability and viscosity of the topical gels  

The gel formulations reported above were evaluated for their spreadability, pH, homogeneity, 

stability, and appearance, as shown in Table 9. The pH was recorded between 6.7- 7.2, which 

is in the range of normal skin pH. The good spreadability of the gels signifies that they can be 

easily administered to the skin.  The prepared topical gels exhibited spreadability within the 

range of 6.1–10.1 cm. The good spreading feature of the gels is useful in uniform application 

and is also an ideal quality in topical formulations and an important feature in patient 

compliance treatment. Drug encapsulation had no obvious effect on the spreadability of the gel 

formulations. The healing efficiency of topical gels is influenced by their spreadability, which 

promotes uniform application [25]. The good spreadability range of the gels reveals that they 

can be easily applied to the wounds without overflowing from the wound bed, thereby 

indicating the capability to provide a wet contact time that provides moisture to the wound 

environment [26]. The prepared formulations were all clear and homogenous, with no phase 

separation. After the storage of the topical gels for 10 months in a refrigerator at 4 ℃, all the 

gels maintained their physical and chemical states, showing their stability and long-term 

storage capabilities. 

Table 9: Spreadability, pH, and stability results of the prepared SA topical gels  

Sample ID  Spreadability – 10 

months later  
pH  Viscosity 50 rpm  10 months later 

30 s  120 s  30 s  120 s  
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X1  10.1 cm – 9.8 cm 6.8  5424 cp  5381 cp  5420 cp  5380 cp  

X2  8.5 cm – 8.6 cm 6.7  2376 cp  2316 cp  2371 cp  2312 cp  

X3  8.5 cm – 8.7 cm 7.1  5796 cp  5820 cp  5793 cp  5815 cp  

X4  6.9 cm – 7 cm 7.0  1765 cp  1692 cp  1763 cp  1688 cp  

X5  6.7 cm – 6.6 cm 6.7  2068 cp  2052 cp  2067 cp  2050 cp  

X6  10.6 cm – 10.4 cm 6.8  1152 cp  1116 cp  1150 cp  1111 cp  

X7  10.1 cm – 10 cm 6.9  4272 cp  4260 cp  4271 cp  4258 cp  

X8  7.6 cm – 7.5 cm 6.9  1584 cp  1584cp  1582 cp  1582cp  

X9  6.1 cm – 6.2 cm 6.8  1548 cp  1512 cp  1544 cp  1506 cp  

X10  10 cm – 10 cm 6.9  2700 cp  2724 cp  2698 cp  2720 cp  

X11  9.3 cm – 9.4 cm 7.1  2364 cp  2436 cp  2366 cp  2439 cp  

X12  7.2 cm – 7.4 cm 6.7  2064 cp  2100 cp  2066 cp  2102 cp  

X13  10.5 cm – 10.1 cm 6.8  3912 cp  3972 cp  3911 cp  3971 cp  

X14  9.1 cm – 10 cm 7.0  3360 cp  3360 cp  3362 cp  3362 cp  

 

The viscosity of topical gels at 50 rpm (revolution per minute) was 5820–1116 cP, as shown in 

Table 9 above. The viscosity of all the prepared topical gels was not dependent/affected by the 

type of drug-loaded. The permeation enhancer/gelling agent (carbopol) effect was not 

significant on the viscosity of the gels. The viscosity of gel formulations revealed consistency. 

The viscosity of formulations decreased with increasing shear rate, indicating a non-Newtonian 

flow (shear thinning). A non-Newtonian flow is acceptable because, when applied at high shear 

conditions, there is low flow resistance [27,28]. The reduced viscosity also suggests 

pseudoplastic behaviour which confirms a feature of high spreadability and the capability of 

the gel formulations to remain at the wound site after application without flowing off the site 

of application [29]. The viscosity of the gel formulations also revealed their good stability. 

 

The prepared topical SA/EO gels were analysed for their spreadability, pH, stability, and 

viscosity, as shown in Table 10. The pH was recorded between 6.8-7.2. The prepared topical 

gels exhibited spreadability within the range of 5.4–10.1 cm. SA/Rose exhibited lower 

spreadability values compared to formulations loaded with iron oxide and both iron oxide and 

tranexamic acid, while SA/Lav formulations revealed a decreasing or good spreadability 

behaviour upon the addition of biomaterials. SA/Euc topical gels showed no notable 

spreadability trend after loading the bioactive materials. However, all the prepared SA/Euc 
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formulations exhibited good spreadability. The prepared formulations were all clear and in the 

form of emulsions with no phase separation. SA/Rose/Fe3O4 and SAT/Rose/Fe3O4 decreased 

with increasing shear rate, indicating a non-Newtonian flow (shear thinning), while all other 

formulations showed increasing consistency from 30 to 120 s. After 12 months of storage in a 

refrigerator, all the prepared formulations maintained their physical and chemical states, 

showing their stability and long-term storage capabilities. 

 

Table 10: Spreadability, pH, and stability results of the prepared SA/EO-based topical gels  

Sample ID  Spreadability – 

10 months later 

pH  Viscosity 50 rpm  10 months later 

30 s  120 s  30 s  120 s  

SA/Lav  9.1 cm – 9 cm 6.9  3396 cp  3444 cp  3393 cp  3443cp  

SA/Rose  7.3 cm – 7.2 cm 6.8  2232 cp  2244 cp  2230 cp  2241 cp  

SA/Euc  6.8 cm – 6.7 cm 7.1  2829 cp  2841 cp  2830 cp  2843 cp  

SA/Lav/Fe3O4  5.4 cm – 5.5 cm 6.8  3288 cp  3300 cp  3293 cp  3306 cp  

SA/Rose/Fe3O4  8.3 cm – 8.2 cm 7.2  1284 cp  1260 cp  1282 cp  1257 cp  

SA/Euc/Fe3O4  6.5 cm – 6.4 cm 7.0  2892 cp  2928 cp  2886 cp  2922 cp  

SAT/Euc/Fe3O4  7.5 cm – 7.6 cm 7.1  3060 cp  3108 cp  3058 cp  3105 cp  

SAT/Rose/Fe3O4  10 cm – 10.1 cm 6.9  1743 cP  1716 cP  1740 cP  1714 cP  

SAT/Lav/Fe3O4 6.2 cm – 6.1 cm 7.0 2232- cP 2280 cP 2233 cP 2281 cP 

  

The physical properties of CMC-based gel formulations are presented in Table 11 below. The 

spreadability and pH of these formulations were recorded between 5-11.2 cm and 6.7-7.3, 

respectively. Loading of TA and nanoparticles had no significant effect on the spreadability of 

the formulations, and they all maintained good spreadability for topical application. Upon 

storage for 10 months, these gel formulations displayed no signs of phase separation, chemical 

or physical change, or colour change, revealing good stability and long-term storage 

capabilities. Gel formulations CMC/TA/Ag and CMC/TA/rGO revealed their viscosity at a 

lower shear rate (20 rpm) compared to all other CMC-based formulations. The prepared CMC-

based gels revealed consistency and showed a non-Newtonian flow. The viscosity of the gel 

formulations also showed the stability of these formulations. 
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Table 11: Spreadability, pH, and stability results of the prepared CMC-based topical gels  

Sample ID  Spreadability – 

10 months later  

pH  Viscosity 50 rpm  10 months later 

30 s  120 s  30 s  120 s  

CMC-Blank  7.7 cm – 7.9 cm 6.7  11980 

cP  

11930 cP  11978 

cP  

11927 

cP  

CMC/TA  11.2 cm – 11 cm 7.2  4128 cP  4056 cP  4126 

cP  

4054 cP  

CMC/TA/Fe3O4  10.1 cm – 10 cm 6.9  7248 cP  7020 cP  7245 

cP  

7015 cP  

CMC/TA/MgO  10.1 cm – 9.9 cm 7.2  5556 cP  5328 cP  5555 

cP  

5325 cP  

CMC/TA/ZnO  8.5 cm – 8.6 cm 7  11870 

cP  

12000 cP  11874 

cP  

12000 

cP  

CMC/TA/GO  8.5 cm – 8.5 cm 7.3  5712 cP  5796 cP  5710 

cP  

5796 cP  

    Viscosity 20 rpm  10 months later 

CMC/TA/Ag  8.5 cm – 8.5 7.1  27030 

cP  

26580 cP  27027 

cP  

26576 

cP  

CMC/TA/rGO  5 cm – 5.2 cm 6.9  23220 

cP  

21900 cP  23218 

cP  

21898 

cP  

  

4.4. Drug release studies  

Drug release is an important feature that determines the rate at which the loaded drug will be 

released. Varied formulations containing TA (CMC/TA, X2, CMC/TA/ZnO, X4, 

CMC/TA/Ag, and CMC/TA/MgO), as presented in Figures 16-18, revealed a cumulative 

percentage of drug release ≥ 16% in 20 minutes, a time used to evaluate haemostatic ability of 

the prepared dressings. The cumulative drug release was recorded at ±53% (CMC/TA/Ag), 

±58% (CMC/TA), ±62% (CMC/TA/ZnO), ±70% (X4), ±74% (X2), and ±74% 

(CMC/TA/MgO) in 24 h. All the prepared formulations revealed cumulative drug release in 

the range of 71–88% recorded on day 3. Notably, the release of TA from gels loaded with both 

TA and nanoparticles was sustained. 
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Figure 16: Shows cumulative % DR of TA from CMC/TA and X2 

 

Figure 17: Shows cumulative % DR of TA from X4 & CMC/TA/Ag 
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Figure 18: Shows cumulative % DR of TA from CMC/TA/MgO & CMC/TA/ZnO 

The drug release kinetics of rGO is reported in Figure 19. X8 loaded with rGO and TA 

exhibited a slow rate of drug release (39% within the first 5 h). However, the controlled drug 

release of rGO was observed in X14 loaded with only graphene oxide, displaying ±25% in 20 

min and a maximum of ±73% for 3 days. The controlled drug release exhibited by X14 signifies 

that it will be suitable for microbial-infected and chronic wounds. However, drug release 

studies at pH 5.5 are required to compare its drug release kinetics. 

 

Figure 19: Shows cumulative % DR of rGO from X8 & X14 

Figures 20 & 21 present the release profiles of MgO NPs from the gels. Topical gels fabricated 

with MgO showed the highest rate of drug release percentage, ranging between 91-97% within 

3 days, as compared to other bioactive-loaded gels. The cumulative drug release exhibited by 
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these gels was observed at ±27% (CMC/TA/MgO), ±31% (X4), and ±38% (X10) after 20 min. 

Scaffolds loaded with both TA and MgO presented a linear cumulative percentage of drug 

release sustained until the final day of evaluation. X10 fabricated with only MgO showed linear 

drug release kinetics for the first hour; however, after 60 min, a constant and slow drug release 

was observed.  

 

Figure 20: Shows cumulative % DR of MgO from X4 and X10 

 

Figure 21: Shows cumulative % DR of MgO from CMC/TA/MgO 

The lowest drug release kinetics recorded on the day of investigation are exhibited by X6 

showing ±51% release of AgNPs. Figures 22 & 23 show gel formulations loaded with AgNPs 
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with TA and AgNPs displayed low drug release in the early stages, however, it increased with 

time and was sustained.  

 

Figure 22: Shows cumulative % DR of AgNPs from X6 & X12 

 

Figure 23: Shows cumulative % DR of AgNPs plotted against time 

The cumulative % drug release of ZnO from varied topical gels (X11, X5, and CMC/TA/ZnO) 

is reported in Figures 24 & 25. CMC/TA/ZnO exhibited an initial burst release of 30% within 

the first 5 min, followed by a sustained release profile for day 3 showing 85% cumulative % of 

ZnO release. X11 loaded with only ZnO showed a slower drug release of ± 3% within the first 

10 min, however, 93% of the drug on day 3 was released. X5 fabricated with both TA and ZnO 

revealed a cumulative release of ZnO showing ± 40% in 20 min and ± 76% on day three.   
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Figure 24: Shows cumulative % DR of ZnO from X5 & X11 

 

Figure 25: Shows cumulative % DR of ZnO plotted against time 

Four mathematical models, Zero-order, First order, Higuchi and Korsmeyer Peppas were used 

to evaluate the drug release mechanisms of the gels. The values of n and R2 were summarized, 

refer to the appendix for linear regression plots, and the drug release mechanism of each topical 

gel is presented in (Table 12). The drug release of CMC/TA and X7 was best fitted to the 

Higuchi model compared to other mathematical models, showing 0.926 and 0.9845 R2 values, 

respectively. The drug release of CMC/TA/MgO displayed a 0.9695 R2 value and was best 

fitted to the Zero-order model. X2, CMC/TA/ZnO (ZnO), CMC/TA/ZnO (TA), CM/TA/Ag 

(TA), X4 (MgO), and X6 (Ag NPs) all obeyed Korsmeyer Peppas with R2 values equal to 

0.6701, 0.9173, 0.9093, 0.8885, 0.8591, and 0.7495, respectively. The drug release of these 
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formulations displayed n-values below 0.5, representing a Quasi-Fickian release mechanism. 

Additionally, the drug release kinetics of CMC/TA/Ag (AgNPs), CMC/TA/MgO (TA), X4 

(TA), X5 (ZnO), X10 (MgO), X11 (ZnO), X12 (AgNPs), and X14 (rGO) also obeyed the 

Korsmeyer Peppas model with R2 values ranging between 0.8556-0.9757 and n-values greater 

than 0.5, representing a non-Fickian release mechanism. Notably, single fabrication of 

nanoparticles to the gels led to a non-Fickian release mechanism as seen in X10, X11, X12, 

and X14 that all exhibited n-values above 0.5. 

 

Table 12: A summary of in vitro drug release of the prepared formulations  

Gels   Bioactive 

agent  

Zero-order  First order  Higuchi  Korsmeyer Peppas  

R2  R2  R2  n  R2  

CMC/TA  TA  0.8532  0.646  0.926  0.1653  0.8189  

X2  TA  0.3776  0.1555  0.5419  0.4976  0.6701  

CMC/TA/ZnO  ZnO  0.5176  0.4071  0.7097  0.2544  0.9173  

CMC/TA/ZnO  TA  0.7301  0.4242  0.8856  0.455  0.9093  

CMC/TA/Ag  Ag  0.3807  0.1973  0.5744  0.8655  0.8807  

CMC/TA/Ag  TA  0.6656  0.4502  0.8187  0.2543  0.8885  

CMC/TA/MgO  MgO  0.9695  0.4405  0.8274  0.36  0.9525  

CMC/TA/MgO  TA  0.4295  0.278  0.6325  0.7007  0.963  

X4  MgO  0.6023  0.3489  0.7559  0.3944  0.8591  

X4  TA  0.4528  0.2607  0.6497  0.6018  0.9094  

X5  ZnO  0.1835  0.1139  0.3571  0.8216  0.9757  

X6  Ag  0.3623  0.2283  0.5535  0.3532  0.7495  

X7  rGO  0.8987  0.5794  0.9845  0.5525  0.9567  

X10  MgO  0.2556  0.1667  0.4212  0.5488  0.8556  

X11  ZnO  0.2157  0.1081  0.4126  1.6226  0.8746  

X12  Ag  0.3288  0.2112  0.5109  0.6582  0.9488  

X14  rGO  0.3008  0.2152  0.4889  0.6181  0.9648  

  

4.5. In vitro antibacterial assay  

4.5.1. In vitro antibacterial assay of SA-based topical gels 

Antibacterial activity for X1-X14 is reported as displayed in Table 13 below (experiments were 

repeated twice), and the activity of the formulations was compared to that of the controls (AMP, 

STM, and NLD). X1, X3, X8, X10, and X11 displayed similar antibacterial activity against E. 
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faecalis, S. aureus, M. smegmatis, E. cloacae, P. vulgaris, P. aeruginosa, E. coli, and K. 

pneumonia bacterial strains, and this antimicrobial effect can be linked to the presence of SA. 

Similar antibacterial activity is displayed by pure TA, however, its encapsulation in the gel 

decreased its activity against S. aureus, as presented by X2. Moreover, X9 also revealed a 

similar microbial effect to that of X1, but it did not show activity against P. aeruginosa. These 

findings are in line with those reported by many researchers, where dressings loaded with 

magnetite iron oxide NPs displayed limited or moderate antimicrobial effects. However, the 

pure Fe3O4 NPs exhibited antibacterial activity against B. subtilis, a strain that showed 

resistance to almost all the formulations, E. faecalis, M. smegmatis, E. cloacae, P. vulgaris, P. 

aeruginosa, P. mirabili, E. coli, and K. pneumonia, suggesting that encapsulation of these NPs 

into the gels decreased their microbial activity. 

X4 displayed antibacterial activity against all the tested strains except for S. epidermidis and P. 

aeruginosa. Liu et al. reported electrospun nanofibers with antibacterial activity dependent on 

the concentration of MgO NPs against S. aureus, S. epidermidis, and E. coli [30]. Similar results 

were reported by Sukumaran et al., where chitosan/gelatin films incorporated with MgO NPs 

exhibited antibacterial activity (S. aureus and E. coli) that increased with an increase in the 

concentration of MgO NPs [24]. Moreover, Yaroslavovytch et al. reported MgO NPs with 

particle sizes less than 10 nm to intensively promote cell death of B. subtilis and S. aureus 

bacterial strains, while those of 50 nm had partial activity against B. subtilis and E. coli [31]. 

These findings suggest that MgO NPs have a wide variety of antibacterial activity, however, it 

is dependent on their particle size, concentration, etc. 

X5 displayed significant antibacterial activity against all strains of gram-negative bacteria, 

including E. faecalis, S. aureus, and M. smegmatis. The high antibacterial activity is due to the 

presence of ZnO NPs. However, several reports have proven ZnO-NPs to be effective against 

both gram-negative and gram-positive strains [32–34]. The antibacterial activity of ZnO-NPs 

is influenced by the electronic state, surface energy, roughness, surface charge, shape, surface 

area, and particle size [35]. Farooq et al. stated that ZnO-NPs antibacterial activity is through 

the oxidation of bacterial proteins, radical stress and destruction of DNA synthesis, thus 

inhibiting bacterial growth [35]. X6 loaded with both TA and Ag NPs exhibited poor microbial 

inhibition compared to X12 loaded with only Ag NPs, which showed maximum activity against 

all tested strains except for B. subtilis and S. epidermidis. These results are in agreement with 

those reported by Masood et al., where AgNPs loaded in CS/PEG hydrogels inhibited bacterial 

cell growth of P. aeruginosa, B. subtilis, E. coli, and S. aureus compared to plain AgNPs and 
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gels of this form [36]. Choudhary et al. formulated AgNPs and calcium alginate nanoparticles 

loaded into CS hydrogels that displayed good antibacterial activity against B. subtilis, S. aureus, 

E. coli, and P. aeruginosa [25]. AgNPs bind to the bacterial cell wall and disturb enzymes 

essential for their metabolism. 

The highest microbial inhibition against the broad bacterial spectrum is exhibited by X7, except 

for B. subtilis. Similar results were reported by Li et al., where hydrogels composed of rose 

bengal, poly-vinyl alcohol, and GO exhibited antibacterial activity against both gram-negative 

and gram-positive bacterial strains [37]. Moreover, Prema et al. reported GO/ZnO (Cu)O 

nanocomposites with antibacterial activity against a variety of both gram-positive and negative 

strains, and their high antibacterial activity was linked to GO’s large surface area [38]. Yang et 

al. reported that GO nanosheet’s antibacterial activity results from reactive oxygen species and 

destructive extraction of bacterial phospholipids, leading to damaged cell membrane integrity 

and bacterial death [39]. X14 was more efficient against B. subtilis, E. faecalis, S. aureus, M. 

smegmatis, E. cloacae, K. oxytoca, P. aeruginosa, P. mirabili, E. coli, and K. pneumonia 

microbial organisms. The formulations did not display any effect against B. subtilis except 

for X4 and X14. As a spore-forming bacteria, B. subtilis is known to possess a much thicker 

proteinous cell wall, which hinders the permeability of nanoparticles [40]. However, all these 

formulations were active against S. aureus and E. coli, the most common and resistant strains 

of bacteria in wound therapy and responsible for several infections [41]. The high antibacterial 

efficacy displayed by these formulations against a broad bacterial spectrum suggests that they 

are potential wound dressings for the management of both acute and chronic wounds. 

Table 13: In vitro MIC of SA-based gels, TA, and nanoparticles  

  Minimum inhibitory concentration (MIC, µg/mL)    

Sample  

ID  

 Gram-positive  Gram-negative    

  BS  EF  SE  SA  MS  ECL  PV  KO  PA  PM  EC  KA  

X1  -  200  -  200  200  200  50  -  12.5  -  200  200  

X2   -  200  -  -  400  400  12.5  -  12.5  -  200  200  

X3   -  200  -  200  200  200  12.5  -  12.5  -  200  200  

X4   15.625  125  -  62.5  500  15.625  15.625  15.625  -  15.625  500  500  

X5   -  200  -  200  200  200  12.5  12.5  12.5  12.5  12.5  12.5  

X6   -  500  -  -  500  500  -  15.625  -  -  500  500  
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X7   -  15.625  15.625  62.5  500  15.625  15.625  15.625  15.625  15.625  500  500  

X8   -  200  -  200  200  200  12.5  -  12.5  -  200  200  

X9   -  200  -  200  200  200  400  -  -  -  400  400  

X10   -  200  -  200  200  200  12.5  -  12.5  -  200  200  

X11   -  200  -  200  200  200  12.5  -  12.5  -  200  200  

X12   -  15.625  -  62.5  500  15.625  15.625  15.625  15.625  15.625  500  500  

X13   -  200  -  200  200  200  12.5  -  12.5  100  100  200  

X14   15.625  15.625  -  31.5  500  15.625  -  15.625  15.625  15.625  500  500  

TA  -  200  -  200  200  200  12.5  -  12.5  -  400  200  

ZnO  -  50  50  50  100  200  12.5  -  12.5  100  50  100  

MgO  -  15.625  -  15.625  500  15.625  -  15.625  15.625  15.625  500  500  

Ag  12.5  12.5  -  200  200  200  12.5  -  12.5  100  100  100  

Fe3O4  25  25  -  -  400  200  12.5  -  12.5  100  100  100  

AMP  26  26  26  26  26  26  416  26  64  26  26  26  

STM  16  128  8  256  4  512  128  16  128  128  64  512  

NLD  16  >512  64  64  512  16  128  8  128    32  512  256  

 

4.5.2 In vitro antibacterial assay of SA/EO-based topical gels 

The antibacterial activity of SA/EO-based formulations is shown in Table 14. Euc-EO 

exhibited a minimum inhibitory concentration against B. subtilis, E. faecalis, S. aureus, M. 

smegmatis, E. cloacae, K. oxytoca, P. aeruginosa, P. mirabilis, E. coli, and K. pneumonia. 

However, gel formulations (SA/Euc and SA/Euc/Fe3O4) containing Euc-EO exhibited 

selective antibacterial activity against limited strains of microorganisms (E. faecalis, S. aureus, 

M. smegmatis, E. cloacae, P. vulgaris, P. aeruginosa, E. coli, and K. pneumonia). Additionally, 

SAT/Euc/Fe3O4 showed similar microbial inhibition against P. mirabilis, a species in the same 

genus as P. vulgaris. The microbial inhibition displayed by these gel formulations against S. 

aureus, E. coli, and P. aeruginosa, the commonly resistant strains of bacteria that cause sepsis 

and other diseases [37,42,43]. Moreover, these bacterial strains are mostly found in infected 

and chronic wounds [37,42,43]. P. vulgaris causes biofilm and antibiotic resistance [44]. 

Notably, improved bacterial inhibition values (12.5 and 100 ug/mL) are observed in the SA/Euc 

formulation compared to pure Euc-EO (500 and 500 ug/mL) against E. coli and K. pneumonia, 

respectively, showing that the loading of Euc-EO, TA, and Fe3O4 NPs had a synergistic effect. 
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Lav-EO exhibited microbial inhibition identical to that displayed by Euc-EO. Even though 

Lav-EO displayed antibacterial activity similar to that of Euc-EO, its gel formulations 

presented microbial activity against a larger number of microorganisms compared to Euc-EO 

gel formulations. SA/Lav exhibited antibacterial effects against E. faecalis, S. aureus, M. 

smegmatis, E. cloacae, P. vulgaris, P. aeruginosa, E. coli, and K. pneumonia. Loading of iron 

oxide in this gel formulation led to a broad spectrum of microbial activity, and all bacterial 

forms were significantly inhibited, as displayed by SA/Lav/Fe3O4. Similar results were 

reported by Mahmood et al., where hydrogel films containing Lav-EO were more efficient 

against S. aureus compared to E. coli [45]. SAT/Lav/Fe3O4 exhibited antimicrobial activity 

similar to that of SA/Lav/Fe3O4, except that it did not impede B. subtilis. Lav-EO-containing 

gel formulations exhibited the best antibacterial efficacy against all the tested formulations that 

are reported. These findings imply that loading Lav-EO into gel formulations is a good 

approach for bacterial inhibition and the management of infected wounds  

The antibacterial activity of Rose-EO was significant against all gram-positive strains of 

bacteria and all gram-negative strains, excluding P. vulgaris. Gel formulations, SA/Rose and 

SA/Rose/Fe3O4, inhibited the same bacterial strains (B. subtilis, E. faecalis, S. aureus, M. 

smegmatis, E. cloacae, K. oxytoca, P. aeruginosa, P. mirabilis, E. coli, and K. pneumonia). 

The identical antibacterial activity displayed by SA/Rose and SA/Rose/Fe3O4 suggests that the 

loading of iron oxide played no significant impact. SAT/Rose/Fe3O4 displayed significant 

antibacterial activity against a smaller antimicrobial spectrum (E. faecalis, S. aureus, M. 

smegmatis, E. cloacae, P. vulgaris, P. aeruginosa, E. coli, and K. pneumonia) compared to 

other formulations of this manner, suggesting that loading of two or more bioactive agents in 

the gels composed of SA/Rose decreased their activity, suggesting an antagonistic effect. 

Khezri et al. reported polymer-based nanostructured lipid carriers loaded with rose essential oil 

that inhibited the growth of P. aeruginosa and S. aureus [46]. The antimicrobial activity 

presented by the formulations implies that they will be suitable for the management of infected 

wounds.  

Table 14: In vitro MIC of SA/EO-based gels  

 Minimum inhibitory concentration (MIC, µg/mL)    

Sample ID   Gram-positive  Gram-negative    

  BS  EF  SE  SA  MS  ECL  PV  KO  PA  

  

PM  

  

EC  KP  
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SA/Lav  -  200  -  200  200  200  12.5  -  12.5  -  100  200  

SA/Rose  15.625  15.625  -  31.5  500  15.625  -  15.625  15.625  15.625  500  500  

SA/Euc  -  200  -  200  400  200  12.5  -  12.5  -  12.5  200  

SA/Lav/Fe3O4  15.625  15.625  15.625  62.5  500  15.625  15.625  15.625  15.625  15.625  500  500  

SA/Rose/Fe3O4  15.625  15.625  -  31.5  500  15.625  -  15.625  15.625  15.625  500  500  

SA/Euc/Fe3O4  -  200  -  200  200  200  12.5  -  12.5  -  100  200  

SAT/Euc/Fe3O4  -  200  -  200  200  200  12.5  -  12.5  100  100  100  

SAT/Rose/Fe3O4  -  200  -  200  200  200  25  -  12.5  -  100  200  

SAT/Lav/Fe3O4  -  15.625  15.625  62.5  500  15.625  15.625  15.625  15.625  15.625  500  500  

Rose-EO  15.625  15.625  15.625  62.5  500  15.625  -  15.625  15.625  15.625  500  500  

Euc-EO  15.625  15.625  -  62.5  500  15.625  -  15.625  15.625  15.625  500  500  

Lav-EO  15.625  15.625  -  62.5  500  15.625  -  15.625  15.625  15.625  500  500  

AMP  26  26  26  26  26  26  416  26  64  26  26  26  

STM  16  128  8  256  4  512  128  16  128  128  64  512  

NLD  16  >512  64  64  512  16  128  8  128    32  512  256  

  

4.5.3. In vitro antibacterial assay of CMC-based topical gels 

CMC-based topical gels induced microbial inhibition, as reported in Table 15. All the reported 

CMC-based gels exhibited a 200 µg/mL minimum inhibitory concentration against E. faecalis, 

S. aureus, M. smegmatis, and E. cloacae, as well as against K. pneumonia, except for CMC-

Blank (400 µg/mL). Loading of TA in the CMC gels significantly increased their antibacterial 

activity against P. vulgaris and P. aeruginosa, displaying 12.5 µg/mL MIC values in both 

strains. CMC/TA/ZnO and CMC/TA/GO exhibited similar microbial inhibition values to 

those presented by CMC/TA, suggesting that the antibacterial activity of these formulations 

was dependent on TA. The MIC values for CMC/TA/Ag against P. vulgaris were recorded at 

100 µg/mL. Liu et al. reported CMC-based nanofibers showing antibacterial inhibition 

influenced by the concentration of Ag NPs over S. aureus and P. aeruginosa bacterial strains 

[47]. CMC/TA/Fe3O4 revealed the best antibacterial efficacy against E. coli (12.5 µg/mL), 

compared to all other CMC gel formulations. 

Table 15: In vitro MIC of CMC-based topical gels  

  Minimum inhibitory concentration (MIC, µg/mL)    

Sample ID   Gram-positive  Gram-negative    
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  BS  EF  SE  SA  MS  ECL  PV  KO  PA  

  

PM  

  

EC  KP  

CMC-Blank  -  200  -  200  200  200  200  -  -  -  200  400  

CMC/TA  -  200  -  200  200  200  12.5  -  12.5  -  200  200  

CMC/TA/Fe3O4  -  200  -  200  200  200  12.5  -  12.5  -  12.5  200  

CMC/TA/MgO  -  200  -  200  200  200  12.5  -  12.5  -  100  200  

CMC/TA/ZnO  -  200  -  200  200  200  12.5  -  12.5  -  200  200  

CMC/TA/Ag  -  200  -  200  200  200  100  -  -  -  200  200  

CMC/TA/GO  -  200  -  200  200  200  12.5  -  12.5  -  200  200  

CMC/TA/rGO  -  200  -  200  200  200  12.5  -  25  -  200  200  

AMP  26  26  26  26  26  26  416  26  64  26  26  26  

STM  16  128  8  256  4  512  128  16  128  128  64  512  

NLD  16  >512  64  64  512  16  128  8  128    32  512  256  

 

CMC/TA/rGO displayed a 25 µg/mL MIC value against P. aeruginosa. Ali et al. reported 

CMC hydrogels incorporated with rGO that inhibited the bacterial growth of S. aureus and P. 

aeruginosa [48]. Gel formulations reported in this study were mostly efficient against gram-

negative strains, which are considered the most resistant and harmful bacterial microorganisms 

[49]. However, CMC-based formulations exhibited limited antibacterial activity compared to 

SA, SAT, and SA/EO-based formulations. The highest microbial efficiency is presented by 

SA/EO-based gel formulations against a broad bacterial spectrum including B. subtilis. These 

findings suggest that EOs have a broad bacterial efficacy against both gram-positive and gram-

negative strains compared to the nanoparticles used in this study. Also, SA significantly 

improved microbial inhibition of the nanoparticles, suggesting a synergistic effect when 

compared to CMC.  

4.6. In vitro whole blood clot assay  

4.6.1. In vitro whole blood clot assay of SA-based topical gels 

The in vitro haemostatic potential of the scaffolds was repeated three times, and the average 

absorbance value was used to plot the graphs. Haemostatic material should be able to form 

clots and thus stop bleeding within a limited amount of time to hinder excessive bleeding. 

Huang et al. stated that lower absorbance values yield a larger volume of blood clots [50]. 

Absorbance values of all the prepared topical gels were lower compared to that of the control 

(Figure 26), with p-value = (0.0021 "X2", 0.0014 "X3", 0.0043 "X4", 0.0017 "X9", 0.0121 
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"X10", 0.0054 "X12", and 0.0002 "X14") revealing that the formulations can promote blood 

clotting within a short time frame. Singh et al. reported that reduced graphene oxide (rGO) is 

not endowed with any prothrombotic or platelet-stimulating characteristics because of the loss 

of oxygen-containing groups [51]. Zhao et al. reported formulations containing rGO with a 

higher haemostatic ability influenced by tannic acid than rGO [52]. Contrary to these findings, 

X14 containing rGO exhibited the lowest absorbance values compared to all other formulations 

(p-value < 0.05) however, it was not significantly different from that of X3 (p-value > 0.05). 

This shows that the loading of reduced graphene oxide into SA-based gels promoted platelet 

aggregation. 

 

Figure 26: Haemostatic evaluation of SA-based topical gels (error bars = ±std) n= 3 *** p-value ≤ 

0.0002, ** p-value ≤ 0.002 * p-value ≤ 0.05  

X3 containing both iron oxide and TA exhibited slightly lower absorbance values than 

formulations containing only TA (X2) and iron oxide (X9). Similarly, X4 loaded with TA and 

MgO-NPs exhibited lower absorbance values than X10 loaded with only MgO-NPs. This 

shows that the loading of the two bioactive agents resulted in a synergistic effect that is not 

statistically different from that of a single drug-loaded scaffold. Similar findings were reported 

in our group by Buyana et al. in which blood clotting of a single drug-loaded scaffold was not 

significant from that loaded with two bioactive agents [17].  

X2 and X9 exhibited similar blood clotting effects, suggesting that TA and the iron oxide 

nanoparticles promoted haemostasis through a similar pathway. Sasmal and Datta in their 

findings reported that an appropriate amount of polymer to that of TA plays a synergistic effect 

in promoting rapid coagulation time [53].  X12 loaded with Ag-NPs also promoted blood 

clotting, suggesting that the loading of AgNPs aided in the haemostatic potential of the gel. 
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Nanoparticles reported in this study promoted haemostasis of the gels, and their encapsulation 

with TA resulted in a synergistic effect. The findings reported in this study suggest that the 

loading of an antifibrinolytic agent and metal nanoparticles in alginate-based wound dressings 

play a significant role in the haemostatic effect in vitro. Moreover, loading rGO to alginate-

based dressings is a good approach to developing scaffolds that inhibit blood loss rapidly.  

 

4.6.2. In vitro whole blood clot assay of SA/EO-based topical gels 

The blood clotting potential of SA/EO-based gel formulations is presented in (Figure 27). 

Absorbance values of all the prepared topical gels were lower compared to that of the control 

with (p-values= 0.0051, 0.0255, 0.0177, 0.0188, 0.0196, and 0.0371) for SA/Rose, SA/Lav, 

SA/Lav/Fe3O4, SAT/Euc/Fe3O4, SAT/Rose/Fe3O4, and SAT/Lav/Fe3O4, respectively. These 

results suggest that the prepared gels can form a bigger clot volume within a limited time after 

application, as stated by Huang et al. that lower absorbance values are equivalent to larger 

blood clot size [50]. SA/Rose exhibited the lowest absorbance values compared to all other 

formulations, however, the difference was inconclusive (p-value > 0.05) except for SA/Lav (p-

value = 0.0156). Amongst all other formulations, there was no significant difference (p-value 

> 0.05). Iron oxide and tranexamic acid played no significant role when loaded in the prepared 

SA/EO gels, and similar blood clotting behaviour was observed across all the essential oils 

used in this study. However, rose essential oil formulations revealed promising blood clotting 

potential as compared to lavender essential oil formulations (p-value < 0.05). The findings 

obtained in this study, suggest that SA/EO gels promote faster clot formation than when loaded 

with other bio-active materials and that rose essential oil is more potent for the management of 

bleeding wounds.  
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Figure 27: Haemostatic evaluation of SA/EO-based gels (error bars = ±std) n= 3 *** p-value ≤ 0.0002, 

** p-value ≤ 0.002 * p-value ≤ 0.05 

4.6.3. In vitro whole blood clot assay of CMC-based topical gels 

In vitro blood clotting potential of CMC-based topical gels revealed absorbance values lower 

than that of the control with p-values (< 0.05) (Figure 28). The statistical difference presented 

by CMC/TA is (p-value = 0.0002), and all other formulations exhibited (p-value = 0.0001).  

Mahmoodzadeh et al. reported cellulose-based superabsorbent (aerogels and hydrogel) loaded 

with TA to promote fast blood clotting by forming a milky gel in contact with plasma [54]. The 

high blood coagulation potential induced by these gel formulations can be supported by the 

findings reported by Aoshima et al. in which CMC promoted blood coagulation by acting as a 

bridge for fibrin polymerization when dissolved in the blood, thereby stimulating thick fibrin 

fibre formation [55]. Gu et al. also reported that CMC-based dressing increases blood viscosity 

by dissolving when in contact with the blood and eventually promotes haemostasis [56]. There 

was no statistical significance between all other formulations except for CMC/TA/ZnO and 

CMC/TA/GO (p-value = 0.0439). CMC/TA/ZnO exhibited a significant haemostatic effect 

when compared to all other formulations. These data show that CMC-based topical gels 

containing TA and nanoparticles have high blood clotting ability compared to SA/EO-based 

and SA-based nanoparticle fabricated formulations. The blood clotting potential of these 

scaffolds compliments their antibacterial efficiency results, suggesting that they are good 

scaffolds for the management of wounds, hence their cell safety were considered. 

 

Figure 28: Haemostatic evaluation of CMC-based topical gels (error bars = ± std) n= 3 *** p-value≤ 

0.0002 ** p-value ≤ 0.002 * p-value ≤ 0.05 

***
*** ***

***
***

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

R
e

la
ti

ve
 a

b
s

Samples



118  

  

4.7. In vitro cytotoxicity  

4.7.1. In vitro cytotoxicity of SA-based topical gels 

A haemostatic material will be in direct contact with the open wound, and hence its safety 

profile is critical. The in vitro cytotoxicity assay on selected topical gel formulations (X1, X2, 

X3, X4, X9, X10, X12, and X14) was evaluated using HaCaT cells tested at different 

concentrations, as presented in Figure 29. The concentrations used for X14 were as follows: 

9.8, 4.9, 2.45, 1.225, and 0.6125 µM Figure 30. According to GB/ T 16886.5-2003 (ISO 

10993-5: 1999), a material exhibiting ≥75% cell viability is considered non-cytotoxic [57]. The 

cytotoxic effect of the prepared gels was concentration-dependent, as the highest concentration 

(200 µM) displayed the lowest cell viability in all the gel formulations. X1 (blank) displayed 

moderate cytotoxic impact against the HaCaT cells regardless of a change in its concentration 

compared to all other gels, with 65% maximum cell viability at 50 µM. X9 showed moderate 

cell viability to the HaCaT cells, displaying 76% HaCaT cell viability only at 100 µM. 

However, this difference was statistically insignificant. All other gel formulations (X2, X3, X4, 

X10, X12, and X14) were cytocompatible and promoted cell growth and migration. The 

loading of TA and metal-nanoparticles within the gels significantly improved their cell 

viability, migration, and growth. These results suggest that the prepared topical gels are 

promising systems for the enhancement of angiogenesis and rapid wound closure. In particular, 

X12 and X4 exhibited higher cell viability compared to other SA-based formulations and were 

selected for in vitro wound scratch assay.  

 

Figure 29: % Cell viability of HaCaT cells treated with SA-based gel formulations (error bars = ± std) n 

= 3 
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Figure 30: Figure 4.7b: % Cell viability of HaCaT cells treated with X14 (error bars = ± std) n = 3 

4.7.2. In vitro cytotoxicity of SA/EO-based topical gels 

In relation to the above results for antibacterial activity and blood clotting kinetics, the essential 

oil-loaded gels revealed promising wound healing activity and showed no signs of toxicity even 

at a higher concentration of 200 µM. Loading of essential oils and bioactive agents significantly 

improved the viability of these scaffolds (p-value < 0.05) at both 200 and 100 µM compared to 

SA-Blank, as shown in Figure 31. However, there was no significant difference between the 

blank and SAT/Rose/Fe3O4 at 50 µM (p-value 0.0984). The prepared SA/EO-based gels 

displayed the highest cell viability at 100 µM and showed no significant difference compared 

to the control except for SAT/Rose/Fe3O4 (p-value = 0.0037) and SAT/Lav/Fe3O4 (p-value = 

0.0024). Generally, SAT/Lav/Fe3O4 exhibited >75% cell viability across all the concentrations 

tested and was selected for further analysis. All SA/EO-based topical gels reported in this study 

showed a non-cytotoxic effect against HaCaT cells, suggesting their safety for use in topical 

wound management. 
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Figure 31: % Cell viability of HaCaT cells treated with SA/EO-based gel formulations (error bars = ± std) n = 3 

 

4.7.3. In vitro cytotoxicity of CMC-based topical gels 

The in vitro cytotoxicity assay on selected CMC-based topical gel formulations is reported in 

Figure 32. The concentrations used for CMC/TA/GO were as follows: 9.8, 4.9, 2.45, 1.225, 

and 0.6125 µM, respectively. Similarly, to the previously discussed SA-based formulations, 

CMC-based gels showed the lowest percentage of cell viability of HaCaT cells at 200 µM. 

CMC (blank) displayed moderate cytotoxicity against the HaCaT cells regardless of the 

concentration used when compared to all other gel formulations, with 69% maximum cell 

viability at 50 µM. CMC/TA/Fe3O4 and CMC/TA/GO also revealed moderate cytotoxicity of 

69% at 12.5 µM and 74% at 4.9 µM, respectively, on HaCaT cells. It can be noted that with 

CMC/TA/Fe3O4, when the concentration decreased from 200-12.5 µM, the cytotoxicity also 

decreased, suggesting that lower concentrations of this formulation would be biocompatible to 

HaCaT cells. All other prepared topical gels were cytocompatible. The loading of TA and 

nanoparticles in the gels had a synergistic effect and significantly improved their cell viability 

on HaCaT cells. These results suggest that the prepared topical gels are promising scaffolds for 

application in tissue regeneration. CMC/TA/MgO was selected for complimentary studies as 

it showed the highest cell viability among the CMC-based formulations prepared in this study.  
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Figure 32: % Cell viability of HaCaT cells treated with CMC-based gel formulations (error bars = ± std) 

n = 3 

4.8. In vitro wound scratch assay  

Formulations SAT/Lav/Fe3O4, and CMC/TA/MgO exhibited outstanding antibacterial activity, 

high cell viability, and rapid blood clotting potential, and their wound healing potential was 

investigated and compared to that of the untreated cells for 0-72 hours. Cell growth and 

migration are positive features of tissue regeneration and cellular interaction for progressive 

and complete wound healing. In vitro wound healing of X4 and X12 was compared to that of 

the untreated cells recorded daily from days 1-4. The wound healing of scratched cells at 1% 

FBS was evaluated through a microscope, and the HaCaT cell proliferation was imaged as 

shown in Figures 33 and 34 for the treated and untreated groups. Topical gel-treated groups 

stimulated fibroblast proliferation higher than that of the untreated group 96 h post-scratching, 

except for CMC/TA/ MgO, as shown in Table 4.8. The untreated group displayed a slower 

rate of wound reduction (38% in 96 h), contrary to X12 and SAT/Lav/Fe3O4, which showed a 

higher rate of HaCaT cell migration and proliferation with 62% and 86% wound closure, 

respectively. Elmowafy et al. stated that the viscosity of the material prolongs its time at the 

site of application, in turn prolonging its drug delivery [58]. However, the high cell migration 

exhibited by SAT/Lav/Fe3O4 also displayed dead cells within the surface of the micrograph. 

Similarly, to these findings, Kozics et al. reported that several essential oils, including lavender 

EO, possess high antibacterial activity and that a higher concentration [0.0469% (w/v)] of 

lavender EO exhibited 30% HaCaT cell viability [59]. Prashar et al. reported that cell safety of 

lavender essential oil is dose-dependent, as a concentration of 0.125% (v/v) showed 80–100% 
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viability, while an increase to 0.25% (v/v) showed a toxic effect on human skin cells in vitro 

[60]. Moreover, Miastkowska et al. revealed that the cytotoxic effect of commercial lavender 

EO on the HaCaT cells in vitro is influenced by its concentration as 0.025% (v/v) exhibited 

more than 100% cell viability and 0.390% (v/v) displayed ± 10 HaCaT cell viability 

[61].  Figure 35 shows an in vitro wound scratch assay at 10% FBS. 
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Figure 33: Scratch assay images showing wound healing potential of untreated, X4, and X12 (T0-T96) 
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Figure 34: Presents scratch assay images showing wound healing potential of untreated, SAT/Lav/Fe3O4, and 

CMC/TA/MgO (T0-T96) 
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Table 16: Summary of wound closure for untreated, X4, X12, SAT/Lav/Fe3O4, and CMC/TA/MgO (mean ± STD, 

n=3)  

Time (h)    Area (mm)    

Untreated  X4  X12  SAT/Lav/Fe3O4  CMC/TA/MgO  

0  1094.54  860.25  692.20  534.859  915.05  

24  707.84 ± 12.96 506.07 ± 51.63  384.25 ± 12.18  285.60 ± 31.92  663.32 ± 18.69  

48  669.77 ± 25.01  389.55 ± 63.52  278.01 ± 40.78  117.82 ± 12.93  619.18 ± 7.07  

72  636.11 ± 68.78  103.3 ± 79.55  131.18 ± 42.10  4.307 ± 1.49  620.95 ± 4.22  

96  682.15 ± 9.24  446.83 ± 3.52  260.54 ± 69.69  75.83 ± 103.06  650.55 ± 8.954  

Total 

reduction  

412.39 = 38%  413.42 = 48%  431.66 = 62%  459.03 = 86%  264.50 =29%  

 

 

Figure 35: Presents scratch assay images showing wound healing potential of untreated at 10% FBS (T0-T96) 

Findings reported in this study suggest that when using lavender EO-based material for direct 

application to the skin, proper precautions concerning its concentration must be considered. 

Nevertheless, Lav EO-fixated wound dressings do promote wound healing effects with the right 

concentration of Lav EO. Kazemi et al. reported nanoemulsions composed of lavender EO and 

licorice (rhizome and root of Glycyrrhiza glabra) extract to accelerate wound contraction, 

showing 98% on the 14th day, by increasing collagen type I and III expressions, including TGF-

β-1 [62]. Djemaa et al. developed Lav EO-based ointment with a concentration of 4% that 

revealed 98% wound contraction in 14 days post-injury [63]. CMC/TA/MgO did not induce a 
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wound healing effect, presenting 29% HaCaT cell migration after 96 h of treatment. As reported 

by Ribeiro et al., a variety of commercially available CMC dressings have been widely used in 

different stages of wound healing [64]. CMC-based dressings developed in this study are more 

suitable for the first phase of wound healing as a first-aid pre-hospital treatment to prevent 

haemorrhage. 

X4 exhibited moderate wound closure (48%) on the final day of treatment. Findings presented 

in this study by the in vitro wound healing assay correlate with those of in vitro cell viability. 

A significant difference was observed between untreated and X12 on day 4 with a p-value 

(0.0065). Chen et al. investigated the wound healing potential of PVA/alginate hydrogel 

formulations using scratch assay and reported that they enhanced mobility and migration of 

HaCaT cells, showing more than 90% wound reduction after 12 h with a p-value (<0.05) 

compared to the control [65]. Kong and co-workers reported similar PVA/alginate hydrogels 

loaded with different concentrations of 5-hydroxymethylfurfural [66]. The wound healing 

scratch assay of these formulations revealed that higher concentrations of 5-

hydroxymethylfurfural induced faster wound reduction, showing ± 80%, and ± 38% at the 

lowest concentration for 48 h against human skin fibroblast cells. Zheng et al. reported 

injectable thermos-sensitive hydrogels that stimulated the migration of HUVEC cells and 

showed 100% wound reduction in 12 h of treatment, imaged using fluorescent [67]. The in 

vitro wound healing efficacy displayed by these formulations is in agreement with in vitro cell 

viability and antimicrobial activity, revealing their capability to promote fast wound healing 

and hinder bacterial invasion, a key factor in delayed wound healing. Overall, this data 

demonstrated that the prepared SA-based gel formulations can stimulate cell migration and 

mitogenesis in wound healing compared to the CMC-based formulations. However, additional 

complementary tests in vivo are still needed. 
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Chapter 5  
5. CONCLUSION  

The prepared topical gels presented promising wound healing characteristics, and the FTIR 

spectra confirmed that the loading of TA or nanoparticles did not affect the polymer 

composition of the gels. The high viscosity displayed by the gels suggests that they can be 

easily applied to the skin without flowing off during and after application. The decrease in 

viscosity of the gels with increased time showed that the gels have a shear-thinning behaviour. 

SEM and XRD confirmed the successful formation of the nanoparticles, revealing a crystalline 

peak in the range of 11–57° linked to their indices, showing a resemblance to that reported in 

the literature. In vitro drug release kinetics displayed by the prepared gel formulations revealed 

that they are mostly fitted to the Korsmeyer Peppas model compared to other mathematical 

models. The formulations followed Quasi-Fickian and non-Fickian release mechanisms. 

Loading of TA and nanoparticles significantly increased cell viability and antibacterial activity 

of the prepared topical gels, as pure topical gels X1 and CMC-blank exhibited the lowest 

percentage of cell safety and the least microbial efficacy. 

All the prepared gel formulations revealed significant antibacterial effects against the tested 

strains of bacteria. However, outstanding results were presented by SA/Lav/Fe3O4, which 

inhibited all strains of bacteria compared to all other formulations, followed by X7, 

SAT/Lav/Fe3O4, SA/Rose, SA/Rose/Fe3O4, X4, X5, X12, and X14. Overall, CMC-based 

formulations exhibited poor antibacterial activity against the tested bacterial strains. 

Importantly, the MIC values exhibited by these gels showed they have antibacterial activity 

against the common resistant strains of bacteria, S. aureus and E. coli. Nevertheless, CMC-



133  

  

based gel formulations displayed optimum haemostasis compared to SA-based gels loaded with 

nanoparticles and SA-based gels loaded with different essential oils, TA, and iron oxide. 

CMC/TA/ZnO displayed the lowest absorbance values compared to SA/Rose (p-value = 

0.0043) and X14 (p-value = 0.0499) which displayed significant haemostasis in their respective 

groups. Evaluation of cell viability on HaCaT cells showed that SA-based formulations 

exhibited high cell viability, while CMC-based formulations displayed moderate cell viability. 

In vitro wound scratch assay results are co-related with the in vitro cell viability results, with 

SA-based gels fabricated with TA and nanoparticles showing a high rate of wound closure 

compared to CMC-based formulations loaded with the same bioactive agents. Gel formulations 

X4 and X12 displayed higher cell proliferation features compared to other gel formulations, 

and they increased HaCaT cell migration in the affected region. Interestingly, SAT/Lav/Fe3O4 

displayed high cell migration in the affected area, though there were also dead cells. The 

concentration of essential oils should be considered and controlled when preparing open wound 

dressings to enhance their safety. CMC/TA/MgO displayed no wound healing effect as 

investigated using the wound scratch assay throughout the tested period. Findings in this study 

show that SA-based topical gels loaded with TA, nanoparticles, and EO are promising scaffolds 

for the management of bleeding and microbial-infected wounds. CMC-based scaffolds were 

best suited for the first phase of wound healing, as all formulations in this category exhibited 

low absorbance values. CMC-based topical gels reported in this study are good materials for 

rapid blood clotting during accidents and pre-hospital cases. The high antibacterial efficacy 

displayed by SA-based topical gels makes them suitable for application to infected and chronic 

wounds. However, in vitro drug release studies at pH 5.5 that resemble those of chronic wounds 

are required. Additionally, in vivo studies are still needed to further confirm the wound-healing 

properties of these formulations and their pharmacokinetic compliance. 

5.1. Limitation of these studies  

The findings obtained from this study revealed the promising potential of topical gels loaded 

with essential oils for the management of infected and bleeding wounds. However, dilution of 

lavender EO is considered to promote cell safety when incorporated into topical gels. 

Haemolysis assay still needs to be performed mostly on CMC-based formulations, as they 

display promising haemostatic features and need to be checked for their safety on red blood 

cells. In vivo studies of the reported scaffolds are still needed to confirm the wound-healing 

effect of these formulations.   



134  

  

Appendix  
  

UV-Vis of Nanoparticles and TA 
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Fourier-Transform Infrared Spectroscopy  
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X-Ray Diffraction of Nanoparticles 
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Linear plots for the four mathematical models used 
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