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ABSTRACT 
 

Plant secondary metabolites (PSMs) are volatile molecules with medicinal and antibacterial 

properties which can be integrated into medical device surfaces by radiofrequency plasma-

enhanced chemical vapor deposition (RF-PECVD). This thesis presents the RF-PECVD 

fabrication of plasma polymers (PP) and graphene (Gr) derived from oregano secondary 

metabolites (OSMs). The biocompatibility, antibacterial and wound-healing properties were 

in-depth investigated and correlated with the surface properties of PP-OSMs and Gr.   

 

PP films were fabricated using OSMs at different RF power levels. The resulting films were 

smooth and super hydrophilic. The films had bactericidal properties against Gram-negative P. 

aeruginosa and antifouling properties against Gram-positive S. aureus. They also supported 

fibroblast growth and proliferation without significant cytotoxicity. In addition, PP-OSMs are 

shown to have good adhesion and spread of fibroblasts. The findings suggest PP-OSMs films 

have potential in medical applications, such as wound dressings, due to their antibacterial and 

biocompatible properties. 

 

Moreover, we investigated the wound-healing properties of oregano-based plasma polymer 

(OPP) and found that it has the potential as a wound-healing interface for dressings and 

bandages. This study provides an in vitro evaluation of the biocompatibility and immune 

responses to OPP using RAW 264.7 macrophage-like cells and human foreskin fibroblasts.  

OPP did not activate the pro-inflammatory responses of RAW macrophages and showed 

potential anti-inflammatory and antioxidant properties on macrophages treated with LPS. OPP 

promoted wound closure faster than the control samples. The study suggests that OPP provides 

mammalian cell support, anti-inflammatory activity, antioxidant properties, enhanced cell 

proliferation, as well as antibacterial and antifouling properties previously reported. The results 

suggest that OPP is a strong candidate as a wound-healing interface for dressings and bandages. 

 

The study focused on depositing graphene on CoCr substrates using RF-PECVD and OSMs as 

Gr precursors. With the increasing power and temperature, in the company of hydrogen gas, 

RF-PECVD can defragment OSM molecules and recombine them into carbon nanostructures 

such as graphene and its allotropes. The presence of graphene was confirmed using various 

spectroscopy techniques, and biocompatibility tests showed that CoCr-Gr had similar viability, 

adhesion, and morphology of RAW macrophages compared to CoCr alone. CoCr-Gr also had 
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a significant bactericidal and antifouling effect against P. aeruginosa and S. aureus. The results 

suggest that CoCr-Gr has potential applications as an antibacterial coating for implantable 

devices. 
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Chapter 1 
Introduction 

 

1.1. Introduction 
 

Chronic wounds are wounds that fail to heal within a reasonable amount of time. They are often 

associated with underlying health conditions such as diabetes, obesity, and peripheral arterial 

disease. Chronic wounds can cause pain, discomfort, and reduced mobility, which can 

significantly impact the quality of life of the patients. They also represent a substantial burden 

to healthcare systems worldwide, with significant costs associated with their treatment and 

management. One of the challenges of managing chronic wounds is biofilms, which are 

communities of microorganisms that can form on the wound surface and impair wound-

healing. Additionally, the emergence of antibiotic-resistant bacteria has further complicated 

the treatment of chronic wounds. Oxidation and inflammation are other challenges caused by 

a variety of factors, including environmental toxins, stress, poor diet, infections, and chronic 

diseases such as diabetes and cardiovascular disease. These factors can lead to the production 

of reactive oxygen species (ROS), which can damage cells and tissues and trigger 

inflammation. Antioxidants are molecules that can neutralize ROS and prevent their harmful 

effects. They can act as physical barriers that prevent ROS from being generated or accessing 

important biological sites. By inhibiting ROS, antioxidants can reduce inflammation by 

preventing the activation of pro-inflammatory cytokines and pathways. This has led to a 

growing interest in the development of wound-healing materials, derived from plant secondary 

metabolites (PSMs), which have been shown to have wound-healing properties. 

PSMs are natural compounds found in plants that have been shown to have antioxidant, anti-

inflammatory, and antimicrobial properties. They can be incorporated into wound dressings 

through various fabrication techniques, such as electrospinning, gelation, emulsification, and 

plasma polymerization among others. The use of PSMs in wound dressings is an emerging area 

of research that has the potential to reduce the healthcare costs associated with chronic wounds, 

as well as improve the quality of life of patients. Oregano is a popular herb that has been used 

for centuries in traditional medicine to treat respiratory infections, skin conditions, and 

digestive disorders. Oregano contains secondary metabolites, which are volatile molecules that 

are responsible for its health benefits. The antimicrobial properties of oregano are attributed to 
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the presence of phenolic monoterpene carvacrol (CR). Depending on the species of oregano, 

the content of CR can be as high as 90%. CR disrupts bacterial membrane permeability, which 

leads to the leakage of important ions like Na+ and K+, inhibits enzyme activity, and causes 

irreparable damage to bacteria.  

Plasma technology is a promising method for the fabrication of wound-healing materials, 

including those incorporating PSMs with antibacterial properties. PSMs contain monoterpenes 

that can inhibit bacterial growth by disrupting membrane function and ion transport. One 

method for incorporating PSMs onto wound dressings is the use of RF-PECVD, which allows 

for the formation of plasma polymers from PSMs by partially or fully fragmenting and 

reconstituting them as highly crosslinked polymeric coatings on surfaces. The RF-PECVD 

technique can be optimized to retain the functional groups of PSMs in the coatings, allowing 

for flexibility in application and tuning of the final properties of the resulting polymeric surface.  

Moreover, RF-PECVD can be modified to create graphene nanostructures from PSMs 

precursors, the increment in temperature and plasma power facilitates the creation of sp2 

bonding of carbon nanostructures. Graphene-based coatings have been used in wound-healing 

applications and have been shown to inhibit the growth of a wide range of bacteria.  

The use of RF-PECVD for fabricating of Oregano-derived materials is a feasible technique that 

allows to obtain green materials that can be used in wound-healing applications such as wound 

dressings and implants. In this project, we fabricated plasma polymers and graphene coatings 

using RF-PECVD and oregano secondary metabolites as precursor material and studied their 

wound-healing properties. 

 
1.2. Research gap 

 

The constant increasing of chronic wounds in an aging population have brought the attention 

to the scientific community to develop materials that can help chronic wounds to heal. For 

example, wound dressings with tailored properties to suit specific wound-healing process like 

oxidation, inflammation and infection. Though Oregano oil exhibited wound-healing 

properties, there is no attempt reported to develop an Oregano-derived plasma polymer that 

can be used in wound-healing by retaining the medicinal values and utilise it as a coating in 

wound dressings or implants.  The use of RF-PECVD to fabricate polymer films from Oregano 

oil in commercial wound dressings is a promising alternative strategy to enhance wound-
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healing by the inhibition of pro-inflammatory cytokines, reducing reactive oxygen species and 

infection.  

 

1.3.Research objectives 
 

This project aims to fabricate, characterize and study the wound-healing properties of plasma 

polymers and graphene coatings using RF-PECVD and oregano secondary metabolites.  

The following objectives will be carried out:  

 

• Synthesis of the oregano-based plasma polymers and graphene using RF-PECVD.  

• Characterization of the plasma fabricated materials using advanced techniques. 

• Study the wound-healing properties of oregano-based plasma polymers and graphene.  

 

1.4.Thesis organization 
 

The presented thesis consists of 6 chapters. A brief abstract is provided at the beginning of each 

chapter to maintain consistency and coherence when reading the thesis in sequential order. The 

thesis is formatted based on the published articles (without any change) and articles under peer 

review.  

 

Chapter 1 presents the rational and objectives of this study.  

 

Chapter 2 reviewed the literature on how plant secondary metabolites-based polymers can 

enhance wound-healing. We highlighted the anti-inflammatory and antioxidant mechanisms, 

as well as the antibacterial properties and potential against antibiotic resistance bacteria. This 

study was published as Potential of plant secondary metabolite-based polymers to enhance 

wound-healing. Jesus Romo-Rico, Smriti Murali Krishna, Kateryna Bazaka, Jonathan 

Golledge, and Mohan V. Jacob. Acta Biomaterialia, 2022 

 

Chapter 3 presented the fabrication of PP-OSMs. The surface and chemical characterization 

shows smooth roughness, super hydrophilic properties and the retention of the functional 

groups of OSMs on the PP-OSMs. The biocompatibility and antibacterial properties of PP-

OSMS were evaluated. Our findings suggest PP-OSMs as a potential wound-healing agent 

against bacterial infection. This chapter was published as Plasma polymers from oregano 
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secondary metabolites: An antibacterial and biocompatible plant-based polymers. Jesus Romo-

Rico, Smriti Murali Krishna, Jonathan Golledge, Andrew Hayles, Krasimir Vasilev, and 

Mohan Jacob. Plasma Processes and Polymers, 2022. 

 

Chapter 4 studied the wound-healing properties of an oregano-based plasma polymer (OPP). 

The results showed that OPP had anti-inflammatory and antioxidant properties, did not cause 

any pro-inflammatory responses or activate ROS, and promoted wound closure faster than the 

control samples in an in vitro wound-healing assay. These findings suggest that OPP has 

potential as a wound-healing interface for dressings and bandages due to its multiple beneficial 

properties, such as supporting mammalian cell growth and promoting wound closure. In Vitro 

Study of the Antioxidant Activity and the Wound Closure Assessment of an Oregano-Based 

Plasma Polymer. Jesus Romo-Rico, Richard Bright, Neethu Ninan, Smriti Murali Krishna, 

Jonathan Golledge, Krasimir Vasilev, and Mohan Jacob. 

 

Chapter 5 describes the fabrication of graphene onto a medical grade CoCr alloy surface using 

Origanum vulgare as a precursor material by RF-PECVD at high power and high temperature. 

The deposition was confirmed by Raman spectroscopy, X-Ray photoelectron spectroscopy 

(XPS), and scanning electron microscopy (SEM). The biocompatibility and antibacterial 

properties of the resulting CoCr-Gr were investigated. CoCr-Gr was found to be biocompatible, 

as it promoted cell adhesion and spreading of RAW 267.4 Macrophage-Like cells. CoCr-Gr 

was also effective in inhibiting the attachment of P. aeruginosa and was antibacterial against 

S. aureus and P. aeruginosa. These results suggest that CoCr-Gr could be a promising 

antibacterial coating material for implantable medical devices. Antimicrobial graphene-based 

coatings for biomedical implant applications. Jesus Romo-Rico, Richard Bright, Smriti Murali 

Krishna, Jonathan Golledge, Krasimir Vasilev, and Mohan Jacob. 

 

Chapter 6 reports the overall conclusion of this thesis and presents future work 

recommendations. 
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Chapter 2 
Literature Review  

The potential of plant secondary metabolite-based polymers to enhance wound-healing 
 

Chapter 2 reviews the scientific background on how plant secondary metabolites (PSMs) based 

polymers can promote wound-healing and methods of incorporating PSMs-based polymers 

into wound dressings. To achieve this objective, the wound-healing process and the causes of 

chronic wounds are described in this chapter. The anti-inflammatory and antioxidant 

mechanisms by which PSMs may promote wound-healing are also discussed. The antibacterial 

mechanisms and the advantages of PSMs over antibiotics are also covered in this chapter. 

 

Chapter 2 was published as Jesus Romo-Rico, Smriti Murali Krishna, Kateryna Bazaka, 

Jonathan Golledge, and Mohan V. Jacob. Potential of plant secondary metabolite-based 

polymers to enhance wound-healing. Acta Biomaterialia, Volume 147, 2022, ISSN 1742-7061, 

https://doi.org/10.1016/j.actbio.2022.05.043. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.actbio.2022.05.043


6 
 

The potential of plant secondary metabolite-based polymers to enhance wound-healing 

 

Graphical abstract 
 

 

Abstract 
 

There is a global epidemic of non-healing wounds. Chronic inflammation, overexpression of 

pro-inflammatory cytokines, oxidative stress and bacterial infection are implicated in delayed 

wound-healing. Natural extracts are a rich source of bioactive molecules called plant secondary 

metabolites (PSMs) that include terpenes and phenols. These molecules may facilitate wound-

healing through their antioxidant, anti-inflammatory, and antibacterial activity. After briefly 

outlining the process of wound-healing and how it is compromised in chronic wounds, this 

review focuses on investigating how PSMs-based polymers may improve wound-healing. Best 

methods for incorporating PSMs into wound dressings are reviewed and critically compared. 

The existing body of literature strongly suggests that PSMs-based polymers incorporated into 

wound dressings could have clinical value in aiding wound-healing. 

 

Statement of significance 
 

Chronic wounds develop by the persistence of inflammation, oxidative stress and infection. 

Chronic wounds affect the worldwide population, by reducing the quality of life of patients 

with significant cost to healthcare systems. To help chronic wounds to heal and overcome this 

burden, materials with anti-inflammatory, antioxidant and antibacterial properties are required. 

Plant secondary metabolites (PSMs) are volatile materials that have all these properties. PSMs-
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based polymers can be fabricated by polymerization techniques. The present review provides 

an overview of the state-of-the-art of the wound-healing mechanisms of PSMs. Current 

developments in the field of PSMs-based polymers are reviewed and their potential use as 

wound dressings is also covered.  

 

2.1. Introduction 
 

Dressings have been applied to wounds since ancient times and their evolution has been 

constant [1]. Wound dressings have many functions such as absorbing exudate, retaining 

moisture, decreasing microbial contamination, and potentially delivering wound-healing 

agents to the wound milieu. A large range of different types of wound dressings has been 

developed, including films, hydrogels, foams, hydrocolloids, alginates, gauzes, hydro-fibers 

and tissue-engineered skin, among others [2-5]. Gauzes, for example, are the most common 

wound dressings used to protect the wound from external contamination and maintain 

appropriate levels of moisture. Tissue-engineered skin has been proposed to support cell 

proliferation, migration and differentiation, and to reduce the risk of infection to accelerate 

wound-healing [6-9]. 

Chronic wounds reduce the quality of life of patients and represent a burden to healthcare 

systems worldwide [10]. Chronic wounds affect the quality of life of approximately 2% of the 

global population [11]. In developed countries like the USA, the total Medicare expenses for 

all types of wounds range from 3.8% to 13.3% of the total budget [12]. In Wales, wounds 

account for 5.5% of the National Health System (NHS) spending [13]. Developing countries, 

too, spend ~3% of their total healthcare expenditure on chronic wounds [14]. Therefore, there 

is an urgent need to develop novel wound dressings that not only promote wound-healing but 

also help reduce healthcare costs associated with delayed wound-healing. 

The incorporation of plant secondary metabolites (PSMs) in wound dressings is an emerging 

topic of research that is driven by their wound-healing properties. PSMs have been proposed 

to inhibit inflammation and promote cell proliferation and wound remodelling [15]. PSMs have 

been included as dressings through topical application or by polymerization techniques, such 

as electrospinning, gelation, emulsification, homogenization, film hydration, supercritical 

impregnation  ̧ solution casting, and encapsulation. [16-21]. Despite the available literature 

about the different uses of PSMs and their applications, to our knowledge, we are the first 

authors to publish an extensive review that summarizes the wound-healing mechanisms of 
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PSMs along with the most relevant methods of fabrication of PSMs-based derived polymers 

for wound dressings.  

Nevertheless, the incorporation of PSMs into wound dressings remains a relatively novel 

approach to promoting wound-healing and limiting wound infection that has a strong potential 

to address some of the persisting challenges of wound management. In this review, we briefly 

discuss the mechanisms involved in wound-healing, biofilm formation, antibiotic resistance, 

and their impact on wound-healing. We summarize the properties by which PSMs have been 

proposed to promote wound-healing, with a focus on their antioxidant and anti-inflammatory 

properties. The review also describes methods by which PSMs have been or may be 

incorporated into wound dressings. 

 

2.2. Wound-healing 
 

Normal wound-healing is usually described by three overlapping stages, namely 

hemostasis/inflammation, proliferation, and remodelling/maturation. These stages are 

regulated by a cascade of different factors and mediators [22, 23]. In the first stage, hemostasis 

is triggered by the constriction of blood vessels to stop blood loss. Platelets aggregate to form 

a fibrin network or clot. Different types of cells such as neutrophils, monocytes, keratinocytes 

and fibroblasts migrate to the wound site. Neutrophils kill bacteria and degrade damaged cells. 

Monocytes transform into macrophages and engulf debris, bacteria and remaining neutrophils. 

Macrophages stimulate fibroblasts to form granulation tissue. They also stimulate endothelial 

cells to promote re-epithelialization and angiogenesis. In the proliferation/reconstruction 

phase, fibroblasts continue to form granulation tissue over the wound site and transform into 

myofibroblasts to promote contraction of the wound edges. The last stage, remodelling and 

maturation starts with apoptosis and the removal of dead cells. Collagen deposition starts to 

build up leading to contraction of the wound edges until the scar and epidermis mature and the 

wound finally heals (Figure. 2.1 A) [24]. 

A comparison between cell composition within the normal and impaired wounds follows. In 

acute wounds, the wound-healing process occurs without any interruption, whereas in impaired 

wounds, the wound-healing process is delayed by different factors such as persistent 

inflammation, oxidation, and/or infection. If any of the above elements fail, the wound can 

become chronic. A chronic wound is essentially a non-healing wound. Chronic inflammation, 

oxidative stress, bacterial infection and a deficit of cell proliferation have been implicated in 

impaired wound-healing (Figure. 2.1 B) [25]. Chronic inflammation contributes to the 
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formation of excess reactive oxygen species (ROS), causing further molecular damage and 

tissue injury [26]. ROS promote inflammation and the formation of free radicals (e.g., nitride 

oxide (NO), superoxide (SO), anion (O2*-), hydrogen peroxide (H2O2) and hydroxyl (OH*)) 

and the release of pro-inflammatory cytokines such as interleukin (IL)-1, IL-6, tumor necrosis 

(TNF)-α and interferon (IFN)-γ. Antioxidant and free radical scavengers attenuate 

inflammation by downregulating pro-inflammatory cytokines through the inhibition of ROS 

[27].  

 

 
Figure 2. 1. A) Wound-healing stages: haemostasis and inflammation, proliferation and 
remodelling/maturation. B) A comparison between cell composition within normal and 
impaired wounds. 
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Wound infection occurs when bacteria, viruses or other microorganisms evade the immune 

system of the host and colonize the wound, leading to pain, wound contamination, slow re-

epithelization and bad odour [26]. An infected wound compromises the general health of the 

patient. The overgrowth of bacteria within the wound may evolve into a structure community, 

i.e. a biofilm, which is held together by extracellular polymeric substances and is attached to 

the wound bed [28].  

 

2.3. Antibiotic resistance and biofilms  
 

The efficacy of antibiotics has diminished over time due to bacterial survival mechanisms, 

including genetic mutations and bacterial ability to form highly resistant biofilm communities. 

Antibiotic resistance (AR) and biofilms play a major role in chronic wounds. Approximately 

60% of chronic wounds are associated with AR and biofilms. In the United States alone, AR 

affects nearly 3 million people and more than 35,000 people die as a consequence of developing 

antibiotic-resistant infections [29]. AR can develop via the repeated administration of 

antibiotics whereas biofilm infection is more likely to develop in diabetic patients due to 

metabolic dysfunction, and dysregulation of inflammatory and immune responses. Therefore, 

to overcome AR and biofilm-infected wounds it is important to know what they are and how 

to treat them.  

AR arise when a bacterium evolves through chromosomal mutation or by the acquisition of 

mobile genetic elements (free-floating RNA). AR bacteria also eliminate antibiotics through 

free efflux pumps. Additionally, plasmid and bacteriophages transfer genes to the bacterial 

population through horizontal gene transfer (HGT). HGT has two main mechanisms, 

conjugation and transduction. In conjugation, AR genes are transferred allowing bacteria to 

evolve resistance whereas during transduction, bacteriophages transfer AR genes to bacteria 

(Figure. 2.2 A) [30]. Another mechanism of bacterial survival is the development of biofilms. 

Biofilms are microbial congregations generally formed by single or multispecies of 

microorganisms including bacteria, fungi and protists enclosed within a matrix of extracellular 

polymeric substances (EPS) adherent to an abiotic or biotic surface [31, 32]. EPS have a major 

role in biofilm formation, development and survival. EPS facilitate the development of 

microbial resistance through intracellular interactions termed quorum sensing (QS). QS 

benefits microorganisms within the biofilm by enhancing access to nutrients and increasing 

resistance to antibiotics. Biofilm formation is often described in four steps, namely surface 
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attachment, microcolony formation, biofilm maturation, dispersal and detachment [32]. In 

Caulobacter crescentus, a model microorganism widely used to study biofilm formation, 

mechano-sensing of the surface is induced by a flagellar motor that acts as a sensor for 

stimulating polysaccharide adhesin and surface adherence [33, 34]. Bacterial cells aggregate 

and proliferate in the wound. Subsequently, biofilms mature with ongoing bacterial 

proliferation (Figure. 2.2 B) [35]. Mature biofilms are more difficult to eradicate, leading to a 

greater potential for chronic wound development. 

Many strategies have been implemented to treat biofilms, from aggressive and intensive 

antibiotic administration to cold plasmas, ultrasounds, electromagnetic currents and 

photothermal techniques. However, these techniques are difficult to implement in vivo and 

require expensive equipment [36]. Likewise, the administration of antibiotics is generally 

ineffective leading to antibiotic-resistance (AR). There is wide evidence of the use of PSMs 

against AR bacteria and biofilms [37]. The mechanisms of how PSMs can contribute to wound-

healing including antibacterial mechanisms are discussed in the following sections. 
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Figure 2. 2. A) Representation of antibiotic resistance mechanisms in a gram-negative 
bacterium: 1. Cell wall modification, 2. Antibiotic inactivation by enzymes, 3. Drug target 
modification, 4. Chromosomal mutation by a) Bacteriophage AR gene transduction and b) 
conjugation by pilus tube, 5. Free-floating RNA and 6. Efflux pumps. B) Biofilm cycle: 1. 
Planktonic bacteria move freely around the surface, then bacteria attach to the surface, and a 
microcolony formation of biofilm starts, biofilm grows and maturates d), then bacteria detach 
and disperse along the surface. 

 

2.4. Mechanisms by which PSMs may promote wound-healing 
 

PSMs, such as those found in essential oils and herb extracts, are bioactive molecules with 

strong wound-healing potential. Terpenes and phenols in particular display biological activity 
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that is highly relevant to wound-healing [38], namely anti-oxidant, anti-bacterial, anti-fungal 

and anti-inflammatory properties [38-44]. 

 

2.4.1 Antioxidant and anti-inflammatory effects of PSMs 
 

Antioxidants act as physical barriers that prevent ROS generation or ROS access to important 

biological sites. The inhibition of ROS reduces inflammation by preventing the activation of 

pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6) and pro-inflammatory pathways (e.g., 

NF-kb, MAPK), see (Figure. 2.3 A, B). The antioxidant and anti-inflammatory properties of 

PSMs are listed in Table 2.1.  

In a study by Cheng et al. [45], the monocyte/macrophage-like cells (RAW264.7 cells) were 

pre-treated with oregano essential oil (OEO) for 12h and subsequently incubated with 

lipopolysaccharide (LPS) for 12h. It was shown that LPS increased mRNA levels of pro-

inflammatory cytokines such as TNF-α, IL-1β, and IL-6 (Figure. 2.3 C), whereas OEO 

inhibited the mRNA expression of the pro-inflammatory cytokines. Furthermore, OEO-treated 

cells showed decreased production of inflammatory mediators in the AKT, MAPKs and NF-

κβ pathways. Additionally, oxidative stress activator nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase 2 was inhibited in OEO treated cells [46]. In other studies, 

essential oils from Origanum vulgare collected at different locations of Tunisia were reported 

to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals. These effects were correlated with 

the percentage of phenolic compounds present in the oils collected from the different regions 

[47]. Different extracts of oregano with high content of carvacrol showed inhibition of ROS 

and NO production in an LPS activated macrophage cell line (RAW 264.7 cells) [48-50]. 

Additionally, oregano extract promoted downregulation of cyclooxygenases activity (COX-1 

and COX-2) and reduced mitochondrial dehydrogenase activity [48-50]. Kivrak et al. [51], 

recently published a detailed report of the antioxidant activity of different types of lavender 

and lavandin extracts with high content of linalyl acetate and linalool. It was shown that the 

extracts rich in linalyl acetate and linalool were more effective in scavenging of DPPH, ABTS 

and β-carotene. This result suggests the potential antioxidant properties of Lavandula 

angustifolia and its extracts. 

 

Table 2. 1. Examples of anti-inflammatory effects of PSMs. 

PSMs Inflammatory agent Model Mechanism of action Reference 
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Oregano oil 

Carvacrol 

Thymol 

Fe2+ SH-SY5Y cells ↓ TNF-αa), IL-1βb), IL-6 

↓MAPKc)/JNKd)-NF-κβe) 

[52] 

LPSf) RAW 264.7 cells ↓ TNF-α, IL-1β, IL-6 

↓ MAPK, NF-κβ, AKTg) 

↓ NOX2h), ROSi) 

 

 

[45] 

Lavender oil 

Linalool 

LPS Monocytes THP-

Cells 

↓ Phosphor- NF-κβ 

↓TLR4j) 

[53] 

Croton oil Mice, edema 

model 

↓Edema formation 

↓MPOk) 

↓Nitric oxide  

 

[54] 

 

 

Tea Tree oil 

Terpinen-4-ol 

 

 

LPS, TLR/4, 

TLR2/4 

 

 

Human 

monocytes 

 

↓ IL-1β, IL-6, IL-10 

↓ NF-κβ, MAPK 

 

 

[55] 

 

Rosa laevigata 

 

LPS 

 

RAW 264.7 cells 

 

↓ NF-κβ, TNF-α, IL-1β, 

↓IL-6 and IL-10 

 

 

[56] 

18β glycyrrhetinic acid 

Isoliquiritigenin  

Ursolic acid 

LPS RAW 264.7 cells ↓ ICAM-1, TNF-α, COX-2, 

iNOS, NF-κβ 

[57] 

 

Malaxis acuminata 

 

N/A 

 

Enzyme 5-

lipoxygenase 

 

Anti-hyaluronidase activity 

Anti-5-LOX activity 

 

[58] 

 

 

 

Eupafolin 

 

 

 

LPS 

 

 

 

RAW 264.7 cells 

 

 

 

 

 

 

↓ p38 MAPK, ERK1/2, 

JNK, AKT and p65 

 

 

 

 

[59] 

 

Zygophyllum album DCFH-DAl) assay Human skin 

fibroblast 

↓NO [60] 

 

Abbreviations: a) Tumor necrosis factor-alpha, b) interleukin, c) mitogen-activated protein 

kinase, d) c-Jun N-terminal Kinase, e) nuclear factor kappa light chain enhancer of activated B 

cells, f) lipopolysaccharide, g) protein kinase b (Akt), h) nicotinamide adenine dinucleotide 

phosphate oxidase isoform 2, i) reactive oxygen species, j) toll-like receptor, k) 

myeloperoxidase, l) 20,70-dichlorofluorescein-diacetate.  

In a study by Huang et al. [53], human monocyte (THP) cells were first activated with LPS and 

subsequently treated with lavender essential oil (LEO). Protein levels of phosphor-NF-κβ and 

membrane toll-like receptor 4 (TLR4) were increased by LPS stimuli and decreased after 
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treatment with LEO. Linalool and linalyl acetate are the major components of LEO. The 

authors also reported an increase in the expression of the cytoprotective heat shock protein 

(HSP)-70 after LEO and LPS treatment, however, there were no changes in HSP70 expressions 

between the treatment groups. The authors speculated that this result could be associated with 

the contribution of signalling molecules produced by both treatments. However, this pathway 

is not well elucidated yet [53]. The influence of tea tree oil (TTO) and terpinen-4-ol was 

evaluated on human monocytes cell line [55]. Monocytes were treated with LPS, TLR/4, and 

TLR2/4 activators. Terpinen-4ol showed major activity on the reduction of pro-inflammatory 

cytokines, specifically on levels of TNF-α, IL-1β, IL-6, and IL-10 by the inhibition of NF-κβ, 

p38, and ERK MAPK pathways. These pro-inflammatory markers were not inhibited by pure 

TTO, suggesting the anti-inflammatory potential of terpinen-4ol.  

The anti-inflammatory properties of PSMs from traditional medicine plants (TCMP) have been 

also studied. For example, Rosa laevigata leaves have been used in TCMP, particularly in skin 

treatments, burns and ulcers. The inflammatory properties of this plant and its components have 

been studied in LPS-stimulated RAW 264.7 cells. Rosa laevigata compounds are able to 

downregulate TNF-α, IL-1β, IL-6, and IL-10 production after 8h LPS treatment [56]. The anti-

inflammatory effect of other TCMP, such as Glycyrrhiza glabra and Eriobotrya japonica and 

their components have been investigated in LPS-treated RAW 264.7 cells. 18β glycyrrhetinic 

acid, Isoliquiritigenin and ursolic acid are the secondary metabolites of Glycyrrhiza glabra and 

Eriobotrya japonica that inhibited ICAM-1, TNF- α, COX-2 and iNOS through the suppression 

of NF-κβ expression [57].  

Studies on the anti-inflammatory potential of a terrestrial orchid, Malaxis acuminata, 

demonstrated an inhibition of the 5-lipoxygenase (5-LOX) pathway [58]. 5-LOX. 5-LOX 

catalyzes the conversion of arachidonic acid to pro-inflammatory leukotrienes that are 

mediators of inflammatory and allergic reactions [61]. M. acuminata showed inhibition against 

hyaluronidase enzyme responsible for hyaluronic acid degradation, leading to inflammation 

and delayed wound-healing [62].  

In other studies, Eupafolin, a major compound from Artemisia princeps Pampanin presented 

anti-inflammatory properties against LPS-challenged RAW 264.7 macrophages by the 

inhibition of p38 MAPK, ERK1/2, JNK, AKT and p65 and the nuclear translocation of p65 

and c-fos [59]. The PSMs of a halophyte plant, Zygophyllum album, showed high anti-

inflammatory activity by the inhibition of NO release in RAW 264.7 cells under oxidative 

stress [60].  
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Figure 2. 3. A) Schematic representation of inflammatory and oxidant mechanisms induced by 
LPS. B) Anti-inflammatory and antioxidant mechanisms promoted by PSMs. C) Oregano 
essential oil (OEO) inhibits LPS induced mRNA levels of pro-inflammatory cytokines 
expression in murine macrophage cells (RAW264.7 cells). (a–c) Cells were pretreated with 
OEO for 12 h, then incubated with 1 μg/mL LPS for 12 h. (d–f) Cells were pretreated with 
OEO for 12 h, then incubated with 1 μg/mL LPS for 1 h. Reproduced under terms of the CC-
BY license [45]. Copywrite 2018. Chuanshang Cheng, Yi Zou, and Jian Peng, published by 
MDPI. 
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2.4.2 Antibacterial effects of PSMs 
 

The antibacterial properties of PSMs are attributed to their wide variety of phenolic 

monoterpenes [63]. PSMs cause damage to the bacteria cell membrane and interrupt quorum 

sensing, thus inhibiting biofilm formation. PSMs also inhibit ATP generation, disturb ion 

transport and kill bacteria. Studies assessing the antibacterial properties of PSMs include 

comparisons of the effects of different types of PSMs against different bacteria strains, see 

Table 2.2. PSMs have also been reported to have antifungal properties against Candida 

albicans, Candida tropicalis and Candida parapsilosis [64-70]. In addition, PSMs inhibit the 

proliferation of multidrug-resistant pathogens [71, 72]. Monoterpenes derived from oregano, 

tea tree, and clove oils (carvacrol and thymol, terpinen-4-ol, and eugenol, respectively) act as 

antibacterial agents against a wide variety of pathogenic bacteria. These monoterpenes attack 

the cell membrane causing leakage of various substances, such as ions, ATP, nucleic acids and 

amino acids. The mechanism of OEO against bacterial infection of different pathogens, 

including Methicillin-resistant Staphylococcus aureus (MRSA), proposes that OEO destroys 

the bacterial cell membrane causing leaking of Na+, K+ and irreparable damage to bacteria. 

Additionally, recent studies have shown that when carvacrol reaches bacterial DNA its genetic 

composition alters preventing it from replication, transcription and translation [73-76]. 

Terpinen-4-ol induced leakage of K+ ions from E. coli and inhibition of respiration in 

exponential and stationary phase cell suspensions of E. coli [77]. Eugenol increased 

permeability in the cytoplasmic membrane of Salmonella typhi, affecting membrane-embedded 

proteins and inducing the inhibition of the respiratory system and alteration of ion transport 

activities of bacterial cells (Figure. 2.4 A) [78]. The antibacterial mechanism of PSMs is highly 

effective against bacterial colonization, biofilm formation and AR bacteria (Figure. 2.4 B) [79].  

Polo et al. reported the synthesis of calcium phosphate microparticles grafted with vanillin 

essential oil (VEO) at different concentrations [80]. (Figure. 2.4 C) shows healthy E. coli on 

uncoated commercially available bone regenerator material, Surgibone ®, (Figure. 2.4 D-F) 

shows antibacterial properties of this material enhanced with VEO against E. coli. Moreover, 

thymol/carvacrol was loaded into polythioether nanoparticles via thiol alkene 

photopolymerization in miniemulsion [81]. (Figure. 2.4 G) represents the loading of 

thymol/carvacrol, H) shows the multifunctional monomers used to generate the nanoparticles 

and SEM images of them, and I) illustrates the antibacterial properties of the material at 

different concentrations of carvacrol/thymol against various bacterial strains. Overall, these 

results suggest the enhancement of antibacterial properties when including PSMs in different 
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materials. Among the wound-healing properties of PSMs, antibacterial properties have been 

the most studied. While most of the studies are on the wound-healing applications of PSMs as 

essential oils, our interest is focused on the potential use of PSMs in medical devices as a 

polymer film for wound-healing purposes. 

 

Table 2. 2. Plant secondary metabolites and their activity against different types of bacteria. 

Plant secondary metabolites Pathogens Reference 

Eugenol Candida albicans 

Escherichia coli 

Enterobacter aerogenes 

Proteus vulgaris 

Salmonella typhi 

Staphylococcus aureus ATCC25923 

Enterococcus faecalis ATC29212 

Escherichia coli ATCC25922 

Candida albicans ATCC90028 

[65-69, 78] 

 

Oregano oil (carvacrol and thymol) Candida albicans 

Candida krusei  

Candida tropicalis  

Candida dubinensis  

Pseudomonas aeruginosa  

Bacillus cereus 

Escherichia coli  

Salmonella thypi  

Yersinia enterocolitica  

Staphylococcus aureus  

Listeria monocytogenes  

Enterococcus faecalis 

 

[75, 76, 82-85] 

Thyme oil Candida albicans 

Staphylococcus aureus 

Enterococcus faecalis 

Escherichia coli 

Pseudomonas aeruginosa  

Salmonella typhi 

Yersinia enterocolitica  

Staphylococcus aureus  

Listeria monocytogenes  

Enterococcus faecalis 

 

[68, 69, 75, 83] 

Lavender oil (linalyl acetate) Staphylococcus aureus ATCC25923 

Enterococcus faecalis ATC29212 

Escherichia coli ATCC25922 

Candida albicans ATCC90028 

Candida albicans 

Staphylococcus aureus 

Enterococcus faecalis 

[69, 74, 83] 
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Escherichia coli 

Pseudomonas aeruginosa  

Salmonella typhi 

Yersinia enterocolitica  

Staphylococcus aureus  

Listeria monocytogenes  

Enterococcus faecalis 

 

Tea tree oil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Staphylococcus aureus ATCC25923 

Enterococcus faecalis ATC29212 

Escherichia coli ATCC25922 

Candida albicans ATCC90028 

Escherichia coli 

Candida glabrata 

Herpes simplex virus type 1 (HSV-1) 

Methicillin-resistant Staphylococcus aureus 

(MRSA) 

Pseudomonas aeruginosa 

 

[77, 86, 87] 

Cinnamon  Escherichia coli 

Staphylococcus aureus 

[88] 
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Figure 2. 4. Mechanisms of PSMs against bacteria and biofilms. A) PSMs disturb ions 
exchange and ATP process, induce membrane permeability, DNA damage, and leakage of ions. 
B) PSMs reduces biofilms by interrupting bacterial signaling and quorum sensing. C)-F) Field 
emission scanning electronic microscopy (FESEM) images show the antibacterial properties 
of commercially available bone regenerator material (Surgibone ®) uncoated C) and coated 
with different concentrations D)-F) of vanillin essential oil. Reproduced with permission [80]. 
Copywrite 2018. Elsevier. G) Antimicrobial thymol/carvacrol-loaded polythioether 
nanoparticles H) various multifunctional monomers used to generate polythioether 
nanoparticles via thiol alkene photopolymerization in miniemulsion I) Antimicrobial activity 
of nanoparticles loaded with different ratios of carvacrol and thymol. Reproduced with 
permission [81]. Copywrite 2016, Wiley. 
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2.5. Incorporation of PSMs-based polymers in wound dressings 
 

PSMs-based polymers occur by the polymerization of PSMs molecules to form crosslinked 

PSMs-derived polymers or by the incorporation of PSMs into organic or synthetic polymer 

matrix. PSMs-based polymers for wound dressing applications include fibers, hydrogels, 

membranes, films and a variety of nanostructured materials. The advantage of PSMs-based 

polymers is that the medicinal properties of PSMs can be retained and protect them from 

oxidation and volatility. PSMs-based polymers can be used as drug delivery agents in wound 

dressing applications. In this section, we summarize the most relevant polymerization methods 

to obtain PSMs-based polymers in wound dressings. We also present the wound-healing 

activity of PSMs-based polymers in in vitro and in vivo studies. Table 2.3 outlines the 

polymerization methods used to incorporate PSMs in wound dressings and the wound-healing 

activity of these polymers.  

Table 2. 3. Polymerization methods to incorporate PSMs in wound dressings. 

Polymerization 

method 
PSMs Polymer-based Dressing type 

Wound-healing 

activity 
References 

Electrospinning 

Thymol 

PCL, PVA and 

hybrid matrix of 

50/50% 

Nanofibrous 

mats 

Antibacterial 

against S. 

aureus, 92.5% 

wound-closure 

in in vivo rat 

models in a 

period of 14 

days.  

[89] 

PCL Patch 

Anti-

inflammatory 

activity against 

LPS-activated 

murine 

macrophages, 

downregulation 

of IL-1β and 

iNOS. 

[90] 

Ajwain PVA 
Core-shell 

nanofibers 

Accelerated 

wound-healing 

in infected 

wounds in rat 

[91] 
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model, 100% in 

14 days (40%).  

 

Curcumin PCL Nanofibers 

Antioxidant 

activity, viability 

of human 

foreskin 

fibroblasts under 

oxidative stress 

and reduced IL-

6 in mouse 

monocyte 

macrophages. 

Increasing of 

wound-closure 

rate in 

streptozotocin 

induced diabetic 

mice model 

(17%). 

[92] 

Clove Zein Films 

Antibacterial 

against S. 

aureus and E. 

coli.  Improved 

wound-closure 

rate in Kunming 

mice wound 

model. 

[93] 

Tea tree Chitosan Nanofibers mats 

Long-term 

microbicidal 

capability 

against S. 

aureus, E. coli 

and C. albicans. 

[94] 

 Cinnamon Chitosan/gelatin Membrane 
Antibacterial 

properties 

against E. coli 

and S. aureus 

[88] 

Coprecipitation 

method 
Thyme Chitosan Hydrogel Low cytotoxicity 

and controlled 

drug release of 

[95] 
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thyme oil by 

diffusion. 

Absorption Thymol Bacterial-cellulose 

faster wound 

closure rate 

when compared 

to bacterial-

cellulose (BC) 

and control. 

[96] 

Emulsification β-caryophyllene 
PSM-derived 

polymer 

Anti-

inflammatory 

effect on dorsal 

wound model on 

Wistar rats. 

[97] 

Ion gelation 

method 

Homalomena 

pineodora 
Chitosan Nanoparticles 

Inhibition of 

Gram-positive, 

Gram-negative 

bacteria and 

yeast. 

[98] 

Emulsification 
Satureja 

khuzistanica 

PSM-derived 

polymer 

Nanoemulsion 

Antibacterial 

against P. 

aeruginosa. 

[99] 

Hot melt 

homogenization 

Piper cubeba 

Self 

nanoemulsifying 

drug delivery 

system 

Significant 

wound-healing 

rate in wound 

excision rat 

model. 

[100] 

Peppermint 
Nanostructured 

lipid carriers 

Reduction of 

bacteria and 

faster wound 

closure on 

infected wound 

model on mice. 

[101] 

Film hydration 

method 
Artemisa annua Nanoliposomes 

Drug release of 

80% after 12 h 

and 90% after 

24 h. Effective 

against  C. 

krusei and C. 

tropicalis. 

[102] 
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Film hydration 

method 

Salvia triloba and 

Rosmarinus 

officinalis 

Liposomes Nanovesicles 

Effective against  

K. pneumonia. 

Inhibition of pro-

inflammatory 

enzyme soy 

bean 

lipoxygenase 

[103] 

Supercritical 

impregnation 

 

Patchouli 
Mesoporous silica 

nanoparticles 
Nanoparticles 

Antibacterial 

effect on S. 

aureus for 2 

days, no toxicity 

to L929 cells 

[104] 

Thymol Cotton gauze Gauze 

Effective against 

E. coli, S. 

aureus, Bacillus 

subtilis, E. 

faecalis and C. 

albicans 

[105] 

Libidibia ferrea 
N-carboxybutyl 

chitosan 

Polymer matrix 

Downregulation 

of TNF-α and IL-

1 in LPS-

stimulated 

macrophages 

[106] 

Thymol/Carvacrol Collagen/cellulose  

Antibacterial 

activity against 

E. coli, S. 

aureus. 

[107] 

Plasma 

polymerization 

1,8-cineole 

PSM-derived 

polymer Films 

S. aureus and 

E. coli 

[108] 

 

 

Terpinene-4-ol 

 

 

Effective against 

S. aureus, P. 

aeruginosa 

 

[109-111] 

Oregano 

Effective against 

S. aureus, P. 

aeruginosa. 

Biocompatibility 

with fibroblasts 

[112] 
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2.5.1 Electrospinning 
 

Electrospinning is a technique used to produce micro or nanofibers from solutions or melts 

using electrostatic forces. Electrospinning includes synthetic and natural materials along the 

fibers; in encapsulated form or as nanoparticles [113]. Electrospun collagen hydrolysate 

nanofibers loaded with thyme or oregano presents antibacterial properties with potential for 

use in wound dressings or cosmetics [110, 111]. Wound dressing mats from polycaprolactone 

and polylactic acid (PCL/PLA) fibers are fabricated by electrospinning. Thymol was 

incorporated in the synthesis process and their anti-inflammatory and antibacterial properties 

were retained [89]. The antibacterial assays showed inhibition to Staphylococcus aureus and 

Escherichia coli. The results in the wound-closure assay (using male Wistar rat model) were 

significant for the samples containing thymol compared to the control (commercial gauze and 

Comfeel Plus® samples). Electrospun PCL/PLA with thymol accelerated wound closure by 

more than 92% in 14 days, whereas gauze and Comfeel Plus® showed 68% and 87% wound 

closure, respectively. Consequently, enhanced cell growth and fibroblast cell formation 

occurred in the samples compared to the dry wound environment using gauze. The 

downregulation of pro-inflammatory cytokines is a key factor to prevent inflammation and 

stimulate healing progression. One example is the incorporation of thymol to electrospun PCL 

fibers. This study evaluated the anti-inflammatory properties on LPS-activated macrophages 

as is represented in (Figure. 2.5). The results show an expression of the pro-inflammatory 

mediators IL-1β and iNos. In addition, PCL/thymol reduced the size of the inflamed cells 

suggesting an alleviation of the inflammatory response. These results demonstrate the potential 

for using anti-inflammatory electrospun mats in wound-healing dressings [114].  
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Figure 2. 5. PSMs incorporated to electrospun for anti-inflammatory wound dressings. A) 
Shows a schematic of the PCL/Thymol electrospun mats that alleviate inflammation of LPS-
activated macrophages through activation of NF-κβ pathway. Reproduced with permission 
[114]. Copyright 2021, Elsevier.  

Ajwain essential oil, incorporated in core-shell electrospun nanofibers, shows antibacterial and 

wound-healing potential. The nanofibers were tested in a rat wound model infected with S. 

aureus bacteria. The results showed the potential to diminish bacterial infection and enhance 

wound closure. In addition, the histological outcomes showed no inflammation and increasing 

collagen deposition (Figure. 2.6) [91]. Anti-inflammatory curcumin-loaded nanofibers have 

been developed. The contribution of this novel material is the reduction of inflammation 

through partial inhibition of IL-6 in a streptozotocin-induced diabetes mouse model. These 

results are promising for the future use of nanofibers in chronic wounds in patients with 

diabetes [92]. Moreover, electrospun zein/clove essential oil membranes were deposited in situ 

and tested as a potential wound dressing in a Kunming mice model. These membranes 

exhibited good antibacterial properties and enhanced wound closure when compared to a 

control [93]. Antibacterial properties of TTO were retained in the chitosan nanofibers after 

electrospinning. Furthermore, the mechanical properties, permeability and breathability of the 

TTO-chitosan nanofibers were enhanced with the addition of TTO, positively contributing to 

the overall performance of the dressing. This combination was also effective against different 

bacteria (Staphylococcus aureus, Escherichia coli and Candida albicans) suggesting the 

potential application of these fibres as nonwoven dressings with prolonged antimicrobial 

properties [94]. Electrospun chitosan/gelatin membranes loaded with cinnamon have also 

shown antibacterial properties against S. aureus and E. coli [88]. 
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Figure 2. 6. Ajwain essential oils incorporated to nanofibers by electrospinning to accelerate 
healing in infected wounds in a rat model. A) Shows the scheme graphical abstract of the study. 
B) shows the antibacterial effect against S. aureus after 14 days. C) shows accelerated wound-
healing on infected wounds in a rat model. Reproduced with permission [91]. Copyright 2021, 
Elsevier. 
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2.5.2 Hydrogels 
 

The main feature of hydrogels in wound dressings is their capability to absorb and retain large 

amounts of water or biological fluids [115]. Hydrogel technologies can be prepared in two 

different ways: three-dimensional polymerization and direct cross-linking. In three-

dimensional polymerization, a hydrophilic monomer is polymerized in the presence of a 

polyfunctional cross-linking agent, whereas in direct cross-linking, polymerization occurs with 

water-soluble polymers. A candidate for hydrogel wound dressings is a chitosan-based 

hydrogel loaded with γ-cyclodextrin inclusion compounds of thyme oil. This material showed 

low cytotoxicity and controlled drug release of thyme oil by diffusion. The results suggest that 

this material is suitable for controlled drug delivery and potentially wound dressings [95]. The 

wound-healing activity of hydrogel containing nano-emulsified β-caryophyllene was assessed 

on a dorsal wound model of Wistar rats. On the second day, animals treated with this hydrogel 

showed a considerable reduction in the wound area compared with the control group, indicating 

its anti-inflammatory effect. After 7 days, all groups showed a greater reduction in the 

superficial area of the wound compared to the control group. On day 12, there were no 

significant differences observed between the groups, this could be due to the end of the 

inflammatory process and the start of the proliferation process [97]. A thymol-enriched 

bacterial-cellulose (BCT) hydrogel has been used for third-degree burn wound repair in a burn 

injury model on Wistar rats. BCT hydrogel showed a faster wound closure rate when compared 

to bacterial-cellulose (BC) and control, suggesting its potential use as burn wound dressing 

material [96]. 
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Figure 2. 7. A) thymol enriched bacterial cellulose hydrogel B) Representative images of burn 
wounds in control, BC and BCT groups at days 5, 10, 5, 20 and 25.C) Fluorescent images of 
control, BC and BC loaded thymol (1%) in NIH 3T3 fibroblast cells. D) Upper image shows 
wound closure area in control, BC and BCT groups at days 0, 5, 10, 5, 20 and 25 and bottom 
image shows wound-healing rate percentage in control, BC and BCT groups at days 5, 10, 5, 
20 and 25. Reproduced with permission [96]. Copywrite 2018, Elsevier.  

 

2.5.3 Nanostructured PSMs for controlled drug delivery systems 
 

One effective way to incorporate PSMs in controlled drug delivery systems for wound dressing 

applications is by fabricating nanostructured PSMs-based materials. This could be achieved by 

different polymerization methods. For example, antibacterial chitosan nanoparticles containing 

Homalomena pineodora essential oil, a Malaysian plant extract, were synthesized using the ion 

gelation method. The chitosan matrix encapsulates the essential oil, controlling its diffusion 

from the core across its matrix. Homalomena pineodora oil/chitosan nanoparticles were 
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efficient against bacteria (both gram-positive and gram-negative) and yeast. The medicinal 

effect of the Homalomena pineodora oil lasted up to 3 days, suggesting a possible prolonged 

effect of these nanoparticles in antibacterial wound dressings [98].  

Nanoemulsion preparation is another way to incorporate PSMs into wound dressings. For 

example, satureja khuzistanica (SK) nanoemulsions were effective against P. aeruginosa 

biofilms [99]. Piper cubeba (PO), was prepared as a “self-nanoemulsifying drug delivery 

system” (SNEDDS) by emulsification. The wound-healing activity of PC-SNEDDS was 

evaluated using a wound excision rat model. The wound-healing rate was significant when 

compared to pure PO and to a control. The formulation also showed significant enhancement 

in collagen production, as well as no signs of inflammatory cells that indicate the safety of this 

nanoemulsion [100].  

Nanostructured lipid carriers (NLC) are also prepared using a hot melt homogenization 

technique. NLC from peppermint essential oil tested in-vivo, on infected wound mice model, 

showed a significant reduction of bacteria and faster wound closure when compared to a control 

[101]. The film hydration method allows the encapsulation of PSMs in nanoliposomes. 

Artemisa annua (AA) nanoliposomes were prepared, its drug release profile was studied and it 

was tested against ten strains of Candida. The results showed that after 12h 80% of AA was 

released, reaching approximately 90% in 24h. AA nanoliposomes were active against C. krusei 

and C. tropicalis [102]. Other PSMs such as Salvia triloba and Rosmarinus officinalis were 

also prepared using the film hydration method. The anti-inflammatory activity of these 

nanostructured PSMs results from the inhibition of soybean lipoxygenase, an enzyme involved 

in the metabolisms of inflammatory mediators. These nanostructures were also effective 

against K. pneumonia [103].  
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Figure 2. 8.   A) shows the encapsulation of peppermint essential oil in nanostructured lipid 
carriers and significant results of the study. The histological section from the wound area on 
day 7 after wound induction; A1 to D1 indicate the Immuno-fluorescent staining for fibroblast. 
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The increase in green spots indicates significantly higher fibroblast cellularity in PEO-NLC. In 
A2 to D2, the H&E staining is presented for dermal (DS) and epidermal (EP) remodelling. See 
well-formed epidermis as well as mature dermis in PEO and PEO-NLC-treated groups. A3 to 
D3 represent software analyses for immune reactions for fibroblast, which are increased in 
PEO and PEO-NLC-treated groups (A: Control, B: Mupirocin-treated, C: PEO-treated, and D: 
PEO-NLC-treated). Reproduced with permission [101]. Copywrite 2019, Elsevier. 

 

2.5.4 Supercritical impregnation 
 

Supercritical impregnation is an effective method to incorporate active compounds into 

polymers [116]. While most of the literature about the use PSMs incorporated by supercritical 

impregnation is in food packaging technologies [117-120], some literature describes this 

technique being used to impregnate PSMs into wound dressings. A patchouli essential oil 

(PEO) nanocomposite, a film nanocomposite (PEO-FNC) and mesoporous silica nanoparticles 

(PEO-MSNs) were prepared by supercritical CO2 cyclic impregnation for wound dressings 

applications. The release of PEO from the film nanocomposite persisted for more than 5 days 

and exhibited antibacterial effect on S. aureus for more than 2 days. Also, the film showed no 

toxicity to L929 cells [104]. Thymol was impregnated in cotton gauze by supercritical 

impregnation using carbon dioxide as a solvent, demonstrating 11% and 19.6% impregnation 

after 2h and 24h respectively. This gauze was effective against E. coli, S. aureus, Bacillus 

subtilis, E. faecalis and C. albicans [105]. Other examples are polymeric dressings from N-

carboxybutyl chitosan, collagen/cellulose, and hyaluronic acid loaded with Jucá fruit extract. 
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The combination of Jucá fruit extract into the dressings downregulated pro-inflammatory 

cytokines TNF-α and IL-1 in LPS-stimulated macrophages [106]. 

 

 

Figure 2. 9. Supercritical impregnation of thymol on cotton gauze Reproduced with permission 
[105]. Copywrite 2013, Elsevier. 

 

Thymol/Carvacrol and clinoptilolite composites, prepared by supercritical solvent 

impregnation in supercritical carbon dioxide, demonstrate antibacterial activity [107]. These 

composites showed antibacterial properties against E. coli and S. aureus in PBS, spring water 

and lake water following 24h of contact. 

 

2.5.5 Radiofrequency plasma-enhanced chemical vapour deposition (RF-PECVD) 
 

Radiofrequency plasma-enhanced chemical vapour deposition (RF-PECVD) is a 

polymerization technique that can easily integrate PSM vapours into wound dressings. The 

retention of PSM properties along with a low temperature of deposition and its relatively easy 

control are the main advantages of RF-PECVD polymerization. A previous study utilized the 

RF-PECVD plasma thin film preparation method from terpinen-4-ol and found that the 

antibacterial properties of terpinen-4-ol were successfully retained and were effective against 

Staphylococcus aureus [109]. In similar studies, antibacterial terpinen-4-ol thin films were 

fabricated with pulsed plasma polymerization and the resulting films were effective against 
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Pseudomonas aeruginosa (ATCC-589), as seen in (Figure. 2.9.) [110, 111]. Like carvacrol, the 

antibacterial properties of terpinen-4-ol are related to their lipophilicity. Carvacrol works by 

penetrating the bacteria cell wall and cytoplasmic membrane, causing structural damage and 

intracellular loss. [121]. The retention of antibacterial activity of pristine 1,8-cineole was 

achieved by plasma polymerization. 1, 8-cineole thin films were effective against S. aureus 

and E. coli [108]. Oregano PSMs were polymerized by plasma polymerization, these non-

cytotoxic polymers supported fibroblast growth and proliferation and were antibacterial against 

S. aureus and P. aeruginosa [112]. Thus, the above studies suggest that plasma polymerization 

is a robust method to incorporate PSMs in wound dressings. However, more studies of the 

wound-healing properties of these polymers are needed.  

 

2.6 Conclusion 
 

Delayed wound-healing is promoted by chronic inflammation (upregulation of pro-

inflammatory cytokines), oxidative stress (ROS generation) and bacterial infection (biofilm 

formation, antibiotic resistance). Downregulation of pro-inflammatory cytokines and ROS, as 

well as protection against bacterial infection and biofilm formation, are targets to achieve 

effective wound-healing. It has been demonstrated that the main active compounds of PSMs 

have antioxidant, anti-inflammatory and antibacterial properties. We reviewed the methods for 

incorporating PSMs into wound dressings. The variety of polymerization techniques available 

provides much choice to select the right PSMs-based polymer for a particular wound. The 

selection procedure of the PSMs-based polymer for wound-healing purposes depends on its 

bioactivity mechanism, type of wound and the available polymerization technique. 

Electrospinning is currently the most used technique to incorporate PSMs into wound 

dressings. The final electrospun product is fibres that can be processed to create wound 

dressings or to be applied directly on the wound site.  

Despite the efforts to successfully integrate PSMs in wound-healing materials, more clinical 

studies are needed to rigorously test these dressing compounds. There is a need to study the 

efficacy of PSMs-based polymers after a long storage period as the compounds tend to auto-

oxidase and may evaporate. It is also necessary to study the long-term toxicity of such dressings 

on human cells to know the appropriate duration of use in wound dressings. It also is important 

to consider the use of multicomponent PSMs in the prevention of resistance in bacteria, as 

multiple systems in the cell are targeted. On the other hand, the use of pure monomers ensures 

consistency and addresses seasonal and regional variability. The promising properties of PSMs 
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together with the available processing techniques to incorporate them into polymers suggest 

their potential application in wound dressings. 
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Chapter 3 
Plasma polymers from oregano secondary metabolites: An 

antibacterial and biocompatible plant-based polymers 
 

In this chapter, a plasma polymer (PP) from Oregano Secondary Metabolites (OSM) fabricated 

by RF-PECVD as a potential wound-healing agent is presented. The surface, antibacterial 

properties and biocompatibility of the PP-OSMs were investigated. PP-OSMs preserved the 

medicinal functional groups of Oregano and shown smooth roughness and superhydrophilic 

properties. Moreover, PP-OSMs shown bactericidal properties against P. aeruginosa and S. 

aureus. PP-OSMs were biocompatible with human dermal fibroblasts, promoting its adhesion 

and spreading.  

 

This chapter was published as: Jesus Romo-Rico, Smriti Murali Krishna, Jonathan Golledge, 

Andrew Hayles, Krasimir Vasilev, and Mohan Jacob. Plasma polymers from oregano 

secondary metabolites: An antibacterial and biocompatible plant-based polymers. Plasma 

Processes and Polymers, 2022. Volume 19, 2022, ISSN 1612-8850, 

https://doi.org/10.1002/ppap.202100220.   
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Plasma polymers from oregano secondary metabolites: An antibacterial and 

biocompatible plant-based polymers 

 

Graphical abstract  
 

 

 
Abstract  
 

Bacterial infection of chronic wounds is a major healthcare problem which affects the quality 

of life of millions of patients worldwide and causes a substantial healthcare cost burden. This 

project focused on the manufacture of a potential wound-healing agent. Plasma polymers from 

oregano secondary metabolites (PP-OSMs) were fabricated by Radiofrequency Plasma 

Enhanced Chemical Vapor Deposition (RF-PECVD) in continuous and pulse plasma mode at 

room temperature. The surface, biocompatibility, and antibacterial properties of the PP-OSMs 

were investigated. Polymers fabricated by RF-PECVD retained the functional groups of OSMs, 

promoted human dermal fibroblast adhesion, inhibited Staphylococcus aureus attachment, and 

eliminated Pseudomonas aeruginosa. The PP-OSM coatings are potential candidates to be used 

in medical applications where cell biocompatibility and antibacterial properties are required.  
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3.1. Introduction 
 

Chronic wounds are a major issue impacting the quality of life of 2% of the world population[1] 

and causing a substantial burden to healthcare systems.[2-4] In Australia alone, chronic wound 

care costs more than AUD 3 billion per year and wound affects nearly half a million people.[5] 

Approximately, 50,000 Australians suffer from diabetic foot ulcers whereas 300,000 are at risk 

of developing it.[6] Diabetes-related chronic wounds frequently become  infected that impairs 

healing and can lead to major amputation and death.[7]  

Plasma technology is being investigated as a novel method to fabricate wound-healing 

materials such as plant secondary metabolites (PSMs), which have been reported to have anti-

bacterial properties.[8-14] The anti-bacterial properties of PSMs are believed to result from 

incorporated monoterpenes inhibiting ATP generation, blocking ion transport and disrupting 

cytoplasmic membranes of bacteria.[15-18] 

One approach to coating PSMs on wound dressings is the use of RF-PECVD.[19] Plasma 

polymers from PSMs are formed by atoms, positive and negative ions, free and non-free 

radicals and metastables, colliding in the plasma phase amongst themselves, intact precursor 

(PSMs) and the depositing coating. During this process, PSMs molecules are partially or fully 

fragmented, reconstituted and deposited on surfaces as highly crosslinked polymeric 

coatings.[20] The advantage of this technique is the capability to adjust the polymerization 

parameters to tune the final properties of the resulting polymeric surface. The RF-PECVD can 

be optimised to retain PSMs functional groups in coatings deposited on different substrates to 

provide flexibility of application.  

Previous studies have reported the use of terpinen-4-ol (T4), a major constituent of tea tree oil, 

as a PSM precursor to fabricate plasma polymer coatings.[21] Further, the antibacterial 

properties of T4 plasma-films have been explored. Bazaka et al. have fabricated antibacterial 

plasma-films from T4 using continuous plasma (CP) power of 10W and 25W. [22] The main 

difference between both polymers was the antibacterial response against Staphylococcus 

aureus and Pseudomonas aeruginosa. In the case of the polyterpenol films fabricated at 10W, 

inhibition of bacterial adhesion was achieved by the preservation of functionalities of T4 during 

fabrication at low deposition power. Films fabricated at 25W showed higher bacterial adhesion 

when compared to control and films fabricated at 10W. This could be associated with the 

modification and recombination of T4 functional groups that promote bacterial adhesion 

instead of inhibition. [22] 
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In another study, Kumar et al. developed coatings from T4 using pulse plasma (PP) 

polymerization. [23] The polymerization conditions were 10W, duty cycle (DC) 40 at 500Hz. 

The antibacterial properties of these polymers were tested against P. aeruginosa. The polymers 

fabricated in this study were hydrophobic and promoted P. aeruginosa attachment, however, 

this pathogen was unable to survive after 24h of contact with the T4 surface due to the retention 

of bactericidal molecules of the monomer. [23]  

T4 polymers were fabricated and doped with ZnO nanoparticles using CP at 10 W, with and 

without oxygen (T4oxy) and argon carriers (T4arg). T4oxy and T4 + ZnO inhibited Escherichia 

coli adhesion. However, the antibacterial properties of the films did not change much with the 

addition of ZnO nanoparticles when compared to T4oxy. [24] These results suggest that the 

contribution to bacterial inhibition is associated with the nature of T4 and retention of its 

functional groups.  

Pegalajar-Jurado et al fabricated films using a minor component of tea tree oil, 1,8-cineole, 

using plasma polymerization at 20W. The obtained film was a moderate hydrophilic surface 

with roughness <1 nm. The antibacterial properties of the 1, 8 cineole were retained in the 

plasma polymers showing inhibition of 64% against S. aureus and 98% against E. coli when 

compared to the control sample. A preliminary study on the biocompatibility of these films 

was also carried out. 1, 8 cineole films did not have cytotoxicity to fibroblasts and inhibited 

their adhesion to the polymeric matrix surface. [25]  

Monomers of geranium essential oil were fabricated as continuous plasma films at a range of 

deposition powers from 10 to 100 W. [26] The antibacterial properties of the created films 

reduced as the deposition powers used increased, as a result of monomer fragmentation. At 

high deposition powers, the functional groups defragment to a greater degree than at low power 

levels, thus, the retention of the inherent properties of the monomer is difficult to retain. 

Oregano (Origanum Vulgaris) is a popular herb widely used in Mediterranean and Latin 

American cuisines. Ancient civilizations not only used this herb to spice up their foods but also 

used it in treatments against respiratory infections, skin conditions and digestive disorders. 

Oregano secondary metabolites (OSMs) are volatile molecules expelled by Origanum Vulgaris 

which are believed to be responsible for Oregano’s health benefits. [27-31] Antimicrobial activity 

of oregano has been attributed to its content of phenolic monoterpene carvacrol (CR). The 

different constituents of oregano oil can vary significantly. However, depending on the origin 

of the oregano species, the content of CR could be up to approximately 90% [32, 33]. CR affects 

bacterial membrane permeability, causing leakage of Na+ and K+, inhibiting intracellular 

enzyme activity and irreparably damaging bacteria. [15]  
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Previous studies have examined the wound-healing properties of oregano but there has been 

no previous report of using RF-PECVD to fabricate OSMs.[34] The aim of this study was to 

fabricate plasma polymers (PP) from OSMs with potential applications as antibacterial surfaces 

for wound-healing applications. We fabricated PP-OSMs using RF-PECVD in continuous and 

pulse mode. The retention of the functional groups of oregano in PP-OSMs was corroborated 

using Fourier Transformed Infrared Spectroscopy (FTIR). Thickness, homogeneity and 

hydrophilic properties were determined by ellipsometry, atomic force microscopy (AFM) and 

sessile drop water contact angle measurements, respectively. Leaching of PP-OSMs surface 

was determined as well as the changes in the pH after submerging in water for 24 hrs. The 

antibacterial properties of the PP-OSMs were evaluated against P. aeruginosa and S. aureus. 

These bacteria were selected due to their high prevalence in diabetes-related wound infection. 
[35, 36] Cell viability, cytotoxicity, and adhesion were evaluated in vitro using human dermal 

fibroblasts (HDF).  

 

3.2. Experimental Section  
 

3.2.1. Fabrication of plasma films and chemical composition 

 

PP-OSMs were fabricated on glass (76 mm x 26 mm) and borosilicate (diameter 6 mm) 

substrates. The substrates were sonicated for five minutes in propan-2-ol. Then rinsed and 

sonicated with distilled water for 5 minutes, after, the samples were air-dried. The substrates 

were introduced into the RF-PECVD plasma reactor that consisted of a horizontally positioned 

tube chamber (l: 90 cm, d: 5 cm) with a rotary vacuum pump and a monomer inlet at each end. 

The rotary vacuum pump maintained the chamber at a pressure of 300 mTorr. Two copper 

electrodes were positioned in the middle of the tube chamber separated by 7 cm. During each 

experiment, the substrates were placed at the centre between the electrodes. Both electrodes 

were coupled to a Radio Frequency (RF) generator (ACG-3B, MKS Instrument, Andover, MA, 

USA). Two hundred μl of Oregano essential oil (OEO) were placed in a Florence flask to feed 

the plasma reactor, and the flow rate of the monomer was controlled with a vacuum stopcock. 

The deposition of the film was performed using CP and PP (duty cycle of 50% and 500Hz) 

modes at 50 W for 10 minutes.  

 

3.2.2. Chemical characterization 
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FTIR (Perkinelmer Inc., Boston, MA, USA) was used to confirm the retention of Oregano 

functional groups in the PP-OSMs. For this purpose, FTIR was used in attenuated total 

reflection (ATR) mode.  

 

3.2.3. Thickness and roughness 

 

The thickness and topography of CP50W and PP50W were estimated using Variable Angle 

Spectroscopic Ellipsometry (JA Woollam-M200 D, Lincoln, NE, USA) at 55°, 60° and 65°. 

Data acquisition parameters were standard and high-accuracy modes. The 25 points of 

measurement were situated in a polar grid mesh starting from the center and forming the circle 

every 30°. A graded layer model (#slices = 5) consisting of a glass substrate layer and a B-

spline was applied to the data within the 400 – 1000 nm region where the film is optically 

transparent. Mean squared error (MSE) lower than 1 was used in these analyses. The surface 

roughness of PP-OSMs was obtained using an Atomic Force Microscope (AFM) (NT-MDT, 

Russian Federation) in semi-contact mode. The examination was carried out at room 

temperature and the scanned area of 3D images was 9 μm2. Three samples of each condition 

were measured, and a minimum of 3 spots of 3x3 μm were analyzed.  

 

3.2.4. Wettability 

 

Hydrophobic or hydrophilic properties in CP50W and PP50W could be elucidated from a 

contact angle test using a KSV CAM 101 optical apparatus. It has been reported that the 

wettability properties are related to the chemical composition and surface roughness of films. 
[37] Wettability represents the affinity of a liquid to spread on a surface, which is measured 

using contact angle analysis of PP-OSMs performed by the sessile drop method, where a drop 

of liquid (polar or dispersed) is placed into the film surface and observed with a camera. The 

angle is measured using a reference baseline of the drop and the tangent of the drop boundary, 

the droplet volume, surface and height and the basal diameter. 

 

3.2.5. Bacterial studies 

 

S. aureus (ATCC 25923) and P. aeruginosa (clinical isolate, PAO1 type, SA Pathology) were 

both retrieved from glycerol stocks stored at -80°C, plated onto tryptone soy agar plates, and 
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cultured overnight at 37°C. For each strain, a single colony was aseptically transferred to 2 ml 

of tryptone soy broth and incubated for 18h. Triplicate samples of various essential oils plasma 

coated onto fragmented glass slides were individually placed in 6-well tissue culture plates and 

UV sterilized for 20 minutes. Bare glass slides were UV sterilized and used as the no-treatment 

control. Cell densities of the overnight cultures were measured using absorbance (600 nm, 

OD600) in a cuvette reader. The OD600 was set to 1, which is approximately 109 CFU/ml as 

previously determined by colony enumeration calibration. The cell density of the overnight 

cultures was then further diluted down to an approximately 106 CFU/ml. The glass slide 

samples were then immersed in 2 ml of the diluted cell cultures and incubated at 37°C for 18h.  

 

3.2.6. LIVE/DEAD analyses  

 

After incubation, the culture media was aspirated out of the well plates and replaced with 2 ml 

phosphate-buffered saline (PBS) for 1 minute to gently rinse away planktonic cells. The PBS 

was replaced, and the sample surfaces were coated with BacLight LIVE/DEAD (Invitrogen, 

Thermofisher, MA, USA) reagent, using equal proportions of Syto9 and propidium iodide at 

1.5 µl/ml PBS. The samples were incubated for 15 minutes in the dark and immediately imaged 

with an Olympus FV3000 confocal laser scanning microscope. Three micrographs were taken 

at 40x magnification at random locations on each replicate sample. Green and red-stained cells 

were quantified using ImageJ software (V1.53, NIH, USA).  

 

3.2.7. Fibroblast studies 

 

HDF cells were cultured using Fibroblast Growth Medium -2 Bullet kit -from Lonza TM. Each 

experiment was done using cultured fibroblasts in passages 7 or 8. HDF was seeded (~50,000 

cells/ml) in 6 mm round borosilicate coverslips containing CP50W and PP50W using 100 μl 

of cell culture in 96 well plates. Lysed cells were used as the negative control and healthy cells 

seeded on bare coverslips were used as a positive control.  

 

3.2.8. Cell viability and cytotoxicity 

 

ViaLight™ plus kit was used to estimate HDF viability by determination of their ATP levels 

using the assay protocol for a 96 well plate published by Lonza. Toxilight™ 100% lysis reagent 

set was used for determining cytotoxicity. This assay measures the release of adenylate kinase 
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(AK) from damaged cells. AK actively phosphorylates ADP to form ATP, which is then 

measured in a luminometer POLAR STAR OMEGA Model 415-0530. 

 

3.2.9. Cell adhesion and spreading 

 

HDF with a density of 50,000 cells/mL were seeded on 16 mm round borosilicate substrates. 

After being cultured for 24h, the cells were rinsed with PBS 3 times for 5 minutes and fixed 

with methanol at -20°C and rinsed again 3 times for 5 minutes with PBS. Subsequently, the 

primary antibody, vimentin (ab92547, Abcam, Cambridge, UK) was added at concentration 

1/200 for 1h. or overnight at 4°C. A secondary antibody was then added, at a dilution factor 

1/500 or 1/1000 1h. at room temperature. Finally, cell nuclei were counterstained with a drop 

of DAPI antifade gold (Thermofisher). Fluorescence images of cell nuclei and Vimentin were 

observed via fluorescence microscope Axio Imager Z1. 

 

3.2.10. Statistical analyses 

 

In bacterial experiments, 3 biological replicates and 3 technical replicate images were 

performed. Technical replicates were averaged, and the values were used to calculate the 

overall mean and standard deviation of cell viability across the 3 biological replicates. Data 

was plotted in GraphPad Prism (v8.3.0). Significance was obtained with Prism, using a 2-way 

ANOVA with Dunnett’s multiple comparisons test. In cell viability and cytotoxicity 

experiments, 5 replicates were performed. Mean and standard deviation were reported for each 

sample. Data was plotted using the same software. Significance was calculated using ANOVA 

multi analyses comparison test.  

 

3.3. Results and Discussion 
 

3.3.1. Surface leachate as pH modifier 
 

The thickness of PP-OSMs, CP50W and PP50W coatings were measured by Ellipsometry 

immediately after fabrication and after 24h immersion in MiliQ water (pH of 6.75). The 

average thickness of CP50W and PP50W films after fabrication were 90 nm and 123 nm, 

respectively. After immersion in water CP50W lost 59.2% of the film thickness whereas 

PP50W lost 35.3% of the film thickness as shown in Figure 3.1. 
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Figure 3. 1. The thickness of PP-OSMs before and after being submerged in distilled water for 
24h. 

Distilled water pH changed after 24h due to the PP-OSMs leachate from a near-neutral of 6.75 

to an acidic of 4.6 and 5 for CP50W and PP50W, respectively. This result is interesting for 

wound dressing applications. In chronic wounds, elevated protease levels have been implicated 

in the degradation of new extracellular matrix (ECM). Protease activity is dependent on the pH 

of the surroundings. [38] One strategy for healing chronic wounds is to lower protease levels by 

using a pH modulator. Chronic wounds' pH values are in the range of 6.5-8.5, however, if it is 

reduced to 5, protease activity is expected to be reduced. Therefore, degradation of the new 

ECM would potentially not occur and wound-healing might be promoted. [39]   

Figure 3.2 shows AFM images of CP50W and PP50W. Super smooth roughness, less than 1 

nm was obtained in both samples (n=3) (CP50W = 0.2 nm and PP50W = 0.62 nm). The AFM 

image of PP50W showed random rough peaks (height 1 nm) along the scanned area whereas 

the image of CP50W showed a smooth surface. The observed 1 nm peaks along the PP50W 

image could be related to the accumulation of large OSM molecules bound to its surface. 

Figure S.2 shows the topography of both samples. The roughness of the PP-OSMs increased 

to around 10 nm in peaks and valleys after 24h of submersion in MiliQ, this was associated 

with the leaching of thickness illustrated in Figure 3.1. 



56 
 

 
Figure 3. 2. Surface images of CP50W and PP50W obtained by AFM. Dimension of images 
are 3 μm x 3 μm x 3 nm. 

 

3.3.2. Chemistry, wettability and smoothness of PP-OSMs surfaces 
 

The chemical properties of PP-OSMs were investigated by FTIR. Figure 3.3 shows the IR 

spectra of the PP-OSMs before and after submerged in MiliQ water. The functional groups of 

the OSMs were retained during PP-OSMs fabrication and after 24h of water submersion. The 

peaks between 2960 cm-1 and 2866 cm-1 appear due the vibration of the CH alkane strength 

and the CH2 symmetric stretch. These peaks could be associated with the presence of CR [40]. 

At 1700 cm-1 a peak in the spectra of both CP50W and PP50W images can be seen. This was 

likely due to the carboxyl COOH bonds formed by the recombination of monomer molecules. 

Peaks between 1457 and 1380 cm-1 correspond to the symmetrical vibration of CH3. [41-43] 

During continuous wave plasma deposition, the constant power leads to increasing 

fragmentation of the monomer and loss of some monomer functional groups, whereas, pulsed-

wave plasma deposition results in less fragmentation and retention of the monomer functional 

groups. [23] Therefore, the thickness difference between CP50W and PP50W could be related 

to the deposition time as well as to the fragmentation effect of a plasma wave in the monomer 

and its polymerization.  
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Figure 3. 3. FTIR spectrum of oregano essential oil, and PP-OSMs fabricated at different 
plasma conditions CP50W and PP50W. 

 

The wettability of CP50W and PP50W was determined by water contact angle (WCA) 

measurements. The wettability of a material surface is related to its chemical composition and 

surface roughness. [37]  Figure 3.4 shows WCA for control, CP50W and PP50W. WCA for 

control and CP50W were similar at around 45°. WCA below 90° is considered hydrophilic, 

whereas a contact angle above 90° is hydrophobic. WCA of PP50W was below 7° which is 

considered superhydrophilic. [44] The low contact angle is likely associated with the high 

oxygen content observed in the FTIR measurements described above. COOH groups are polar 

groups that promote the absorption of water molecules on the surface. 
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Figure 3. 4. A) Dynamic wetting properties of CP50W and PP50W in time (30 s) evaluated by 
sessile drop water contact angle measurements. B) Photographs of water droplets on CP50W 
and PP50W. 

 

3.3.3. Antibacterial Performance of Oregano Polymers 
 

The antibacterial properties of CP50W and PP50W were evaluated by fluorescence imaging 

using a LIVE/DEAD bacterial viability kit. Using this kit, bacterial cells with an intact cell 

membrane are fluoresce green, and cells with a perforated or ruptured cell membrane fluoresce 

red. Survival and attachment of P. aeruginosa and S. aureus were evaluated by the 

quantification of fluorescent cells. Figure 3.5 A shows fluorescence images, figure 3.5 B 

shows viability and attachment plots of both microorganisms seeded in PP-OSMs and in glass 

substrate used as a control.  
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Figure 3. 5. Shows the antibacterial effect of PP-OSMs A) shows LIVE/DEAD images of P. 
aeruginosa and S. aureus. The green dye represents live bacteria whereas red stain represents 
dead bacteria, B) shows viability and C), shows cells per image. Dimensions of fluorescence 
images are approximately 100 x 100 µm. 

 

Bactericidal activity of CP50W and PP50W are statistically significant (P < 0.0001 = ****) 

against P. aeruginosa with viabilities ranging from <1% (PP50W) up to 47% (CP50W), when 

compared to the glass slide control. However, as shown in Figure 3.5 C, the rate of attachment 

of P. aeruginosa to CP50W and PP50W was not significantly different from the control. 

CP50W and PP50W were effective against S. aureus viability, P < 0.0005 = *** and P < 0.05 

= *, respectively. Interestingly, S. aureus attachment was inhibited by both polymers, P < 

0.005 = ** for PP50W and P < 0.05 = * for CP50W. This suggests that the CP50W and PP50W 

plasma films possess selective antifouling properties against S. aureus. The mechanisms of 

action of OEO, CR and thymol (TH) against different pathogens have been elucidated. OEO, 
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CR and TH can kill P. aeruginosa and S. aureus by penetrating their cytoplasmic membrane 

causing K+ and PO4
- leakage from both pathogens. [17] Recent studies of OEO against 

methicillin-resistant Staphylococcus aureus reported that OEO destroys its cell membrane, 

causing irreversible damage and producing the leakage of Na+, and K+, thereby affecting its 

physiological function. Additionally, CR can form a chimera with bacterial DNA affecting its 

replication, transcription and translation. [15] 

 

3.3.4. Biocompatibility assessment: cell adhesion, viability and cytotoxicity 
 

Cell viability and cytotoxicity of fibroblasts were measured 24h after seeding 0.1 ml of healthy 

cell medium (density 50,000 cells/mL) in glass substrate (control), CP50W and PP50W. After 

24h, cell viability in control, CP50W and PP50W were similar. However, CP50W and PP50W 

were less cytotoxic than control, P < 0.05 = * and P < 0.005 = **, respectively (Figure 3.6 

A). After 24h of seeding, the adhesion of cells was corroborated by immunofluorescence 

staining using Vimentin (Green) and DAPI (Blue) (see Figure 3.6 B). Vimentin is an 

intermediate filament that acts as a signalling mediator between cells by regulating cellular 

processes of relevance in wound-healing, like adhesion, migration, differentiation and 

morphological arrangements [45, 46]. Figure 3.6 B shows that fibroblasts adhered and spread 

well in all samples. Corrected total fluorescence (CTFC) was calculated using ImageJ software 

(Figure 3.6 A, right panel). CP50W and PP50W were not cytotoxic and biocompatible with 

human dermal fibroblasts, which suggests their potential for use in devices that are in contact 

with dermal tissue. 
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Figure 3. 6. A) Shows the plots for viability, cytotoxicity and fluorescence intensity of HDF 
after being seeded in PP-OSMs for 24h. B) shows the fluorescence images using DAPI as a 
nucleus staining (blue) and Vimentin as a cytoskeleton filament staining (green).  

 

One of the main features of the presented polymers were their antibacterial and antifouling 

properties, which are similar to the antibacterial behaviour exhibited by PP from T4 and 

geranium monomers fabricated at low plasma power levels. [19, 24, 26] In addition to the 

antibacterial and antifouling study of oregano, this is the first study where fibroblasts viability, 
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cytotoxicity and cell adhesion were evaluated for PP-OSMs. Considering these data, our results 

suggest that PP-OSMs have potential use as coatings for different medical devices, for 

example, as a coating for dermal wound dressings, catheters and implants. Nevertheless, in 

vivo assessments would be interesting to determine the optimal performance of PP-OSMs, 

especially, when they are in contact with living tissue in a wound environment.  

 

3.4. Conclusion 
 

Plasma polymer films from OSMs were successfully developed at different RF power levels 

using RF-PECVD. The functional groups of the oregano monomer were retained in the PP-

OPTF resulting in a smooth and hydrophilic polymer. The surface roughness of CP50W 

resulted in a hydrophilic surface, whereas, PP50W had a contact angle of 5° and is therefore 

considered super hydrophilic. The results suggest that coating leachate of the PP-OSMs 

modifies the pH of the media used. PP-OSMs was shown to have bactericidal properties against 

Gram-negative P. aeruginosa and antifouling properties against Gram-positive S. aureus. 

Moreover, PP-OSMs supported fibroblasts' growth and proliferation without producing 

significant cytotoxicity. Adhesion and spread of fibroblasts on PP-OSMs were also confirmed. 

The overall results suggest the potential application of these polymers into medical 

applications, such as wound dressings where antibacterial and biocompatibility are required.  
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Figure S. 1. Scheme of the plasma reactor. 

 

 

 
Figure S. 2. AFM scans of 3x3 μm of PP-OSMs samples after submerged in MiliQ water.  

 

Keywords: antibacterial, biocompatible, oregano, plant secondary metabolites, plasma-

polymers.  
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Chapter 4 
In Vitro Study of the Wound-healing Properties of an Oregano 

Based Plasma Polymer 
 

In this chapter the in vitro wound-healing properties of oregano-based plasma polymer (OPP) 

were investigated.  OPP did not activate pro-inflammatory responses of RAW macrophages 

and showed potential anti-inflammatory activity reducing pro-inflammatory cytokines. OPP 

prevented ROS activation on inflamed macrophages. OPP promoted wound closure faster than 

the control samples. Overall, these findings suggest that OPP has potential as a wound-healing 

interface for dressings and bandages, providing mammalian cell support, anti-inflammatory 

activity, antioxidant properties and enhanced cell proliferation. 

 

This chapter has been submitted for publication as: Jesus Romo-Rico, Richard Bright, Neethu 

Ninan, Smriti Murali Krishna, Krasimir Vasilev, Jonathan Golledge, and Mohan Jacob. In 

Vitro Study of the Wound-healing Properties of an Oregano Based Plasma Polymer, ACS 

Biomaterials Science & Engineering, 2023. 
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Abstract 
 

Chronic wounds are characterized as wounds that fail to progress through the normal stages of 

wound-healing. Wound-healing can be delayed by factors such as infection, age, stress, 

diabetes, obesity, medications, smoking, and nutrition. In this study, the anti-inflammatory, 

antioxidant and wound-healing properties of oregano-based plasma polymers (OPP) are 

investigated. An in vitro wound closure study performed with human foreskin fibroblasts and 

OPP, was found that OPP accelerated in vitro wound closure (p<0.05) when compared to 

sample control. Furthermore, OPP did not induce any adverse inflammatory response when 

incubated on RAW macrophages. OPP prevented LPS-activation of ROS on RAW 

macrophages when compared to LPS-treated control surfaces (p < 0.0001).  Overall, the results 

suggest the potential application of OPP as a wound healer interface in wound dressings and 

medical device coatings. 
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4. 1. Introduction 
 

The increase in systemic diseases, an ageing population and trauma have resulted in an 

exponential increase in chronic wounds.[1] Wound dressings have been continuously developed 

to alleviate chronic wounds. However, chronic wound management is a major ongoing issue. 

When a wound dressing is in contact with tissue, the host immune system identifies it as a 

foreign material and triggers an acute inflammatory immune response.[2] If inflammation 

persists, it can develop into a chronic wound that could lead to long-term pain, decreased 

mobility and reduced physical well-being, and increased risk of infection[3],[4], accompanied by 

a representative healthcare cost.[5],[6] 

There is an increasing demand for wound dressing materials that can be used as chronic wound 

healers.[7],[8, 9]  The ideal wound-healing materials would not activate the host immune 

response, prevent oxidation, inflammation, bacterial infection, and support the promotion of 

cell proliferation and tissue remodelling.[10],[11, 12] [13] 

Oregano is an aromatic plant with ancient history as a wound healer, and it has been shown to 

possess antibacterial, antioxidant, anti-inflammatory and a variety of wound-healing properties 

in several scientific studies.[14], [15-19], [20], [21] Ointments,[22] hydrogels, nanofibers, 

nanoparticles, and films are examples of engineered materials that include oregano extracts as 

wound-healing agents.[23] For example, collagen hydrolysate-based nanofibers loaded with 

oregano essential oil  (OEO) demonstrated in vitro biocompatibility with fibroblast and 

exhibited antioxidant and antibacterial properties along with the capacity to eradicate a variety 

of biofilms.[24] OEO encapsulated within chitosan-alginate nanoparticles (NP) did not show 

any sign of skin irritation or edema in rabbits.[25] OEO was encapsulated into poly (L-lactide-

co-caprolactone) (PLCL) and silk fibroin (SF) nanofibers membranes (NF). NF-OEO 

accelerated in vivo wound-healing by inducing angiogenesis granulation tissue formation, neo-

epithelialization, and collagen deposition. These NF-OEO also presented antibacterial activity 

against Gram-positive S. aureus and Gram-negative E. coli.[26]  

An oregano-based plasma polymer (OPP), which was fabricated using radiofrequency plasma-

enhanced chemical vapour deposition (RF-PECVD), has shown biocompatibility with human 

dermal fibroblasts (HDF).  OPP supported HDF growth, adhesion and spreading. OPP also had 

selective antibacterial and anti-biofouling properties against P. aeruginosa and S. aureus.[27] 

One of the advantages of OPP is that the properties of oregano oil are preserved as a polymer 

that can be applied to a variety of surfaces. However, the wound-healing properties of these 

polymers have never been investigated. Therefore, we performed an in vitro evaluation of the 
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biocompatibility and immune responses to OPP using RAW 264.7 macrophage-like cells. We 

also investigated the antioxidant activity of OPP when macrophages were activated with 

lipopolysaccharide (LPS) to induce an acute inflammatory response.  The in vitro wound 

closure evaluation was performed using human foreskin fibroblasts (HFF-1).  

 

4. 2. Materials and methods 
 

4. 2. 1. Deposition of oregano-based plasma polymers  
 

OPP was deposited on round glass coverslips (Proscitech, diameter 15 mm). Before coating 

deposition, all substrates were sonicated for 5 min in isopropyl alcohol, then rinsed and 

sonicated again in distilled water for 5 minutes and subsequently air-dried. The substrates were 

coated using an RF-PECVD plasma reactor described elsewhere.[28] The deposition conditions 

of OPP were performed using pulsed plasma of a duty cycle of 50% and 500 Hz mode at 50 W 

for 10 min.  

 

4. 2. 2. Chemical analyses using X-ray photoelectron spectroscopy  
 

The chemical composition of the OPP was analyzed using X-ray photoelectron spectroscopy 

(XPS). The respective survey spectra were collected using a Kratos AXIS Ultra DLD 

spectrometer (Kratos Analytical Ltd., Manchester, UK) coupled with a magnetic charge 

compensation system, with monochromatic AlKα radiation (hν = 1486.7 eV). Data analysis 

was carried out with CasaXPS software (Casa Software Ltd., Teignmouth, UK). The C1s peak 

was recalibrated by setting the carbon binding energies (BE) at 285 eV and the deconvoluted 

peaks were fitted using the same software. 

 

4. 2. 3. Contact angle analysis 
 

The wettability of the OPP was evaluated using contact angle by a sessile drop method using a 

KSV CAM 101 optical apparatus (KSV Instruments Ltd., Helsinki, Finland). The contact angle 

of a drop of MiliQ water (8 μl) was measured using a baseline as a reference of the drop and 

the tangent of the drop boundary, considering the droplet volume, height and basal diameter.  

 



72 
 

4. 2. 4. Cell culture, viability, and immunofluorescence  
 

RAW 264.7 macrophage-like cells (Abelson leukaemia virus-transformed cell line derived 

from BALB/c mice, ATCC TIB-71) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM; ThermoFisher, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS, Life 

Technologies, CA, USA) plus 1% Pen/Strep (100 U/mL Penicillin and 100 μg/mL 

Streptomycin, Life Technologies, CA, USA) and incubated at 37°C in 5% CO2.  

 

4. 2. 4. 1. Cell viability and MTT assay  

 

To perform cell viability assay, OPP-coated coverslips and uncoated coverslips (16 mm 

diameter) were placed in a 24-well plate and UV sterilized for 20 min. RAW 264.7 were seeded 

at a density of 2 × 105 cells per well and incubated for 48 h. After incubation, the cell viability 

of three samples for each plasma polymer and control coverslips were analyzed using an MTT 

assay 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich, MO, 

USA).  The MTT assay is a colorimetric test used to measure cellular metabolic activity as an 

indicator of cell viability and proliferation. MTT was prepared at 0.5 mg/ml concentration in 

PBS. For 100 μl medium per well, 10μl of 5 mg/mL MTT is added into each well. Following 

by a 4 h incubation at 37°C in 5% CO2. Subsequently, the solution was removed and replaced 

with 200 μl of dimethyl sulfoxide (DMSO) and incubated at room temperature in the dark for 

15 min before measuring the absorbance at 570 nm. 

 

4. 2. 4. 2. Cell adhesion and spreading 

 

Cells seeded on OPP-coated and control coverslips were initially incubated for 48 h at 37 °C 

and 5% CO2, then processed for immunofluorescence staining. Cells were then rinsed with 

phosphate buffering saline (PBS, ThermoFisher, MA, USA) and fixed with 4% 

paraformaldehyde (Sigma-Aldrich, MI, USA) for 20 min at room temperature. Next, cells were 

washed twice with PBS and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, MI, USA) 

in 1x PBS for 5 minutes, then a blocking solution (1% BSA, obtained from Sigma-Aldrich, MI, 

USA in 1x PBS) was added for 30 minutes. Cells were then washed twice and 1:1000 dilution 

of TRITC-conjugated Phalloidin (Ex/Em 540/565, FAK100 kit, Sigma-Aldrich, MO, USA) in 

PBS was added to the samples and incubated in the dark for 60 min at room temperature. 

Afterwards, nuclei counterstaining was performed by incubating the cells with 4',6-diamidino-
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2-phenylindole (DAPI, Sigma-Aldrich, MI, USA; Ex/Em 359/461, FAK100 kit, Sigma-

Aldrich, MO, USA) were incubated in the dark for 5 minutes at room temperature followed by 

washing cells three times with PBS for 10 min. The coverslips were inverted onto microscope 

slides for imaging. Fluorescent images were acquired using an Olympus FV3000 confocal 

microscope (CLSM; Olympus, Tokyo, Japan).  

 

4.2.5. Immune response evaluation 
 

Macrophages play important roles in wound-healing since they are one of the first mediators 

of inflammation; cytokines and growth factors secretion and phagocytosis.[29] Raw 264.7 

macrophage-like cells were used as a cell model to investigate the immune responses to OPP 

surfaces. To determine the level of protein expression of IL-6 and IL-4 pro-inflammatory 

markers, macrophages were seeded and incubated OPP and control coverslips for 48h at 37 °C 

and 5% CO2. The supernatant from samples was collected at 48 h and prepared for ELISA 

assay of IL-6 and IL-4 pro-inflammatory cytokines. ELISA assay was performed according to 

the manufacturer's protocol (ThermoFisher, MA, USA). 

 

4. 2. 6. Antioxidant evaluation of Oregano-based plasma polymers 
 

RAW 264.7 macrophage-like cells were grown in DMEM supplemented with 10% fetal calf 

serum and seeded at 2x105 cells/well in a 24-well plate and incubated overnight at 37°C in 5% 

CO2. One group was treated with fresh media containing 100 ng/mL of bacterial 

lipopolysaccharide (LPS, Sigma-Aldrich, MO, USA) to activate cell immune response and 

incubated overnight at 37°C in 5% CO2. 

After incubation, DMEM media was replaced and incubated in 10 μl of 2’, 7’- 

Dichlorofluorescein (DCF, Sigma-Aldrich, MO, USA) in PBS for 30 min at 37°C in 5% CO2. 

Next, samples were washed with PBS, nuclei were stained with DAPI, and then intracellular 

ROS was detected using an Olympus FV3000 confocal microscope (CLSM; Olympus, Tokyo, 

Japan). ROS-activated DCF was imaged using an excitation wavelength of 490 nm and an 

emission wavelength of 520 nm. Cellular fluorescence intensity was quantified using Image J 

software (NIH, Maryland, USA).  

 

4. 2. 7. In vitro scratch assay 
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The wound scratch assay was performed in a 96-well plate using an Incucyte SX5 Live-Cell 

Analysis Instrument (Sartorius, Göttingen, Germany) which was contained in a cell incubator 

(37°C, 5% CO2). Round coverslips coated with OPP were placed into the bottom of the 96 well 

plates (coating surface facing upwards) then HFF-1 (ATCC, VA, USA) maintained in DMEM 

supplemented with 10% FBS and 1% Pen/Strep, were seeded at a density of 1x105 cells/mL 

for 24 h. After the cell density reached 80% of confluence (24 h), uniform wound scratches 

were created using an Incucyte® Wound Maker 96-Tool, subsequently, wells were washed 

with PBS solution to remove any debris and/or free-floating cells and fresh media was added. 

The 96 well plate was placed into the Incucyte® instrument and images of the wound closure 

were taken every 6 h for 30 h. 

 

4. 2. 8. Statistical analyses 
 

All analysis and graphical representation were done using GraphPad Prism version 9.0.0 (121) 

(GraphPad Software, San Diego, CA, USA). For IL-4 and IL-6 cytokine analysis, ordinary 

one-way ANOVA statistical analyses followed by Bonferroni posthoc analysis were 

performed. To determine the mean ± SD and p values for ROS intensity staining, wound-

healing analysis and antibacterial experiments, 2-way ANOVA followed by Bonferonni 

posthoc analysis was done. All experiments were performed in triplicate, and a p-value of less 

than 0.05 was deemed to be statically significant. 

 

4. 3. Results and discussion 
 

4. 3. 1. Chemical characterization and contact angle of OPP 
 

Figure 4.1 shows the high-resolution C1s spectra of OPP deposited using pulse plasma (DC 

50W, 500 Hz, 10 min). The XPS survey spectrum presented in Figure 4.1 A shows a strong 

O1s peak at 532.63 eV. This could be indicative for the retention of the OH group in the 

carvacrol molecule, which is the most abundant component in oregano. It also indicates the 

preservation of the functional groups by pulsed-wave plasma deposition. The C1s peak, shown 

in Figure 4.1 A can be fitted using three components. The component located at 285 eV is 

related to aliphatic and aromatic carbons which the one at 286.1 eV is associated with phenolic 

carbon atoms.[30] These groups are fragments of the monomers or recombinant compounds 

formed during the plasma deposition process. The component at 289 eV is assigned to COOH 
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peaks. [27, 31]. The Si 2s peaks at 103 eV and 150 are the substrata silica peaks of the substrate, 

which is detectable due to scratches occurring in the handling process. 

The water contact angle (WCA) of the control group mean was 37° ± 2° and oregano-based 

plasma polymers were 12° ± 2°, represented in Figure 4.1 C. This indicates the hydrophilic 

properties of the oregano-based plasma polymer surface in accordance with the high content 

of OH, corroborated by chemical characterization. 

 
Figure 4. 1. Representative XPS survey (A) and high-resolution C1s (B) of the OPP, (C) Water 
contact angle of OPP. Mean ± SD, n = 3. 

 

4. 3. 2. Cytocompatibility, adhesion and spreading of the OPP 
 

Cell viability was evaluated at 48 h, measuring cellular metabolic activity as a marker of cell 

viability using an MTT assay. The cell viability of all samples was approximately 100%, 

without significant difference. The plot in Figure 4.2 C, shows the uncoated control coverslips 

and OPP.  Cell adhesion and spreading of 264.7 RAW macrophages are represented by 

fluorescence images shown in Figure 4.1 B-D. The F actin elements are stained red (using 

TRITC-conjugated Phalloidin) and nuclei are stained blue (using DAPI). F-actin filaments play 

a crucial role in wound closure by promoting cell migration, adhesion, and proliferation.[32] 

Cells appear with healthy morphology on OPP and control, both show well-defined f-actin 

filament, a characteristic of focal adhesion. The hydrophilicity of the OPP facilitates 

anchorage-dependence of mammalian cells for attachment and proliferation.[33] The OPP 

surfaces have shown good biocompatibility, proliferation, adhesion and spreading of 264.7 

RAW macrophages after 48 h of seeding. 



76 
 

 
Figure 4. 2. Fluorescent confocal microscopy images of RAW macrophages treated with (A) 
Control and (B) OPP after 48h using Phalloidin, an actin filament dye (red) and DAPI, nuclei 
staining dye (blue) Scale bar represents 10 μm. (C) Cell viability of Control and OPP after 48 
h. Mean ± SD, n = 3. 

 

4. 3. 3. IL-4 and IL-6 cytokines expression by OPP 
 

The innate immune response of RAW macrophages to OPP was evaluated by measuring the 

cytokine expression. The increase of IL-6 and IL-4 production is often related to macrophage 

activation and inflammation.[34] It has been reported that oregano has the potential to decrease 

IL-6 production in LPS-activated RAW cells.[21] The reduction of IL-4 was observed in 

asthmatic animals by Zataria multiflora (ZM) a compound with a high percentage of carvacrol. 

ZM also reduced pro-inflammatory cytokines IL-4, IL-17 and TGF-β, and increased anti-

inflammatory cytokines FOXP3 and IFN-γ. [35, 36]  

As shown in Figure 4.3 A, the results from ELISA analysis showed no significant difference 

in the expression of IL-6 on the OPP surface when compared to the control. The expression of 

IL-4 was significantly reduced by OPP (p < 0.05) (Figure 4.3 B). OPP did not induce the 

activation of IL-6 and IL-4 pro-inflammatory markers. This is a favorable finding in regards to 

wound-healing applications of OPP since the direct use of oregano extracts has previously 

caused irritation.[37] 
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Figure 4. 3. Cytokine expression of IL-6 (A) and IL-4 (B) on Raw 264.7 Macrophages. Mean 
± SD, n = 3 p<0.05. 

 

4. 3. 4. Oregano-based plasma surfaces inhibit LPS-activation of ROS in RAW 264.7 
macrophages 
 

ROS-activated and non-treated RAW macrophages were incubated with OPP and control 

surfaces. The DCF dye was used as a fluorescent indicator  to measure ROS presence in cells. 
[38] As seen in Figures 4.4 A-B, control and OPP samples did not show any intracellular DCF 

fluorescence due to ROS activation. This suggests that OPP do not induce oxidative stress or 

inflammation to 264.7 RAW macrophages.  

Figures 4.4 C-D show an increase in intracellular ROS intensity in control samples treated with 

LPS, indicating inflammation and oxidative stress.[39] The ROS intensity in LPS-treated OPP 

surfaces remains low and similar to the non-LPS-activated control when compared to LPS-

activated RAW cells (p < 0.0001). This result suggests that OPP may prevent the activation of 

macrophages through ROS inhibition when challenged with LPS. One potential mechanism 

could be the inactivation of the NF-κβ pathway that is ROS level dependent and regulates pro-

inflammatory cytokines secretion and iNOS expression.[40],[41] 
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Figure 4. 4. Fluorescent confocal microscopy micrographs of RAW macrophages stained with 
DCF and DAPI for (A-B) Non-treated samples and (C-D) LPS-treated samples. (E) Normalised 
fluorescence intensities quantified using ImageJ represented as Relative Fluorescent Unit 
(RFU) Mean ± SD, n =3 and p < 0.0001. 

We observed a statistically significant decrease in ROS for the LPS-activated Raw macrophage 

OPP samples, which indicates OPP is a ROS scavenger. Mean ± SD, p<0.0001, The scale bar 

in Figure 4.4 A represents 10 μm. 
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4. 3. 5. Wound-healing evaluation in vitro 
 

To evaluate the influence of OPP on cell migration and proliferation, an in vitro scratch assay 

was performed. HFF-1 cells were chosen for this assay as they play a major role in wound-

healing and skin regeneration. Figure 4.5 A shows three-time points after a wound was 

scratched on an HFF-1 monolayer seeded on control and OPP surfaces at 0, 18 and 30 h. The 

plot in Figure 4.5 B, shows the wound closure percentage over time of HFF-1 seeded on control 

and OPP surfaces. The wound closed 11.6 % faster in the case of OPP samples when compared 

to the control. After 18 h, OPP reaches 81.5% of closure, whereas control reaches 68.2% with 

a statistical difference of p<0.05. At 30h the wound closure for the OPP samples can be 

considered completed whereas the control reaches 90%. The maximum difference in wound 

closure occurred during the first 18h.  

Fibroblast wound closure rate was estimated from scratch width measurements, shown in 

Figure 4.5 A. The speed of cell migration in control and OPP were 29 μm/h and 53 μm/h, 

respectively. A faster cell migration rate can be observed on OPP coated surfaces, which may 

indicate to improved wound-healing. 
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Figure 4. 5. (A) Representative images of wound scratch of CTL and OPP samples at 0h, 18h 
and 30h. (B) The wound closure plot in which we can observe the closure percentage of both 
samples every 6h. (C) Wound closure speed per hour. The scale bar in Figure 4.5 A represents 
50 μm. Mean ±SD, and p<0.05. 

 

4.4 Conclusion 
 

The biocompatibility of oregano-based plasma polymer with RAW 264.7 macrophages, the 

first-line responders involved in the wound-healing process and defence against bacterial, viral 

and parasite infections is studied. Pro-inflammatory response of macrophages was not activated 

when in contact with OPP. This was determined by measuring the expression of IL-6 and IL-

4. Importantly, the significant reduction in expression of IL-4 suggests a potential anti-

inflammatory activity. Moreover, OPP did not cause any ROS activation in culture of LPS-

induced macrophages and may have antioxidant and potential anti-inflammatory activity. The 
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wound closure rate was evaluated in vitro using human foreskin fibroblasts. The OPP wound 

closure was approximately 90% after 18h and fully closed at 30h, whereas the control samples 

reached 90% at 30h. Even though wound-healing is a complex process that involves a cascade 

of cytokines and different cell interactions, within the limitations of this study, an in vitro 

wound-healing perspective of features of OPP that are relevant to wound-healing is provided. 

The results suggest that oregano-based plasma polymers are strong candidates as wound-

healing interfaces for dressings and bandages providing mammalian cell support, antioxidant 

activity, inflammation prevention, enhanced cell proliferation, together with previously 

demonstrated antibacterial and antifouling properties.  
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Chapter 5 
Antimicrobial graphene-based coatings for biomedical implant 

applications   
 

In this chapter is focused on the deposition of graphene on CoCr substrates using RF-PECVD 

and Origanum vulgare as a Gr precursor. The presence of graphene in the CoCr-Gr sample was 

confirmed through various spectroscopy techniques. Biocompatibility tests showed that CoCr-

Gr had similar viability, adhesion, and morphology of RAW macrophages compared to CoCr 

alone. CoCr-Gr also had a significant bactericidal and antifouling effect against P. aeruginosa 

and S. aureus. The study suggests that CoCr-Gr has potential applications as an antibacterial 

coating for implantable devices. 

 

This chapter was published as: Jesus Romo-Rico, Richard Bright, Smriti Murali Krishna, 

Krasimir Vasilev, Jonathan Golledge, and Mohan V. Jacob. Antimicrobial graphene-based 

coatings for biomedical implant applications. Carbon trends, Volume 12, 2023. ISSN 100282, 

https://doi.org/10.1016/j.cartre.2023.100282. 
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Antimicrobial graphene-based coatings for biomedical implant applications   

 

Graphical abstract 

 
 

Abstract 
 

Implant-associated infections (IAI) cause significant health issues and healthcare costs. In this 

research, we deposited graphene (Gr) on a medical-grade cobalt-chromium (CoCr) alloy 

surface by radiofrequency plasma-enhanced chemical vapor deposition (RF-PECVD) 

using Origanum vulgare as a precursor material. The deposition of Gr on the CoCr was 

confirmed using Raman spectroscopy and X-Ray photoelectron spectroscopy (XPS) and 

scanning electron microscopy (SEM). The biocompatibility and antibacterial properties of 

CoCr-Gr were investigated. CoCr-Gr was biocompatible and promoted cell adhesion and 

spreading of RAW 267.4 macrophage cells. CoCr-Gr were antibacterial 

against Staphylococcus aureus and Pseudomonas aeruginosa and inhibited P. 

https://www.sciencedirect.com/topics/materials-science/raman-spectroscopy
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aeruginosa attachment. The results indicate that CoCr-Gr could be used as a potential 

antibacterial coating material for implantable devices. 

   

https://www.sciencedirect.com/topics/materials-science/medical-implant
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5. 1. Introduction 
 

Implant-associated infection (IAI) is a major global burden associated with morbidity, 

mortality and high healthcare cost [1, 2]. The incidence of IAI with some devices can be as 

high as 30% [3]. The total cost of treating IAI varies depending on the primary treatment option 

chosen, with debridement, antibiotics and implant retention (DAIR) resulting in the lowest cost 

at A$19,688, followed by excision arthroplasty at A$23,805, one-stage revision at A$26,722, 

and two-stage revision at A$44,744, according to a study of 114 patients who underwent a total 

of 178 surgical procedures for IAI treatments in Australia [4]. IAI occurs when bacteria enter 

the body through the implant site, attach to the device and start to form a biofilm [5]. The 

antibiotic resistance of a biofilm is significantly stronger than in planktonic cells and the 

infection becomes difficult to eradicate [6, 7]. The number of infections caused by antibiotic-

resistant is constantly increasing, and this trend is projected to continue [8]. Therefore, the 

demand for developing novel coatings with enhanced properties to reduce the risk of IAI is 

very high [9]. 

Graphene-based coatings have been used in wound-healing applications [10, 11]. Studies have 

shown that graphene coatings can inhibit the growth of a wide range of bacteria [12, 13]. 

Typically, graphene oxide (GO) sheets were deposited by electrophoretic deposition on plasma 

electrolytic oxidation (PEO) pre-treated titanium (Ti) substrates. The GO enhanced the 

antibacterial activity of the PEO-Ti samples by reducing ∼80% and ∼100% of Escherichia 

coli  and S. aureus viability, respectively [14]. In other studies, spark plasma sintering (SPS) 

was used to incorporate graphene into a magnesium alloy implant, which reduced S. 

aureus and E. coli viability up to 5-fold. The cytocompatibility with human mesenchymal 

stromal cells (hMSCs and osteogenic properties were also enhanced by graphene-modified 

surfaces [15]. 

Cobalt-chromium (CoCr) alloys are commonly used for orthopedic, dental, and cardiovascular 

implants [16, 17]. Despite its excellent mechanical properties, wear resistance and 

biocompatibility, like other metal alloys, CoCr alloys have their drawbacks [18, 19]. CoCr 

alloys are susceptible to bacterial infection due to contamination introduced by poor 

sterilization and on-sterile/handling, causing inflammation, allergic reaction and aseptic 

loosening [20]. Graphene has been incorporated into CoCr alloys in an attempt to enhance their 

properties [21]. For example, GO was electrodeposited onto medical cobalt-chromium-

molybdenum (CoCrMo) alloys and coated with ε-poly-L-Lysine (ε-PLL) to endow it with 

https://www.sciencedirect.com/topics/materials-science/biofilms
https://www.sciencedirect.com/topics/materials-science/graphene-oxide
https://www.sciencedirect.com/topics/materials-science/electrophoretic-deposition
https://www.sciencedirect.com/topics/materials-science/oxidation-reaction
https://www.sciencedirect.com/topics/materials-science/spark-plasma-sintering
https://www.sciencedirect.com/topics/materials-science/magnesium-alloys
https://www.sciencedirect.com/topics/materials-science/mechanical-property
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antibacterial properties. The integration of GO, as well as ε-PLL and GO/ε-PLL on CoCrMo 

alloys, increased antibacterial activity against S. aureus and E. coli [22].   

Radiofrequency plasma-enhanced chemical vapor deposition (RF-PECVD) has been used to 

fabricate graphene from renewable precursors, such as plant secondary metabolites for their 

use in electronics applications such as sensors and organic photovoltaic cells [23]. RF-PECVD 

graphene derived from Pelargonium graveolens was directly deposited on silicon oxide and 

quartz substrates by Al-Jumaili et al. The plasma-induced fabrication of vertically oriented 

graphene nanowalls which were functioning as graphene knives damaged E. coli and S. 

aureus membranes [24]. 

This study aims to fabricate a graphene coating on the CoCr alloy surface by RF-PECVD 

using Origanum vulgare as a precursor material. To the best of our knowledge, the 

incorporation of graphene coatings into CoCr alloy surfaces by RF-PECVD using Origanum 

vulgare as a graphene precursor has not been studied yet. Origanum vulgare essential oil is 

primarily composed of volatile organic compounds such as monoterpenes and sesquiterpenes, 

containing a high amount of carbon that can potentially serve as a graphene precursor. 

Therefore, this plant was selected as a suitable source for the fabrication of graphene. 

The surface was characterized by Raman, Wettability, X-ray photoelectron spectroscopy 

(XPS) and scanning electron microscopy (SEM). The biocompatibility of the graphene coating 

with mammalian cells was investigated. We also evaluated the antibacterial properties of the 

graphene coating against Gram-positive and Gram-negative bacteria. 

 

5. 2. Experimental  
 

5. 2. 1. Materials 
 

Medical grade CoCr alloy (L605, ASTM F90, Øext = 2.5 mm, Øint = 2.28 mm) was received 

as a sample from Minitubes® (Grenoble, France). Origanum vulgare was purchased from 

Sydney Essential Oils Company (Sydney, Australia). 

 

5. 2. 2. Synthesis of Gr on CoCr substrates 
 

Graphene was directly deposited by RF-PECVD on CoCr substrates. Before the fabrication, 

the CoCr tube was flattened and cut using a diamond disk in rectangle substrates (3 × 7 mm). 

https://www.sciencedirect.com/topics/materials-science/organic-solar-cells
https://www.sciencedirect.com/topics/materials-science/silicon
https://www.sciencedirect.com/topics/materials-science/wettability
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CoCr substrates were sonicated and cleaned with isopropyl alcohol for 5 min and air-dried 

before placing them in the middle of the plasma reactor. 

The custom RF-PECVD reactor is represented in Figure 5.3; it is composed of a quartz tube 

covered with a ceramic furnace coupled with an external heater [24, 25].  On one end of the 

plasma reactor, an H2 delivery system, a flask, a stopcock, and a flow meter are connected. On 

the other end, the quartz tube is connected to a vacuum pump. Before the Gr fabrication, the 

CoCr substrate were pre-treated with H2 and plasma power of 500 W at 10 sccm, and 700 °C 

for 1 min. A rotary pump was utilized to maintain the plasma reactor at 0.02 mbar. Origanum 

vulgare vapours were then introduced into the plasma reactor using the manual stopcock flow 

controller meanwhile the plasma discharge was kept for 4 min. 

 
Figure 5. 3. Representation scheme of the RF-PECVD system utilized to fabricate Gr on CoCr 
substrate. 

 

5. 2. 3. Raman and X-ray photoelectron spectroscopy  
 

Raman spectroscopy was used to characterize the CoCr-Gr at room temperature with a WITec's 

Raman Spectrometer (WITec, Ulm, Germany). The laser wavelength utilized was, λ = 532 nm. 

X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos AXIS Ultra DLD 

spectrometer (Kratos Analytical Ltd., Manchester, UK), which uses a monochromatic AlKα 

radiation (hν = 1486.7 eV). Data were analyzed with CasaXPS software (Casa Software Ltd., 

Teignmouth, UK). 
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5. 2. 4. Contact angle 

 

The water contact angle (WCA) of CoCr and CoCr-Gr was determined using a sessile drop 

method with a KSV CAM 101 optical apparatus (KSV Instruments Ltd., Helsinki, Finland). 

The contact angle of an 8 μl drop of MiliQ water was measured using the CoCr and CoCr-Gr 

surfaces of the samples as a baseline reference. 

 

5. 2. 5. Scanning electron microscopy 
 

CoCr and CoCr-Gr surfaces were imaged using a Zeiss Merlin FEG-SEM, (Microscopy 

Australia, University of South Australia: Zeiss, Jena, Germany). The images were taken using 

an accelerating voltage of 2 kV, and magnifications of 10 K and 20 K.  

 

5. 2. 6. Raw 264.7 macrophage-like cells culture  
 

Macrophages are one of the first immune cells to interact with an implant surface and play an 

essential role in innate immunity, bone remodeling and wound-healing [26]. RAW 264.7 

macrophage-like cells (Abelson leukemia virus-transformed cell line derived from BALB/c 

mice, ATCC TIB-71) were cultured in Dulbecco's modified Eagle's medium (DMEM; 

ThermoFisher, CA, USA) media was supplemented with 10% Fetal Bovine Serum (FBS, Life 

Technologies, CA, USA) plus 1% Pen/Strep (100 U/mL Penicillin and 100 μg/mL 

Streptomycin, Life Technologies, CA, USA) and incubated at 37 °C in 5% CO2. 

 

5. 2. 7. Cell viability (MTT assay) 
 

Before the MTT (3-(4,5-Dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide, Sigma-

Aldrich, MI, USA) the assay was performed in a 24-well plate, CoCr and CoCr-Gr samples 

were placed into 24 well-plate and UV sterilized for 20 min. Macrophages were seeded on 

sample surfaces at a density of 2 × 105 cells/mL in 1 mL of RPMI supplemented with 10% 

Fetal Calf Serum (FCS) and 1% Pen/Strep v/v and incubated for 48 h. A working stock of MTT 

in PBS was prepared at 5 mg/ml, and 100 μl of MTT/PBS concentration was added into each 

well and then incubated for 4 h at 37 °C in 5% CO2. Next, the solution was removed and 200 

μl DMSO was added to each sample to lyse the cells. The well plate was stored in the dark for 

15 min before reading its absorbance at 570 nm. 



93 
 

5. 2. 8. Cell adhesion and spreading 
 

The cells were PBS-washed twice and permeabilized using 0.1% Triton X-100 diluted in 1x 

PBS for 5 min, then 1% BSA diluted in 1x PBS was added for 30 min. The two washing steps 

were repeated before TRITC-conjugated Phalloidin (FAK100 kit, Sigma-Aldrich) and PBS 

were added (1:1000 dilution) to the samples and incubated for 1 h. Phalloidin is a fluorescent 

dye used to stain actin filaments of cells, which are indicators of cell adhesion and spreading. 

Cell nuclei were stained incubating cells with DAPI for 5 min. Cells were washed thrice with 

PBS for 10 min. Then, CoCr and CoCr-Gr were mounted on microscope slides by using an 

antifade mounting solution. Olympus FV3000 confocal microscope (CLSM; Olympus, Tokyo, 

Japan) was used to take fluorescence images of each sample. 

 

5. 2. 9. Bacterial studies  
 

Bacteria were recovered from glycerol stocks, S. aureus (ATCC 25923) and P. 

aeruginosa (clinical isolate, PAO1 type; SA Pathology) and plated on tryptone soy agar plate 

(TSA; Oxoid, Thermofisher, MA, USA) and incubated at 37 °C for 18 h. Next, single colonies 

of each pathogen were inoculated into tryptone soy broth (TSB, Oxoid, ThermoFisher, MA, 

USA) and 5% FCS (TSBFCS; Gibco, ThermoFisher, MA, USA) and incubated at 37 °C for 

18 h. Cell density was adjusted to 1 × 109 CFU/mL by measuring the absorbance at 600 nm 

using a NanoDrop™ 2000c (ThermoFisher, MA, USA) and incubated at 37 °C for 18 h. 

Finally, bacterium cultures were diluted down to 1 × 106 CFU/mL and 1 mL of each dilution 

was added to CoCr and CoCr-Gr. 

 

5. 2. 10. Scanning electron microscopy of bacteria morphology 
 

To observe S. aureus and P. aeruginosa morphology, both pathogens were cultured on the 

CoCr and CoCr-Gr surfaces and images using a scanning electron microscope (SEM). After 

inoculating the samples with S. aureus or P. aeruginosa for 24 h, the culture media was 

removed from each sample and washed twice with PBS to remove loosely attached bacteria. 

The samples were then dehydrated using increasing concentrations of ethanol (50, 75 and 100% 

v/v), followed by a 1:1 mix of 100% ethanol and hexamethyldisilazane (HMDS, Sigma-

Aldrich, MA, USA) for 20 min, and 100% HMDS for 20 min. The samples were left to dry for 

3 h and mounted on aluminium stubs (using double side carbon tape) and sputter coated with 

https://www.sciencedirect.com/topics/materials-science/confocal-microscopy
https://www.sciencedirect.com/topics/materials-science/fluorescence
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5 nm platinum. The same SEM voltage, magnification and working distance used in the surface 

morphology SEM were used in these experiments. 

 

5. 2. 11. LIVE/DEAD Bacteria assay 
 

After the bacteria were incubated on CoCr and CoCr surfaces, a Live/Dead® BacLight™ kit 

(Invitrogen, ThermoFisher MA, USA) was utilized to observe and quantify the viability of the 

bacteria. The assay was performed according to the manufacturer's protocol. This assay uses 

Syto9, a green fluorescence dye that binds to live cell nucleic acids, and propidium iodide, a 

red fluorescence dye that stains damaged bacteria and dead cells. The samples were submerged 

in 1.5 μl of Syto9 (Ex/Em 480/500 nm) and 1.5 μl of Propidium Iodide (PI; Ex/Em 490/635 nm) 

per mL of PBS, for 15 min at RT in the dark. Thereafter, a confocal laser scanning microscope 

(Olympus FV3000) was used to take three random images of each sample (magnification x40). 

Cell viability and cell number were quantified using ImageJ software (V1.53t: NIH, MD, 

USA). 

 

5. 2. 12. Statistical analyses  

 

In the bacterial and cell viability experiments, a total of three biological replicates were 

conducted for each experiment. The mean and standard deviation of the replicates were plotted 

in GraphPad Prism (v8.3.0). To determine statistical significance, a two-way analysis of 

variance (ANOVA) with Sidak's multiple-comparisons test was performed using the 

aforementioned software. 

 

5. 3. Results and discussion 
 

5. 3. 1. Surface characterization 

 

Raman spectroscopy was used to analyze the plasma-fabricated CoCr-Gr. The Raman spectra 

in Figure 5. 4 A highlight the presence of intense D, G, and 2D peaks of sp2 carbon structure 

at 1341, 1569, and 2680 cm−1, respectively. These peaks are typical of graphene with high 

content of defects [27] The D-peak occurs at 1341 cm−1 due to the scattering of phonons 

produced by the defects on the disordered edge of the Brillouin zone. The G-peak, located at 

1569 cm−1, is associated with the vibrational modes of sp2-bonded carbon and the crystallinity 

https://www.sciencedirect.com/topics/materials-science/surface-morphology
https://www.sciencedirect.com/topics/materials-science/surface-morphology
https://www.sciencedirect.com/topics/materials-science/nucleic-acids
https://www.sciencedirect.com/topics/materials-science/raman-spectroscopy
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of the graphene. The 2D peak at 2680 cm−1 occurs from two phonon vibration modes and is 

related to the number of graphene layers [28]. 

The ID/IG ratio is an indicator of the structural quality of graphene. A lower ID/IG ratio 

indicates a higher degree of crystallinity and a more ordered structure, while a higher ID/IG 

ratio suggests a higher concentration of defects and disorders in the graphene material. In this 

study, the ID/IG ratio for the CoCr-Gr samples is 0.72, which can be associated with a few 

layers of graphene [29]. 

 Figure 5. 4 C and 2 D show the XPS survey and high-resolution C1s spectra of CoCr-Gr 

deposited with RF-PECVD. Survey spectra in C show a strong C1s-peak located at 284.4 eV, 

which can be associated with the sp2 carbon hybridization (C=C) of graphitic carbon [34].   The 

sp3 hybridization of carbon at 284.9 eV corresponds to aliphatic hydrocarbon groups (C—H 

and C—H and C—H) [34]. 

These groups can be related to edges and defects in the graphite nanostructures exposed to high 

temperatures, it is established that Gr tends to absorb atmospheric moisture [35, 36]. A low-

intensity peak related to the π-π* energy loss is located at 286.7 eV [35]. The O1s peak is 

observed at the binding energy of 533 eV. A shoulder peak at 531.9 eV can be attributed to 

C=O interactions [37]. CoCr-associated peaks, Co2p and Co 2p1/2 are located at 779.35 and 

793 eV, respectively. As well as for Cr21/2 is located at 586.5 eV and Cr2p at 576.8 eV. 

The SEM micrographs in Figure 5. 4 E and 2 F show the CoCr and CoCr-Gr, respectively. The 

CoCr control surface shows the alloy microstructure containing grain boundaries, defects and 

agglomerations [38]. The SEM micrographs of CoCr-Gr corroborated the presence of 

Gr nanosheets on the CoCr-Gr surface [39]. The CoCr-Gr micrographs show Gr in the form of 

nanostructures with random shapes and sizes <100 nm. There are few Gr nanosheets >100 nm. 

These Gr formations can be associated with the high content of defects found in the chemical 

characterization. 

https://www.sciencedirect.com/science/article/pii/S2667056923000378#fig0002
https://www.sciencedirect.com/topics/materials-science/nanocrystalline-material
https://www.sciencedirect.com/topics/materials-science/nanosheet
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Figure 5. 4. A shows Raman spectra of CoCr-Gr, showing D, G and 2D peaks of graphene. 
The water contact angle of CoCr and CoCr-Gr is shown in 2 B. XPS of CoCr-Gr 2C shows 
normalized survey and 2 D displays high-resolution C1s spectra and hybridizations of carbon. 
2 E and 2 F show SEM of CoCr and CoCr-Gr, respectively. Scale bar 1 𝜇m. 
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5. 3. 2. Biocompatibility and focal adhesion of RAW macrophages on CoCr-Gr 

 

An MTT assay was used to determine cell viability based on the conversion of the yellow 

tetrazolium salt MTT to purple formazan by living cells at 48 h by measuring cellular metabolic 

activity on RAW macrophages incubated onto CoCr and CoCr-Gr surfaces. Both samples have 

shown similar cell viabilities without significant difference, as it's seen in the MTT plot shown 

in Figure 5. 5. A. Figure 5. 6 B shows the corrected total fluorescence calculated using ImageJ. 

The fluorescence images in Figure 5. 7 C show the morphology and the actin cytoskeleton of 

264.7 RAW macrophages incubated with CoCr and CoCr-Gr after 48 h. F-actin (red staining) 

appeared well-defined and showed normal cell spreading. F-actin filaments provide 

mechanical stability to the cell cytoskeleton and the cell cortex in mammalian cells and play a 

role in cell migration and cell adhesion [40]. DAPI (blue staining) shows the nuclei of cells 

with healthy morphology. Overall, there were no differences between the cytotoxicity and 

adhesion of RAW macrophages incubated onto CoCr and CoCr-Gr for 48 h. 

https://www.sciencedirect.com/topics/materials-science/fluorescence
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Figure 5. 8. A shows the MTT assay plot representing the cell viability of RAW macrophages 
CoCr and CoCr-Gr. Mean ± SD, n = 6 and B display cell fluorescence intensity. C shows 
morphology and focal adhesion of RAW macrophages after 48 h incubation. The scale bars 
represent 10 μm. 
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5. 3. 3. Bactericidal and antifouling effects of CoCr-Gr 

 

The bactericidal and antifouling properties of the CoCr and CoCr-Gr were studied in cultures 

of P. aeruginosa and S. aureus as representative of Gram-negative and Gram-positive 

pathogens often causing medical device associated infections. After inoculation on the surface 

for 18 h adherent bacteria were stained with the well-established live/dead assay. After staining 

live and dead cells are represented by green and red fluorescence, respectively (Figure 5. 9. A). 

The bactericidal effect of CoCr-Gr was statistically significant (p<0.0001) against P. 

aeruginosa and S. aureus (p<0.01) when compared to CoCr control surfaces. The antifouling 

effect was evaluated by quantifying the attachment of bacteria onto both samples. The 

attachment of P. aeruginosa on CoCr-Gr was statistically significantly lower (p<0.0001) than 

on CoCr control surfaces but there were no significant differences in S. aureus attachment 

(Figure 5. 10.  B). 

https://www.sciencedirect.com/topics/materials-science/medical-device
https://www.sciencedirect.com/science/article/pii/S2667056923000378#fig0004
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Figure 5. 11. Fluorescence microscopy images after using LIVE/DEAD staining of S. aureus 
and P. aeruginosa and on CoCr and CoCr-Gr are shown in 4 A. Bacterial cell viability 
percentage and cells per image quantification are represented in 4 B The scale bar represents 
10 𝜇m. Bar graphs are presented as mean ± SD, n = 3 **p<0.01 and ****p<0.0001. 
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The morphology of S. aureus and P. aeruginosa incubated in CoCr and CoCr-Gr imaged by 

SEM is presented in Figure 5. 7. The CoCr control samples showed healthy bacterial 

morphology, S. aureus appeared unaffected (A-C), whereas P. aeruginosa showed evidence 

of extracellular polymeric substances (EPS) formation, suggesting the early stage 

of biofilm formation [41]. In contrast, S. aureus and P. aeruginosa inoculated on the CoCr-Gr 

had disrupted and wrinkled cell walls, heavily affected by the Gr coating (Figure 5. 12 B and 

D). 

 
Figure 5. 13. SEM images of the bactericidal and antifouling effect of CoCr and CoCr-Gr 
surfaces against P. aeruginosa and S. aureus. The scale bars indicate 200 nm. 

 

S. aureus incubated with CoCr-Gr showed a well-defined EPS connecting bacteria. One of the 

multiple roles of the EPS matrix is to protect bacteria against mechanical challenges. According 

to Tu et al. [42], sharp graphene nanosheets can extract phospholipids from bacterial Gram-

negative cell membrane by hydrophobic interactions between Gr and the lipid tail of the 

https://www.sciencedirect.com/topics/materials-science/extracellular-polymeric-substance
https://www.sciencedirect.com/topics/materials-science/biofilms
https://www.sciencedirect.com/topics/materials-science/cell-membrane
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phospholipid. Another theory from Luan et al. [43] describes that the curvature of the graphene 

had a significant influence on the lipid extraction process, while Wu et al. [44] identified lipid 

extraction could be associated with the GO and hydrophilic head groups of lipids. However, 

the disruption of the Gram-negative bacterial cell wall by CoCr-Gr could be associated with 

the shape of the Gr, as well as potential local hydrophobic nano interactions between Gr and 

phospholipids. 

 

5. 4. Conclusions 

 

Gr was deposited on CoCr substrates using RF-PECVD and Origanum vulgare as a Gr 

precursor. Raman spectroscopy and X-ray photoelectron spectroscopy confirmed the presence 

of Gr in the CoCr-Gr sample which was multilayered and had a high content of defects. 

The plasma deposition of Gr on CoCr surfaces did not affect the hydrophilicity of the samples. 

The SEM microscopies showed Gr in the form of nanostructures with various nanometric 

shapes and sizes. The biocompatibility results demonstrated that both CoCr and CoCr-Gr had 

similar viability, adhesion, and morphology of RAW macrophages after 48 h of incubation. 

The bactericidal and antifouling effect of CoCr-Gr was significantly higher against P. 

aeruginosa compared to the control. CoCr-Gr was also bactericidal against S. aureus. 

The rapid fabrication of Gr using RF-PECVD on a variety of substrates and a sustainable 

volatile source of carbon such as Origanum vulgare offers versatility and potential for 

customization in implant design and production. 

Overall, the unique combination of properties exhibited by Gr coatings, including high 

biocompatibility, and antibacterial and antifouling properties make them a promising material 

for coating medical implants. However, further research is necessary to fully understand the 

potential of Gr coatings in the context of implant design, production, and use, and to ensure 

their safety and efficacy in clinical settings. 
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Chapter 6 
Conclusion 

 

Chronic wounds are a significant healthcare challenge, impacting the quality of life of patients 

and posing a substantial burden to healthcare systems worldwide. Biofilms and antibiotic-

resistant bacteria are factors that complicate chronic wounds. Moreover, oxidation and 

inflammation can impair wound-healing. Antioxidants, as physical barriers that neutralize 

ROS, hold promise in reducing inflammation and preventing the activation of pro-

inflammatory cytokines and pathways. Addressing these challenges requires a 

multidisciplinary approach and continued research to improve the management of chronic 

wounds. 

Chronic inflammation, oxidative stress, and bacterial infection are known to cause delayed 

wound-healing. Therefore, targeting these factors is essential for effective wound-healing. The 

development of plasma coatings for medical applications has been a subject of growing interest 

in recent years. In this research project, RF plasma coatings derived from oregano secondary 

metabolites were designed and investigated for their potential use in wound-healing and 

implant coatings. The use of plasma polymer films, specifically oregano-based plasma 

polymers, have shown promising results in addressing these factors, exhibiting antioxidant, 

anti-inflammatory, antibacterial, and biocompatible properties.  

Literature review on the potential application of PSMs-based polymers is carried out and 

reported in Chapter 2. Based on the analysis it is found that delayed wound-healing can be 

caused by chronic inflammation, oxidative stress, and bacterial infection. To effectively 

promote wound-healing, it is important to target these factors by downregulating pro-

inflammatory cytokines and ROS and protecting against bacterial infection and biofilm 

formation. PSMs have been shown to have antioxidant, anti-inflammatory, and antibacterial 

properties, and can be incorporated into wound dressings using various polymerization 

techniques, including radiofrequency plasma enhanced chemical vapor deposition. However, 

further clinical studies are needed to test the in vivo wound-healing properties of PSMs-based 

wound dressings. Despite these challenges, the potential applications of PSMs in wound 

dressings are promising. 

Plasma polymer films were successfully developed from oregano monomer using RF-PECVD 

at various RF power levels, and the procedures and properties of the oregano-based plasma 

polymer thin films are reported in Chapter 3. The resulting PP-OSMs exhibited hydrophilic 
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and superhydrophilic surfaces and retained functional groups from the oregano monomer. 

Coating leachate of the PP-OSMs modified the pH of the media used. PP-OSMs exhibited 

bactericidal and antifouling properties against Gram-negative P. aeruginosa and Gram-positive 

S. aureus, respectively. In addition, the PP-OSMs was found to support the growth and 

proliferation of fibroblasts without causing significant cytotoxicity. The adhesion and spread 

of fibroblasts on PP-OSMs were also observed. These findings suggest that PP-OSMs has 

potential applications in medical fields, particularly in wound dressings where antibacterial and 

biocompatible properties are essential. 

In chapter 4 the wound-healing properties of an oregano-based plasma polymer (OPP) is 

reported. It has been found that oregano-based plasma polymer (OPP) is biocompatible with 

RAW 264.7 macrophages, as it did not activate a pro-inflammatory response and did not cause 

ROS activation. In fact, OPP showed potential antioxidant activity in LPS treated RAW 264.7 

macrophages. In vitro wound-healing assay showed that OPP accelerated the closure rate of 

human foreskin fibroblasts, which reached 90% closure after 18 hours and full closure after 30 

hours. This suggests that OPP has potential as a wound-healing interface for dressings and 

bandages, as it provides mammalian cell support, antioxidant activity, inflammation 

prevention, enhanced cell proliferation, antibacterial and antifouling properties. However, 

further research is needed to fully understand the mechanism of action and effectiveness of 

OPP in wound-healing, and to validate these findings in in vivo models. 

The manufacturing of high-quality Graphene (Gr) from Origanum vulgare carbon source on 

CoCr substrates using RF-PECVD is reported in chapter 5. The presence of graphene in the 

CoCr-Gr sample was confirmed using Raman spectroscopy and X-ray photoelectron 

spectroscopy. The SEM microscopies revealed that graphene was present in the form of 

nanostructures with a variety of nanometric shapes and sizes. The biocompatibility results of 

CoCr-Gr were investigated, and it was found that both CoCr and CoCr-Gr had similar viability, 

adhesion, and morphology of RAW macrophages after 48 hours of incubation. Additionally, 

the bactericidal and antifouling effect of CoCr-Gr was significantly higher against P. 

aeruginosa when compared to the control. Furthermore, CoCr-Gr was also found to be 

bactericidal against S. aureus. Overall, the results of this study suggest that CoCr-Gr has 

promising potential as an antibacterial coating material for implantable devices. 

In conclusion, this research project has explored the potential applications of various plasma 

polymer films for medical purposes, particularly in wound dressings and implantable devices. 

The literature review in chapter 2 highlighted the importance of targeting chronic 

inflammation, oxidative stress, and bacterial infection to promote wound-healing, and 
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suggested that PSMs-based polymers have promising antioxidant, anti-inflammatory, 

antibacterial and wound-healing properties. Chapters 3 and 4 investigated the properties of 

oregano-based plasma polymer films, and found that they exhibit antibacterial and 

biocompatible properties, as well as potential antioxidant and wound-healing properties. 

Chapter 5 explored the potential of plasma fabricated graphene from Origanum vulgare as an 

antibacterial coating material for implantable devices. Graphene deposited on CoCr substrates 

had significant bactericidal and antifouling properties. Overall, this research project highlights 

the potential of using oregano for developing plasma polymer films and graphene as materials 

for medical applications and provides a foundation for future studies to further investigate and 

develop these materials for use in medical devices. This research not only assisted in 

developing procedures for developing sustainable biomaterials but also find added values to 

the agricultural produce.  

 

6. 1. Future work 
 

The studies presented in these chapters highlight the potential of plasma polymer films and 

graphene as materials for medical applications, particularly in wound dressings and 

implantable devices. However, there is still a need for further research to fully understand the 

mechanisms of action and effectiveness of these materials in vivo. 

Future studies could investigate the in vivo wound-healing properties oregano-based wound 

dressings and explore their potential as alternatives to traditional wound dressings. Further 

research could investigate the use of PSMs-based wound dressings in combination with other 

materials to enhance their wound-healing properties. In addition, the long-term stability and 

wound-healing properties of these films in vivo would be an interesting topic of study. 

Other studies could focus on investigating the immune response of cells when interacting with 

CoCr-Gr coatings as well as with animal models. 

All the mentioned recommendations are with the aim of eventually translating these findings 

into clinical applications. 

Overall, the potential of plasma polymer films and graphene as materials for medical 

applications is promising, and further research could lead to the development of novel and 

effective medical devices and treatments. 
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