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ABSTRACT

Chronic wounds are a silent epidemic affecting a large segment of the world’s population.
They are associated with severe healthcare and socio-economic burdens, and are a great
financial burden on healthcare institutions worldwide. Medicinal plants have been used
traditionally as a source of medicine. To date, medicinal plants continue to play a significant
role in the treatment of wounds. The synthesis of silver nanoparticles using chemicals
derived from biological systems, particularly plants led to the discovery of nanoparticles with
useful bioactivities. In many instances, plant derived silver nanoparticles have been shown
to have higher activity than the plant extract itself. The plant, Cotyledon orbiculata, a
medicinal plant from South Africa has been used traditionally for the treatment of skin
wounds. Solvent extracts of the plant have been shown to have good antimicrobial,
antioxidant and anti-inflammatory activities. Silver nanoparticles (Cotyledon-AgNPs)
synthesized from the water extract of C. orbiculata were also reported to exhibit good
antimicrobial and anti-inflammatory activities however, their antioxidant and wound healing
properties, as well as the cytotoxicity have not been determined. This study therefore aimed

to investigate these properties of C. orbiculata extract and Cotyledon-AgNPs.

The antioxidant activity of C. orbiculata extract and Cotyledon-AgNPs was determined using
the Ferric Reducing Antioxidant Power and the 2’-Azino-Bis-3-Ethylbenzotiazolin-6- Sulfonic
Acid assays. The wound healing activity of C. orbiculata extract and Cotyledon-AgNPs was
investigated using the cell growth and the wound healing scratch assay. Gene expression
studies using real time gPCR were also performed to underpin the molecular mechanisms of
wound healing exerted by C. orbiculata extract and Cotyledon-AgNPs treatments. The
cytotoxic effects of the Cotyledon-AgNPs on non-cancerous skin fibroblast cells (KMST-6)
were also investigated using in vitro bioassays and real time qPCR. Several in vitro assays,

M

specifically the Mitochondrial Membrane Potential assay, APOPercentageT assay, and the

oxidative stress assay were used to study the cytotoxicity of the treatments.

Both the C. orbiculata extract and Cotyledon-AgNPs showed the presence of polyphenals,
flavanols, tannins and flavonols. They also exhibited some antioxidant activity however the

extract showed more reducing activity than the Cotyledon-AgNPs. Some of these



phytochemicals have been shown to possess antimicrobial and anti-inflammatory activities.
At low concentrations, Cotyledon-AgNPs promoted cell growth and cell migration. Gene
expression studies showed that the Cotyledon-AgNPs promoted wound healing by
upregulating genes involved in cell proliferation, migration and growth while downregulating
pro-inflammatory genes. This confirmed that C. orbiculata and Cotyledon-AgNPs are
potentially good wound healing agents. The toxic effects of the Cotyledon-AgNPs to non-
cancerous skin fibroblasts were determined using in vitro assays. The Cotyledon-AgNPs did
not show any significant mitochondrial or cellular damage; instead it exhibited signs of cell
proliferation. Gene expression studies showed the upregulation of genes involved in fatty
acid and mitochondrial energy metabolism, steatosis, cholestasis, and apoptosis. The study
shows that Cotyledon-AgNPs are not toxic to skin fibroblasts at the concentration that

promote cell growth and wound healing.

This study provides scientific evidence which lends credibility to the traditional use of C.
orbiculata for the treatment of skin wounds. It also shows that C. orbiculata derived silver
nanoparticles are non-toxic potent wound healing agents. In the future these nanoparticles

for can be used in the development of novel wound healing treatments.
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CLARIFICATION OF TERMS

Angiogenesis: the formation of new blood vessels.
Antioxidants: substances which remove or inhibit potentially damaging oxidizing agents
Apoptosis: a programmed cell death or a mechanism that allows cells to self-destruct.

Chemotaxis: the movement of leukocytes from the blood vessel into a damaged area in

response to chemicals from the damaged tissue.

Cotyledon orbiculata: South African medicinal plant traditionally used to treat a variety of

wound and skin infections.

Debridement: the removal of necrotic tissue from an affected area in-order to promote

wound healing.

Genes: small sections of DNA on a chromosome which code for a particular protein or for a

particular function.

Medicinal plants: plants containing properties or compounds that can be used for

therapeutic purposes.

Nanotechnology: a field of science dealing with the synthesis, development and use of

materials at the nanometer scale.

Phytochemicals: biologically active chemical compounds occurring naturally in plants.

Proliferation: rapid multiplication or increase in the amount of a certain compound.

Silver: a valuable metallic element found in nature that is used for making jewellery and

ornaments.

Transcription: the process of gene expression in which a gene's DNA sequence is copied

to make an RNA molecule.
Vasodilation: the widening of blood vessels which decreases blood pressure.

Wound: an injury to a living tissue leading to the disruption of its normal structure and

function.

Wound healing: a complex physiological process which aims to restore the anatomical

structure and function of an injured tissue
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PREFACE

This thesis is written in an article-based format and consists of 5 chapters. Chapter 1
includes an introduction, aims, objectives and the research rationale. Chapter 2 is the
literature review which gives a description of wounds, wound types and the wound healing
process. It also provides information on the properties of good wound healing agents
including medicinal plants, and their derived silver nanoparticles. Chapter 2 is divided into 2
review articles. One is published and the other has been submitted to a journal for
publication. Chapters 3 and 4 are research article manuscripts ready for submission to
journals for publication. These chapters focus on the bioactivities of Cotyledon
orbiculata silver nanoparticles, which was the aim of this study. Chapter 5 is the general
discussion; it gives a summary of the discussions and conclusions of the entire thesis. As
chapters 2, 3 and 4 focuses on different aspects of the research project they have separate
abstracts, introductions, methods, results, discussions, conclusions and references. The

published and submitted manuscripts are in the respective journal format.
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CHAPTER 1

INTRODUCTION



1.1 Introduction

Nanotechnology is the manipulation of matter on an atomic, molecular and supramolecular
scale; with at least one dimension of the material sized from 1 to 100 nm. It has promised
significant scientific advancement in many sectors including medicine, electronics, physics,
material science, manufacturing and agriculture (Aboyewa et al., 2021). Nanomaterials were
primarily synthesized using chemical and physical methods; however, these methods are
costly, and they involve the use of toxic chemicals and solvents which are unsafe for the
environment (Iravani et al., 2014). In order to reduce the toxicity of nanomaterials,
researchers and scientists have turned to green nanotechnology. This is a field of
nanotechnology which aims to synthesize bio-friendly nanomaterials using methods and
materials (such as plants and microorganisms) that are safer for the environment (Elbagory
et al., 2016). Various types of nanomaterials such as metallic nanoparticles, nanorods,
nanostars, nanospheres and nanorods have been identified (Siddique & Chow, 2020).
Among the many metallic nanoparticles (gold, silver, zinc, platinum) reported in the literature,
silver nanoparticles (AgNPs) have become popular due to their good antimicrobial properties
(Tyavambiza, Elbagory, et al., 2021). They have been shown to exert good antimicrobial
activity even against drug resistant microorganisms such as methicillin-
resistant Staphylococcus aureus MRSA, P. aeruginosa and ampicillin-resistant Escherichia
coli (Rai et al., 2012). Due to their fundamental therapeutic properties, AQNPs are being
incorporated in wound healing as they are anticipated to aid wound healing while controlling

and resolving the complication of infections in the wounds.

Wounds are a global health burden to many individuals and to healthcare facilities
worldwide. In fact, chronic wounds are a silent epidemic affecting a large fraction of the
world’s population. It is estimated that 6.5 million people suffer from chronic wounds
worldwide (Dreifke et al., 2015). They have a significant impact on the health, social,
economic and emotional lifestyle of patients and their families. Chronic wounds can cause
severe physical disability and premature death, thereby increasing the mortality and
morbidity rate (Jarbrink et al., 2017). The effective treatment of wounds is therefore of
utmost importance. Unfortunately, the care, management and treatment of chronic wounds
is difficult and very costly. In most cases advanced therapies such as growth factors,
extracellular matrices and engineered skin are needed, however these are highly expensive
and can cause some unwanted side effects (Frykberg & Banks, 2015). Wounds therefore
pose a great financial burden on patients and healthcare institutions in both developed and

developing countries. In many countries including South Africa, the prevalence of chronic



wounds is increasing due to the increase in conditions impeding wound healing, such as
infections, diabetes, and obesity (Jones et al., 2018). Infections exaggerate the challenges of
chronic wound treatment, the ability of highly infectious microbes to develop resistance to
conventional treatment has made it difficult to eradicate and control infections in chronic
wounds (Guo & Dipietro, 2010). The discovery of effective, affordable and accessible

treatments for chronic wounds is therefore important.

A good wound healing agent is one that has antimicrobial, antioxidant, anti-inflammatory and
growth promoting properties. lonic silver and AgNPs have been reported to possess many of
these properties. In recent years, a number of silver and AgNP-based treatments have been
discovered and produced. These include the widely used Acticoat, silverlon, Aquacel Ag and
Meliplex Ag, which are known to promote wound healing whilst reducing pain and infection
at the wound site (Tyavambiza, Dube, et al., 2021; Khansa et al., 2019). However, some of
these silver-based treatments can become toxic to healthy cells and may cause negative
side effects such as skin discoloration commonly known as agyria (Konop et al., 2016; Naik
& Kowshik, 2017). Therefore, there is still a need for continued discovery of effective and
affordable wound healing drugs and formulations. AgNPs were successfully synthesized
using Cotyledon orbiculata, a popular medicinal plant in South Africa. The nanoparticles
were shown to have good antimicrobial and anti-inflammatory properties (Tyavambiza,
Elbagory, et al., 2021). Because the plant C. orbiculata has been used traditionally to treat
wounds and skin infections, C. orbiculata synthesized nanoparticles may have enhanced
wound healing activities. This study therefore focuses on the wound healing potential of C.
orbiculata synthesized nanoparticles. It also investigates the cytotoxic effects of the

nanoparticles at concentrations which promote wound healing.

Determining the cytotoxic effects of a wound healing agent or treatment is essential.
Effective wound treatment should be toxic to bacteria only and not the surrounding healthy
cells growing around the wound. Damage to fibroblast and keratinocytes (the most abundant
cells at the wound site) impairs the wound healing process. It disrupts the epithelization
process thus affecting wound closure. Some silver-based treatments such as silver
sulfadiazine were reported to cause system toxicity resulting in the damage of organs such
as the liver and kidneys (Cutting et al., 2007; Atiyeh et al., 2007; Adhya et al., 2015). It is
therefore important to fully investigate the toxicity effects of any potential wound healing
agent before declaring it as one. Hence in this study, the toxicity effects of C. orbiculata

synthesized AgNPs to normal skin cells (KMST-6) were evaluated using mechanistic studies



such as apoptosis, TMRE (for mitochondrial depolarization), ROS (Reactive oxygen species)

and toxicology gene expression studies.

1.2 Aims

To determine the wound healing and cytotoxicity properties of C. orbiculata water

extract and silver nanoparticles derived from this extract.

1.3 Main Objective

To evaluate the wound healing properties of C. orbiculata water extract and its silver
nanoparticles.
To evaluate the cytotoxic effects of C. orbiculata water extract and its silver

nanoparticles in skin fibroblasts, keratinocytes and epithelial cells.

1.4 Specific Objectives

To prepare the C. orbiculata water extracts.

To synthesize silver nanopatrticles from the C. orbiculata water extract.

To determine the phytochemicals, present in the C. orbiculata extracts and the silver
nanoparticles.

To evaluate the antioxidant properties of both the C. orbiculata water extracts and the
silver nanoparticles.

To evaluate the growth promoting and wound healing properties of the extracts and
nanoparticles using KMST-6 (fibroblasts), HaCaT (keratinocytes) and CHO (epithelial
cells) cell lines.

To confirm wound healing effects of C. orbiculata water extracts and the silver
nanoparticles by assessing the effects of the treatments on genes known to be
involved in wound healing in the fibroblast cell line, KMST-6.

To evaluate the cytotoxic effects of the extracts and nanoparticles on KMST-6,
HaCaT and CHO cell lines using in-vitro assays which assess reactive oxygen
species production, apoptosis, cellular uptake, and mitochondrial membrane
potential.

To evaluate the cytotoxic effects of the extracts and nanoparticles on KMST-6 cells

by studying the effects of the treatments on genes known to be involved in toxicity.



1.5 Research Questions

¢ What are the main phytochemicals present in the different extracts of C. orbiculata?

e Are these phytochemicals also present in the C. orbiculata silver nanoparticles?

e What are the antioxidant and wound healing effects of C. orbiculata extracts and
nanoparticles?

e How are the wound healing effects of the silver nanoparticles compared to that of the
water extract?

e What are the molecular effects of the nanoparticles on wound healing in KMST-6
cells?

e Are the C. orbiculata plant extracts and nanopatrticles toxic to KMST-6, HaCaT cells
and CHO cells?

o If they are, which mechanism of toxicity do they use?

¢ Which toxicity genes are expressed (upregulated or downregulated) in the presence
of C. orbiculata silver nanopatrticles in KMST-6 cells?

1.6 Research rationale

Chronic wounds are a huge threat to global health systems. This is because of the
increasing prevalence of risk factors associated with wounds, which include the development
of antibiotic resistant microorganisms, diabetes and HIV. Even though there is a high
prevalence (6.5 million) of people suffering from chronic wounds around the world, the
number is constantly increasing. Chronic wounds are also associated with high mortality and
morbidity rates. To worsen the situation, the care and treatment of chronic wounds is very
difficult and expensive. It involves cleaning of the wound, applying different ointments,
dressing the wound and maintaining a moist, bacteria free environment. This is difficult to
attain as wounds can become infected with multidrug-resistant bacteria which are very
difficult to eradicate. Advanced therapies based on growth factors, extracellular matrix and
engineered skin can be used; however, they are very expensive and can cause undesirable
side effects. Chronic wounds are a silent epidemic that causes discomfort and poses a huge

financial burden to patients and health care systems.

Nanotechnology has been introduced in wound healing in an attempt to improve the healing
of wounds. Nanomaterials, especially nanoparticles and nanocomposites, are being

synthesized and incorporated in wound dressings and ointments. The common ones include



AgNPs and nanocomposites. This is due to the popularity of silver as a good antimicrobial
agent. The most common commercial wound treatments containing silver include silver
nitrate (AgNO3, and Silver sulfadiazine (SSD). These can however be toxic to healthy cells
and can cause unwanted side effects. The synthesis of nanomaterials is therefore highly
promising as they have been shown to be more effective and less toxic compared to SSD
and AgNO;. The synthesis of biogenic AgNPs further lessens the toxicity of nanoparticles.
Biogenic synthesis of nanoparticles involves the use of biomaterials commonly plants,
compared to the toxic chemicals which are used during chemical synthesis. Biogenic
nanoparticles are more biocompatible and can therefore be easily and safely incorporated
into biomedical applications compared to those that are chemically or physically synthesized.

C. orbiculata, a South African medicinal plant, has been used traditionally to treat acne, skin
rashes and inflammation. It was proven scientifically to have antimicrobial, antioxidant and
anti-inflammatory activities. AgNPs were also successfully synthesized using the water
extract of this plant. The synthesized nanoparticles had enhanced antimicrobial and anti-
inflammatory activity as compared to the water extract. Seeing the potential that the C.
orbiculata synthesized nanoparticles and the water extract have, it is essential to investigate
their potential wound healing activities as it might lead to the discovery of effective wound
healing formulations. Therefore, this study investigated the wound healing, antioxidant and
toxicity effects of C. orbiculata extract and nanoparticles.
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CHAPTER 2

LITERATURE REVIEW



2.1 Introduction to literature review

Medicinal plants are essential in the discovery of various medicinal compounds and drug
formulations. They have been used traditionally to treat many human ailments including
wounds, coughs and colds, digestive problems, diabetes mellitus, ulcers, cancers as well as
hypertension and asthma (Oladeji, 2016; Maroyi, 2019). It was reported that about 25% of
modern therapeutic drugs were derived from plants, this proves the reliability of plants as a
source of drug discovery (Patel, 2014). Medicinal plants have been incorporated in the field
of nanotechnology particularly in green nanotechnology. Nanotechnology is a field of science
which deals with the synthesis, development and use of materials with sizes ranging in
nanometres (Kavitha et al., 2013; Aboyewa et al., 2021). This technology can be applied in
many fields such as biology and biomedicine, electronics, physics, material science and
agriculture. In biomedicine, it has the potential to deliver improved methods for disease
diagnostics and therapeutics. Green nanotechnology involves the synthesis of nanomaterials
using bioactive agents such as plants, bacteria and fungi (Aboyewa et al., 2021). The
synthesis of nanomaterials using medicinal plants produces bio-nanomaterials that are more

biocompatible and thus more suitable for biomedical applications.

Many South African plants have been successfully used to synthesize different
nanoparticles; among these plants is Cotyledon orbiculata. This is a shrubby succulent
commonly known as pig’s ears because of its oval shaped grey-green leaves. Cotyledon
orbiculata is mostly distributed in the Western, Eastern and Northern Cape Provinces of
South Africa (Mort et al., 2005). It is popular for its traditional uses in treating wounds, skin
eruptions and abscesses, boils, burns, corns and warts, acne, earache and epilepsy (Maroyi,
2019). Cotyledon orbiculata is known to have antimicrobial, anti-inflammatory, antioxidant,
anticonvulsant and antinociceptive activities (Kumari et al., 2016; Tyavambiza et al., 2021;
Amabeoku & Kabatende, 2012; Abubakar et al., 2013).

C. orbiculata was successfully used to synthesize silver nanoparticles. The synthesized
nanoparticles were shown to have enhanced antimicrobial and anti-inflammatory effects
compared to the C. orbiculata water extract (Tyavambiza et al., 2021). The traditional uses
of C. orbiculata suggest that it has wound healing properties. However, the wound healing
properties of this plant and its nanoparticles are yet to be explored. Whereas the wound
healing properties of other African plants and their nanoparticles have been reported (Chai
et al., 2018; Singla, Soni, Patial, et al., 2017; Paul & Londe, 2018; Singla, Soni, Markand, et
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al., 2017). This chapter will focus on the properties of a good wound healing agent and the
wound healing potential of plants and their synthesized biogenic materials. It is divided into 2
review articles with the titles, “Wound Healing Activities and Potential of Selected African
Medicinal Plants and Their Synthesized Biogenic Nanopatrticles” and “Cellular and molecular
events of wound healing and the potential of silver based nanoformulations as wound

healing agents” respectively.
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PUBLISHED REVIEW MANUSCRIPT: Wound Healing Activities and Potential of
Selected African Medicinal Plants and Their Synthesized Biogenic
Nanoparticles
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Abstract: In Africa, medicinal plants have been traditionally used as a source of medicine for
centuries. To date, African medicinal plants continue to play a significant role in the treatment of
wounds. Chronic wounds are associated with severe healthcare and socio-economic burdens despite
the use of conventional therapies. Emergence of novel wound healing strategies using medicinal
plants in conjunction with nanotechnology has the potential to develop efficacious wound healing
therapeutics with enhanced wound repair mechanisms. This review identified African medicinal
plants and biogenic nanoparticles used to promote wound healing through various mechanisms
including improved wound contraction and epithelialization as well as antibacterial, antioxidant
and anti-inflammatory activities. To achieve this, electronic databases such as PubMed, Scifinder®
and Google Scholar were used to search for medicinal plants used by the African populace that
were scientifically evaluated for their wound healing activities in both in vitro and in vivo models
from 2004 to 2021. Additionally, data on the wound healing mechanisms of biogenic nanoparticles
synthesized using African medicinal plants is included herein. The continued scientific evaluation of
wound healing African medicinal plants and the development of novel nanomaterials using these
plants is imperative in a bid to alleviate the detrimental effects of chronic wounds.

Keywords: African medicinal plants; biogenic nanoparticles; wound healing; antibacterial; antioxi-
dant; anti-inflammatory

1. Introduction
1.1. Wounds

Wounds are defined as injury to living tissue which leads to the disruption of its
normal anatomical structure and function [1]. They arise due to physical, chemical, ther-
mal, microbial or immunological damage to the tissue [2]. Regardless of the aetiology
and type, wounds can cause damage to the tissue and disrupt the surrounding environ-
ment. The damage can affect the integrity of the skin epithelial layer and can also extend
into the subcutaneous tissue disrupting other structures such as tendons, muscles and
nerves [1,3]. Failure of wounds to heal normally leads to chronic wounds. Chronic wounds
are a silent epidemic claiming the lives of many individuals worldwide. In the past decade,
it has been estimated that 6 million people suffer from chronic wounds worldwide [2,4-6].
Wounds have a significant negative impact on the economic and social lives of patients
and their families. They cause severe pain, physical disability such as immobility and loss
of function, loss of self-esteem, depression and anxiety as well as premature death [7,8].
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Not only do wounds affect the patients’ social life, they also pose a great financial burden
on patients and the healthcare systems. Chronic wounds consume a great amount of
healthcare resources around the world [8].

Chronic wounds are predominantly a condition of the elderly, however, their preva-
lence is expected to increase in all age groups because of the increase in conditions that
impede wound healing, such as diabetes, obesity and vascular disorders [9,10]. The high
and increasing prevalence of these conditions continues to increase the global burden
of chronic wounds. Unfortunately, to our knowledge, there are no statistical records on
the prevalence of chronic wounds in Africa.

1.2. Classification of Wounds

Wounds can be classified depending on their healing time. Acute wounds heal timely,
following the normal wound healing process. They result in the restoration of anatomical
and functional integrity of the normal tissue [11]. On the other hand, chronic wounds
require prolonged time to heal, and they do not progress through the normal stages
of wound healing [12]. Given their complexity, chronic wounds tend to fall into four
categories, namely pressure ulcers, venous ulcers, diabetic ulcers and arterial insufficiency
ulcers [8,13].

Wounds can also be classified as open (those associated with disruption and disconti-
nuity of the skin) or closed (when there is damage to the underlying tissue but the skin
is intact) [12]. Open wounds can be further classified as incisions (cut by a sharp object
such as a scalpel), lacerations (tear like wounds), abrasions (scraping of the outer skin
layer), puncture wounds, penetration wounds (caused by an object entering or exiting
the skin surface) and gunshot wounds. Most open wounds are often associated with
a wide range of bacterial and fungal infections as the underlying tissues are exposed to
the outside environment [5,12]. The challenge of antimicrobial resistance in treating these
infections increases the complications and burden of these wounds [14,15]. Repetitive
trauma, which is common in diabetic foot ulcers, can also delay or even stop the wound
healing process [16]. Closed wounds include contusions (caused by a blunt force trauma
that damages tissue under the skin), haematomas (accumulation of blood under skin due
to a damaged blood vessel) and crush injuries (occurs when great external force is applied
on the skin over a long period of time) [17].

1.3. Phases of Wound Healing

Wound healing is a complex physiological process which aims to restore the anatom-
ical structure and function of an injured tissue [18]). This process is divided into four
integrated phases, namely haemostasis, inflammation, proliferation and tissue remodelling.
Haemostasis involves vascular constriction and coagulation. Platelets attach to exposed
collagen surfaces and extracellular matrix leading to the activation of the coagulation
cascade and clot formation, thereby preventing blood loss [19,20]. This process is mediated
by growth factors released by platelets such as Epidermal growth factor (EGF), Platelet-
derived growth factor (PDGF), Transforming growth factor-beta (TGF-3) and Fibroblast
growth factor (FGF). These growth factors together with some cytokines play a vital role in
the movement of monocytes and neutrophils to the wound site initiating the inflammatory
phase [5,21]. During inflammation, neutrophils and monocytes penetrate the wound site.
Neutrophils, which are the first leukocytes to infiltrate the wound site, eliminate invading
microorganisms through phagocytosis and release reactive oxygen species and proteolytic
enzymes [22,23]. Neutrophils also release IL-8 aiding chemotaxis which attracts monocytes
and other cells to the wound site [19]. Monocytes then differentiate into macrophages
which continue the process of phagocytosis and cleansing of the wound. They also initiate
the development of granulation tissue and angiogenesis by releasing various growth (FGF,
EGE TGF-b, and PDGF) and cytokines (IL-1 and IL-6) [24,25].

The proliferation phase comes immediately after the cleansing of the wound and then
the repair process (building of new tissue). This phase is characterized by the formation
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of granulation tissue, angiogenesis, wound contraction and epithelialization [26]. It in-
volves the activity of many cells including fibroblasts, keratinocytes, and endothelial cells.
Granulation involves the deposition of newly synthesized extracellular matrix composed
of collagen, fibrin and fibronectin which replaces the damaged tissue [27]. Angiogenesis
by endothelial cells ensures sufficient supply of nutrients and oxygen to the granula-
tion tissue [28]. Fibroblasts and myofibroblasts cause the wound to contract by pulling
the wound edges together. Subsequently keratinocytes migrate over the granulation tissue
from the wound edges towards the center to cover the wound and protect the underlying
issue [21,29]. The tissue remodeling phase (last phase) occurs after the wound has closed.
This phase aims to achieve maximum tensile strength and flexibility of the new tissue.
However, the wound never achieves the same level of tensile strength as the normal tissue.
Remodeling and reorganization of collagen fibres occurs, resulting in the formation of
cross-linkages which reduces scar thickness. The level of vascularity decreases as the scar
matures [30,31]. The cells playing a part in wound repair are removed by apoptosis as they
are no longer needed [32].

1.4. Risk Factors and Conditions Associated with Wound Healing

The wound healing process is not only complex but also fragile, as it is susceptible
to numerous interruptions and failure. Various factors can affect one or more phases
of wound healing as well as its sequence and time frame, leading to the impairment
of this process. These factors delay wound healing resulting in poor outcomes thereby
increasing the patient morbidity and mortality [26]. The risk factors of wound healing
are classified into local and systemic. Systemic factors affect the general health of an
individual, which influences their ability to heal normally. These factors include age, stress,
chronic diseases (such as diabetes mellitus, hepatic and renal failure), obesity, alcoholism,
medication and immunocompromising conditions (such as cancer and AIDS) [15]. Local
factors are those that directly influence the characteristics of the wound itself. These
include infection, oxygenation, venous insufficiency and the presence of foreign material
in the wound. All these factors are related, usually systemic factors act through the local
factors in affecting wound healing [33].

Infections are one of the most common complications of wounds, as they disrupt
the normal wound healing process, leading to the development of chronic wounds. Fre-
quently isolated bacterial species in wounds include Staphylococcus aureus, Pseudomonas
aeruginosa and B-hemolytic streptococci [15,34]. The loss of skin integrity as a result of the in-
jury enables pathogens to invade the wound site and cause infections. Bacterial invasion
affects all stages of wound healing, particularly the inflammatory phase. This phase plays
an important role in microbial clearance and wound cleansing. However, in the pres-
ence of an infection, inflammation is prolonged due to the increased microbial load and
incomplete microbial clearance [35]. Bacterial toxins decrease chemotaxis and increase
the secretion of pro-inflammatory cytokines such as IL-1 and TNF-«. This further prolongs
the inflammation, causing the wound to enter a chronic state [25,34]). The continuous
inflammatory phase increases the presence of neutrophils, which will lead to the degra-
dation of the extracellular matrix and loss of important wound healing growth factors
(TGF-p and PDGEF) [36]. The increase in neutrophils will also increase the production of
reaction oxygen species (ROS). The ROS are essential in cellular metabolism, however,
when produced in excess they cause cellular damage and further affect the healing of
the wound [11]. In the treatment of wounds, it is therefore imperative for a wound healing
agent to have antimicrobial, anti-inflammatory and antioxidant activities as this will aid in
the healing of the wound.

1.5. Conventional Treatment and Management of Wounds

The care and management of wounds is of great importance in wound healing, as it
ensures and aids proper wound healing. The aim of good wound management is to provide
and maintain a warm, moist, non-toxic environment which supports natural wound healing,.
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Poorly managed wounds can lead to the development of non-healing chronic wounds [37].
Hygiene is one of the important factors in wound management as it minimizes the risk
of wound infections. Wounds undergo debridement before the application of topical
treatments such as antimicrobial and silver wound dressings, silver sulfadiazine creams
and oils and sprays. Debridement is the removal of necrotic tissue from the affected area
in-order to promote wound healing [20]. Topical therapies are the first line of treatment
of wounds. After assessment, and if healing is not achieved, advanced wound therapies
are then used. The most common advanced wound therapies include negative pressure
wound therapy, administration of growth factors, hyperbaric oxygen and skin grafts [8].

These therapies are very costly, hence, not all individuals can access them, especially
in poor resource countries. They are also associated with severe complications such as
bleeding, infection, barotrauma and oncogenesis [38—40]. Although these therapies are
available, the burden of chronic wounds is increasing. The search for new affordable and
easily accessible wound treatment drugs and therapies is therefore vital. One reliable source
of drug discovery is medicinal plants as they have been used traditionally for many years
in the treatment of many human ailments. It has been reported that 25% of modern drugs
were derived from plants [41,42]. Nanomaterials synthesized from medicinal plants were
also shown to be beneficial in wound healing. In this article, we will review different wound
healing mechanisms of African medicinal plants as well as those of biogenic nanoparticles
synthesized using African medicinal plants. To achieve this, electronic databases such as
PubMed, Scifinder® and Google Scholar were used in the search. The African medicinal
plants and their biogenic nanoparticles were evaluated for their wound healing activities
in both in vitro and in vivo models from 2004 to 2021.

2. African Medicinal Plants in the Treatment of Wounds

The African continent is well known for an immense biodiversity distribution with
nearly 45,000 different plant species of which about 5000 species have been used as tradi-
tional medicines [5]. Throughout history, medicinal plants have been used exclusively in
the treatment and management of different diseases, especially in poor communities. It is
documented that 80% of the African populace rely on medicinal plants as their primary
source of medication as medicinal plants are more affordable, easily accessible and are
associated with fewer side effects when compared to conventional medicines [43]. Medici-
nal plants are a good source of compounds which could serve as leads for drug discovery
for wound healing [44]. The wound healing activities displayed by medicinal plants are
attributed to the presence of bioactive chemicals such as phenols, alkaloids, triterpenes,
and flavonoids. In wound healing, these bioactive compounds have been reported to
have antioxidant and antimicrobial activities, improve collagen deposition and increase
the proliferation of both fibroblasts and keratinocytes [5,45]. In most instances, the wound
healing process progresses naturally. However, the presence of an infection can cripple
the healing process by lengthening the inflammatory phase, disturbing the normal clotting
mechanisms, disrupting leukocyte function and angiogenesis [46]. Thus, the antimicrobial
effects exhibited by many plants explain the significant roles they display in the healing
of wounds. On the other hand, phenolic compounds were reported to play an important
role in the healing of wounds because of their antioxidant effect against free radicals which
negatively influence the progression of wound healing [47]. Various reports have provided
information on plants used in Africa for the treatment of wounds. Some of these plants are
listed in Table 1 below.
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Table 1. Wound healing activities of selected African medicinal plants.
Plant Name Family Plant Part Used Mode of Wound Healing Reference
Acacia senegal Mimosae Root Antimicrobial [48]
Aloe ferox Asphodelaceae Leaf gel Antioxidant, ant1-1nﬂamrpf1tory and antibacterial [49,50]
activities
Enhance mature granulation, antioxidant, )
Aloe vera Asphodelaceae Leaf gel anti-inflammatory and antibacterial activities (4]
Aspalathus linearis Fabaceae Leaves Antioxidant, ant1—1nﬂarprpgtory and antibacterial [51]
activities
Argyreia nervosa Convolvulaceae Leaves and roots Antibacterial and anti-inflammatory [52,53]
Boerhavia diffusa Nyctaginaceae Whole plants Increased myoblast migration, antioxidant [44]
Boophone disticha Amaryllidaceae Bulb Antimicrobial, anti-inflammatory [53,54]
Bridelia ferruginea Combretaceae Leaf Stimulation of fibroblasts [55]
Bulbine frutescens Asphodelaceae Gel sap Improvement of wound contraction [56]
Catharanthus roseus Apocynaceae Leaf [mproved WOl.md contraction, dgcreasgc! ?p1thehzat10n [57]
period and antibacterial activities
Centella asiatica Umbelliferae Leaves Increased cellular prpllferat1on, angiogensis collagen [58,59]
synthesis, antioxidant and anti-inflammatory
Cotyledon orbiculata Crassulaceae Leaf gel Antioxidant, ant1—1nﬂarpmgtory and antibacterial [60-63]
activities
Ficus asperifolia Moraceae Bark Stimulation of fibroblasts, antioxidant [46]
Gossypium arboreum Malvaceae Leaf Stimulation of fibroblasts, antioxidant [46]
Gunnera perpensa Gunneracea Root Antioxidant and antibacterial activities [64,65]
Gymnosporia senegalensis Celestraceae Leaf, bark, roots Anti-inflammatory and antimicrobial activities [66]
Haemanthus coccineus Amaryllidaceae Bulb Anti-inflammatory [58,67]
Maytenus heterophylla Celastraceae Crushed leaves Anti-inflammatory and antimicrobial activities [68]
Merwilla natalensis Asparagaceae Fresh ar;zlalla;rnt bulb Anti-inflammatory and antimicrobial activities [50]
Ocimum gratissimum L. Lamiaceae Leaf Antibacterial and activities [55,69]
Parkia biglobosa Fabaceae Stem Stimulation of fibroblasts and antibacterial activity [55]
Sutherlandia frutescens Fabaceae Leaves Antibacterial [70]
Tecoma capensis Bignoniaceae Bark Improved wound contraction and re-epithelialization [71]
Terminalia sericea Combretaceae Bark Antioxidant, ant1—1nﬂarpr‘11‘e1tory and antibacterial [64,72]
activities
Vernonia amygdalina Asteraceae Leaf Improved wound contraction and re-epithelialization [73]

3. Nanotechnology as a Wound Healing Intervention

Medicinal plants have been incorporated in the field of nanotechnology in a bid to

enhance the activity of the plants. Different nanoparticles including silver [63,70,74,75],
gold [76,77], titanium dioxide [78] and selenium [79,80] have been successfully synthesized
using plants.

Silver containing wound therapies have a long history of use in the treatment of
chronic wounds. Silver releasing agents are known to inhibit the manifestation of a va-
riety of microorganisms including fungi, Gram-positive and Gram-negative bacteria on
wounds [81]. This is due to silver interfering with the electron transport system or binding
to and inhibiting DNA replication of the microbes [82]. Additionally, these silver thera-
peutics display low systemic toxicity as they can be neutralized by anions in body fluids.
Some of the most widely used silver based wound dressings, such as Askina Calgitrol Ag®,
Aquacel® Ag Dressing, 3M Tegaderm Alginate Ag Silver Dressing and Systagenix Silvercel
antimicrobial alginate dressing, contain silver alginates, whilst common topical agents such
as Silvadene, Thermazene® and SSD Cream® contain silver sulfadiazine [83-88]. Certain
dressings like Aquacel® Ag Dressing may cause skin irritation and allergies [86]. The more
extensive methods of chronic wound treatment such as negative pressure wound therapy,
administration of growth factors, hyperbaric oxygen and skin grafts have been reported to
be costly, unsafe and detrimental to surrounding healthy tissues [39]. Hence, novel wound
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healing strategies with increased efficacy and limited side effects are constantly being devel-
oped. In this line, nanotechnology has the potential to address these matters of concern, as
it is providing novel materials that exhibit enhanced size-dependent properties [27,89,90].

Nanotechnology has played a notable role in the delivery of improved methods for dis-
ease diagnostics and therapeutics. To date, about 51 nanopharmaceuticals synthesized from
liposomes, polymers, nanocrystals, proteins, micelles and inorganic reducing agents have
been approved by the US Federal Drug Agency and are available in clinical practices, whilst
several nanomedicines are undergoing clinical trials [91,92]. Examples include the widely
used Acticoat™ Flex 3 and Acticoat©, which are silver nanoparticle-based products that
promote wound healing whilst reducing pain and infection at the wound site [93,94]. Sil-
ver nanoparticles have been shown to promote wound healing with improved cosmetic
appearance. The activity has been attributed to their antimicrobial properties, reduction in
wound inflammation and modulation of fibro-genic cytokines. Tian et al. (2007) reported
that silver nanoparticles had an increased healing rate compared to silver sulfadiazine,
the standard treatment for burn wounds [95]. Despite their popularity, the prolonged use
of these silver based wound therapies may slow the wound healing process due to epithe-
lial and fibroblast cytotoxicity and cause negative cosmetic effects such as argyria. Other
nanoparticles such as gold, zinc oxide and selenium have also been used to promote wound
healing [96,97]. Thermo-responsive gels containing gold nanoparticles displayed antimi-
crobial and wound healing properties as shown by in vitro, in vivo and histopathological
assays [98]. Low concentrations of gold nanoparticles, 34 nm in size, significantly promoted
the proliferation of keratinocytes, which are important in wound closure [99]. This proved
the great efficiency and potential of the gold nanoparticles as wound therapeutics and
a probable alternative to autografts.

3.1. Biogenic Nanoparticles in Wound Healing

Although several chemical and physical synthesis methods for the production of
nanoparticles are known and used, the synthesis of nanoparticles using biological models
has several advantages over these methods. This is due to the fact that nanoparticle
synthesis using physio-chemical approaches utilizes organic solvents and toxic reducing
agents whilst producing hazardous waste-products [100]. The biologically synthesized
nanoparticles possess a great advantage where applicability in industrial and human
health care products is concerned. Numerous biological approaches which employ different
natural resources such as plants, microorganisms and algae in the synthesis of nanoparticles
are available [77]. Although microorganisms are widely used to reduce metallic salt
solutions to form corresponding nanoparticles, the process uses toxic and costly reactants
that result in an unsuitable platform for biocompatible synthesis [27]. On the other hand,
plants are readily used to synthesize nanoparticles as they are easily accessible and can
promote rapid nanoparticle synthesis [101]. Bioactive plant phytochemicals (alkaloids,
phenolic acids, polyphenols, saponins, proteins, sugars, and terpenoids) are believed
to have significant roles in the synthesis of nanoparticles [102]. They are involved in
the reduction of metallic ions and also act as capping agents that stabilize the synthesized
nanoparticles [103].

The unique features of synthesized nanoparticles such as large surface area to volume
ratio allow them to bind and deliver small-sized beneficial compounds to target sites.
The ability of biogenic nanoparticles to combine with bioactive drugs and other useful
compounds can result in a synergistic effect, which further enhances their efficiency and
effectiveness. Combining Urtica dioica silver nanoparticles and the antibiotics Amoxicillin,
Amikacin, Kanamycin, Tetracycline and Cefotaxime showed a synergistic inhibitory activ-
ity against S. aureus, Staphylococcus epidermidis, Escherichia coli, Klebsiella pneumoniae, Bacillus
cereus, Bacillus subtilis, Serratia marcescens and Salmonella typhimurium. This was shown by
a 0.1- to 17.8-fold increase in the zones of inhibition [104]. Many polymers including chi-
tosan, hyaluronan, pyridoxine and collagen have been combined with silver nanoparticles
to form silver nanocomposites with enhanced wound healing properties [97]. The combi-
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nation of silver nanoparticles with tetracycline was shown to significantly improve wound
healing and wound infection control in Albino mice [105].

Given the history and benefits of medicinal plants found on the African continent,
combining these plants and nanotechnology can lead to the development of important
nanomedicines. Though some of the medicinal plants are not native to the African conti-
nent, several are found and harvested in one or more African countries. The bio-synthesized
nanoparticles may potentially improve wound healing efficacy, exhibit better antimicrobial
activity and/or promote accelerated wound closure compared to the raw materials and
current treatments as shown in Table 2. The enhanced activity could be attributed to
the expected increase in the stability of bioactive phytochemicals within the nanoparticles
and the large surface area of the synthesized nanoparticles [75,106,107].

Table 2. Biogenic nanoparticles synthesized using African medicinal plants exhibiting wound healing activities.

Plant Name

Nanoparticle Type Particle Size Experimental Outcomes Reference

Azadirachta indica

Silver

(a) In diabetic rats, the nanoparticles show increased wound
60-85 nm contraction and accelerated wound healing compared to [108]
the control and the drug alone.

(b)  Synthesized silver nanoparticles displayed enhanced
antibacterial and antioxidant effects when compared to
the leaf extracts alone. The nanoparticle infused PF127
hydrogel improved the wound contraction rate in mice.

33nm [109]

(¢)  The wound beds where the nanoparticles were topically
applied showed no microbial growth, haemorrhage, or
formation of pus throughout treatment. The nanoparticle
30 nm treated female BALB/c mice showed better [74]
wound-healing capacity when compared to control group
animals.

Cassia auriculata L.

Silver

Nanoparticles showed an increased percentage of wound
contraction in both excision and incision wound models when
compared to the drug Povidone iodine as well as the C. auriculata
extracts.

15-90 nm [110]

Catharunthus roseus

Silver

(@)  When the silver nanoparticles were topically applied on
open wounds, the treated animals exhibited better wound
healing activity and decreased inflammation compared to [111]
those treated with the respective aqueous plant extract.

20 nm

(b) Silver nanoparticle treated wounds on female BALB/c
30 nm mice showed decreased irritation with greater wound [74]
healing capacity when compared to the positive control.

Curcuma longa L.

Silver

Synthesized nanoparticles increased fibroblast cell proliferation

15-40nm and migration indicating effective wound healing.

[112]

Falcaria vulgaris

Silver

The nanoparticles promoted the healing of cutaneous wounds on
male rats by decreasing the wound area and increasing wound
contracture, antimicrobial and antioxidant activity,
fibroblast-fibrocyte ratio and macrophages at the wound site
when compared to the activity of F. vulgaris extracts and
tetracycline.

40-45 nm [113]

Mimosa pudica

silver

Biosynthesized nanoparticles incorporated in an electrospun
7.63 nm polyvinyl alcohol (PVA) improved keratinocyte migration when [114]
compared to the activity of PVA alone.

Moringa oliefera

The synthesized nanoparticles promoted significant wound

Titanium dioxide 100 nm closure in Albino rats when compared to a standard commercial [75]

wound therapeutic.

Prosopis juliflora

Silver

The percentage of wound healing was increased for

10-20nm the nanoparticles when compared to that of Povidine-iodine.

[115]

Woodfordia fruticosa

Gold

Topical application of the synthesized nanoparticles on excised
wounds on Wistar albino rat models resulted in the effective
prevention of microbial adhesion and accelerated wound closure
in comparison to the activity of 5% Povidone-iodine.

13 nm [116]
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3.2. Biological Nanoparticles with Potential Wound Healing Properties

Delonix elata copper oxide nanoparticles (36 nm in size) applied on human wounds
after anal rectum surgery caused rapid wound epithelialization [117]. Nanoparticle treated
wounds also showed a weaker inflammatory response probably resulting from cytokine
modulation. An association between wound healing and the anti-inflammatory and/or
antioxidant activities of therapeutics has been established. Anti-inflammatory agents
are important in controlling inflammation whilst antioxidants address oxidative stress at
the site of the wound thereby accelerating wound healing [118]. Both these properties
have also been reported to decrease the production of pus at the wound site. Numerous
nanoparticles synthesized using medicinal plants found on the African continent have been
shown to exhibit either antioxidant and/or anti-inflammatory activity (Table 3), classifying
them as potential wound healing therapies.

Table 3. Biogenic nanoparticles synthesized using African medicinal plants with bioactivities that promote wound healing.

Plant Name Nanoparticle Size Anti-?cf:ia:;‘r;atory Al:if:i)s;:;nt Reference
Allium ampeloprasum Silver 8 nm - Yes [119]
Aloe vera Selenium 7-48 nm - Yes [80]
Areca catechu Silver 18.2-24.3 nm - Yes [120]
Artocarpus altilis Silver 38 nm - Yes [121]
Cola nitida Silver 12-80 nm - Yes [122]
Cotyledon orbiculata Silver 20-60 nm Yes - [63]
Cuminum cyminum Silver - Yes - [123]
Garcinia indica Gold 20-30 nm - Yes [124]
Garcinia indica Silver 5-30 nm - Yes [125]
Helicteres isora Silver 38.23 nm - Yes [126]
Hypoxis hemerocallidea Gold 27 nm Yes - [127]
Kalanchoe pinata Zinc oxide 24 nm Yes - [128]
Nigella sativa Silver 25.2 nm Yes Yes [129]
Oxalis corniculata Silver 30 nm - Yes [130]
Phoenix dactylifera Zinc sulphide <70 nm - Yes [131]
Terminalia bellirica Silver 11 nm Yes Yes [132]
Terminalia bentazoe Silver 7 nm Yes Yes [132]
Terminalia catappa Silver 10 nm Yes Yes [132]
Terminalia mellueri Silver 10 nm Yes Yes [132]
Zingiber officinale Selenium 100-150 nm - Yes [79]

The potential of biogenic nanoparticles, especially those synthesized using African
medicinal plants has not been fully explored. In many instances biogenic nanomateri-
als have been proven effective for most biomedical applications. Numerous nano-based
medicines have been approved by the FDA for use while many others are on trial. It is there-
fore of great importance to investigate all wound healing activities of biogenic nanoparticles
as this might lead to the discovery of efficacious wound healing therapeutics.

4. Conclusions and Recommendations

A thorough and effective wound healing process is crucial to the well-being and
socio-economic state of patients. The complexity of a typical healing process is due to
the various components involved at both cellular and subcellular levels. Although clas-
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sic topical wound therapeutics including medicinal plants and silver sulfadiazine are
still common among the African populace, the prevalence of chronic wounds remains
high. Henceforth, current technologies such as nanotechnology should focus mainly on
the molecular and cellular aspects of wound healing in the development of therapeutic
interventions. Considering that silver nanoparticle impregnated wound dressings are
slowly becoming a standard in wound and burn therapy, the discovery of the full potential
of nanomedicine is necessary. Unlike conventional physio-chemical methods, the green
synthesis of nanoparticles using known medicinal plants is a non-toxic approach in the pro-
duction of biocompatible nanoparticles. It is also cost effective, making it affordable for
low resource African countries to utilize these strategies to develop alternative treatments.
Given the great potential of biogenic nanoparticles in various biomedical applications
and medicinal plants in drug discovery, it is imperative that widely used wound heal-
ing medicinal plants native to the African continent be incorporated in nanomaterials.
However, the scarcity of scientific evidence reporting the wound healing activities of
biogenic nanoparticles synthesized using these African medicinal plants is concerning.
Green nanotechnology still has a vast selection of raw materials still to be explored on
the African continent. Therefore, the development of novel nanomaterials exhibiting
impressive wound healing activity and the further understanding of the mechanisms
underlying their beneficial properties is important for future research.
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Abstract: Chronic wounds are a silent epidemic threatening the lives of many people worldwide.
They are associated with social, health care and economic burdens and can lead to death if left
untreated. The treatment of chronic wounds is very challenging as it may not be fully effective and
may be associated with various adverse effects. New wound healing agents that are potentially more
effective are being discovered continuously to combat these chronic wounds. These agents include
silver nanoformulations which can contain nanoparticles or nanocomposites. To be effective, the
discovered agents need to have good wound healing properties which will enhance their effectiveness
in the different stages of wound healing. This review will focus on the process of wound healing and
describe the properties of silver nanoformulations that contribute to wound healing.

Keywords: wound healing; antimicrobial; antioxidant; anti-inflammatory; silver nanoparticles;

silver nanocomposites

1. Introduction

Wound repair is a complex process that involves the coordinated interaction of various
cell types, extracellular matrix molecules (ECM) and soluble mediators such as cytokines,
chemokines and growth factors [1]. Wound healing is carefully divided into critical stages
that happen simultaneously namely haemostasis, inflammatory, proliferation and remod-
elling phase [2]. These stages are equally important and failure of any one of them can
disrupt the wound healing process and lead to the development of chronic wounds. New
wound healing treatments are continually being discovered in a bid to find treatments that
are effective in all stages of wound healing. Silver has a long history of use in the treatment
of wounds. It has been widely reported to have anti-inflammatory and antimicrobial
activities (even against multidrug resistant microorganisms such as methicillin-resistant S.
aureus (MRSA) and P. aeruginosa) [3]. The proposed mechanisms of antimicrobial action of
silver and silver nanoparticles (AgNPs) have been described in literature. Briefly, silver
ions can interact with sulphur containing proteins, bind to the cell membrane and cause
the disruption of the bacterial cell wall. This will eventually affect the permeability of the
membrane causing leakage of metabolites, leading to cell death [4,5]. The silver ions also
interfere with the electron transport system leading to increased ROS production, protein
synthesis inhibition and denaturation of bacterial DNA thus inhibiting cell replication [6,7].
The anti-inflammatory activity of AgNDPs are exerted through decreasing the effects of
pro-inflammatory cytokines (IL 6, IL 8, IL 1beta, TNF alpha, MMP 9) [8-11], increasing
the expression of anti-inflammatory cytokines (IL 10) [8] and promoting inflammatory
cell death via apoptosis instead of necrosis [12]. Many silver-based compounds includ-
ing colloidal silver (Silver sulfadiazine (SSD)) and nanosilver (AgNPs, nanocrystalline,
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nanocomposites) have been used to make wound healing creams, bandages and hydro-
gels [13]. Although these silver-based formulations have improved the healing of wounds,
newer formulations that are potentially more effective are continuously being discovered.
Since the wound healing process is divided into different stages, it is important to under-
stand the mechanisms of each stage in-order to promote its effectiveness. This review will
describe the role of various cell types and molecules in the wound healing process. It will
also review how silver containing wound healing agents including AgNPs affect these
processes to promote wound healing.

2. Cells Involved in Wound Healing
2.1. Neutrophils

The wound healing process is orchestrated by different cells and signaling molecules.
Neutrophils are the first cells to infiltrate the wound site after injury. The infiltration is
facilitated by different signaling molecules and chemoattractants such as damage associated
molecular patterns (DAMPs) released by necrotic cells, TGF-f3, complement molecules (C3a
and C5a), hydrogen peroxide (H;O,), chemokines and mediators from platelets [14,15].
CXCLS, one of the most common chemokines released by platelets x-granules, together
with CXCL1, and CXCL2 play an important role in initiating inflammatory cell recruit-
ment [16]. DAMPs released from damaged cells are known to be first signals to recruit
neutrophils after tissue injury. They can directly activate neutrophils by binding to the
specific Pattern Recognition Receptors (PRRs) such as toll-like receptors (TLRs) or indirectly
by stimulating other cells to release neutrophil chemoattractants [17,18]. At the wound site,
the recruited neutrophils also release some pro-inflammatory mediators such as TNF-c,
IL-13, IL-6 and CXCL8 which will recruit more neutrophils and other immune cells thus
further promoting inflammation [19].

The main function of neutrophils is to prevent infections in the inflammatory phase by
clearing the wound of any pathogens, foreign particles, and damaged tissue. They achieve
this through phagocytosis, generation of an oxidative burst (due to reactive oxygen species
(ROS)) and through the release of destructive proteases, antimicrobial proteins (cathepsins,
defensins, lactoferrin, lysozyme) and neutrophil extracellular traps [15,20]. Neutrophils
can also promote angiogenesis and the proliferation of fibroblasts and keratinocytes by
increasing the expression of the cytokines; VEGF, CXCL3, IL-8, IL-1 3 and MCP-1 which
promote angiogenesis and proliferation [19]. After completing their task, neutrophils
need to be eliminated from the wound site. These cells therefore undergo apoptosis and
are subsequently phagocytized by macrophages. The elimination of neutrophils marks
the transition from the inflammatory to an anti-inflammatory state [19]. Uncontrolled
neutrophil migration prolongs the inflammation process leading to excessive generation of
ROS and proteases. The toxic proteases and increased ROS levels degrade the ECM and
damages cell membranes leading to prolonged wound healing and formation of chronic
wounds [20,21].

2.2. Macrophages

Macrophages play a fundamental role in all phases of wound healing. It has been
proven that the presence of macrophages promotes wound healing. Hu and colleagues
(2017) reported that the increase of macrophages accelerated wound healing in both normal
and diabetic mice [22]. Macrophages are initially monocytes which differentiate into
macrophages after entering the tissues. These monocytes are activated and recruited to the
wound site by chemoattractants (such as MCP-1) and DAMP molecules. Pro-inflammatory
macrophages also referred to as M1 macrophages are involved in the inflammatory phase
of wound healing while the M2 macrophages or anti-inflammatory macrophages are
involved in the later stages in wound repair [23]. M1 macrophages infiltrate the wound
site, 24-48 h after injury. These macrophages are highly phagocytic, they clear the wound
area by phagocytosing bacteria, debris and apoptotic neutrophils (efferocytosis) [24]. M1
macrophages activates other inflammatory cells by releasing pro-inflammatory cytokines
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(TNEF- alpha, IL-6, and IL- beta), and growth factors (PDGF, VEGF and TGF-31) [25]. They
also release matrix metalloproteinases (MMPs) which digests the ECM, making room for
infiltrating inflammatory cells and aiding migration [15]. This exacerbates efferocytosis
and the pro-inflammatory state of the wound. Successful efferocytosis marks the resolution
of inflammation and promotes the switch of macrophages from a pro-inflammatory to an
anti-inflammatory state [26].

M2 macrophages dominate the anti-inflammatory phase of wound healing. They
suppress inflammation by upregulating the expression of pro-resolutory cytokines such as
IL-4, IL-10, and IL-13 [27]. They also release growth promoting growth factors including
arginase 1, an important factor for effective wound repair and MMPs (MMP-12 and MMP-
13) which remodel and strengthen the ECM [24]. Anti-inflammatory macrophages promote
new vessel formation, angiogenesis, re-epithelialization, and the transition of fibroblasts
to myofibroblasts [15,23]. Recent studies suggest that macrophages are also involved in
wound resolution, the final phase of wound healing. This involves the release of anti-
angiogenic factors, phagocytosis of apoptotic endothelial cells and the maturation of the
epithelium [23,28].

2.3. Fibroblasts and Keratinocytes

Fibroblasts which form the major cellular component of the dermis are the key cells in
the proliferation phase of wound healing. They are activated by the release of inflamma-
tory signals mainly PDGF and TGF-beta from platelets and macrophages [14,25]. At the
wound site, fibroblasts proliferate and synthesize type 1 and III collagen. They also secrete
precursors for components of the ECM including hyaluronan, fibronectin, glycosamino-
glycans and proteoglycans. Accumulation of the ECM is essential for the repair process as
it supports cell migration [2]. Moreover fibroblasts can differentiate into myofibroblasts
causing the wound to contract by contracting the wound bed and bringing the wound
edges together [14].

Activated fibroblasts secrete paracrine factors such as FGF-2 and KGF which signals
adjacent keratinocytes. Keratinocytes respond to these signals by producing PDGF which
further stimulates fibroblasts. This kind of interaction between 2 cell types is known
as cross talk [29]. Keratinocytes are the predominant cells in the epidermis, their main
function in the proliferation phase is re-epithelialization. This is a crucial process which is
responsible for restoring an intact epidermis after injury. Epithelialization is a multi-step
process involving the proliferation, migration and differentiation of keratinocytes [30,31].
Keratinocytes also stimulate and coordinate the actions of other cell types involved in
wound healing. They induce endothelial cell migration and angiogenesis via the secretion
of angiogenic growth factors such as VEGF and PDGF [29,32].

3. Role of Cytokines and Growth Factors in Wound Healing

Wound healing is a complex process that involves several cell types and is controlled by
various molecules, essentially cytokines and growth factors. The release of these cytokines
and growth factors is programmed for each of the different phases of wound healing. Any
disruption to this carefully orchestrated process may lead to the formation of non-healing
chronic wounds. After injury, the pro-inflammatory cytokines, IL-1f3, TNF-« and IL-6
are released to attract inflammatory cells to the wound site [21]. Chemokines such as
CXCLS (IL8), CXCL1, and CXCL2 are also released to help this process of chemotaxis [16].
At the wound site, inflammatory cells mainly macrophages release the growth factors,
PDFG and TGF-beta which will recruit fibroblasts, initiating the proliferation phase. Active
fibroblasts and macrophages release FGF-2 (bFGF), KGF (FGF-7), EGF, HGF, TGF-« and
IGF-1 to stimulate keratinocytes which are essential in epithelization [25,29,33]. Fibroblasts,
keratinocytes and macrophages further releases VEGF and PDGEF to activate endothelial
cells and initiate the process of angiogenesis [25]. As wound healing is a continuous and
overlapping process most cytokines and growth factors function in more than 1 phase.
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There are also other signaling molecules involved in wound healing. Table 1 shows a
summary of the cytokines and growth factors involved in wound healing.

Table 1. Cytokines and growth factors involved in wound healing and their functions.

Growth Factor/Cytokine Function Reference

IL-13, TNF-o and IL-6 Inflammation [34]

Chemotaxis of neutrophils and macrophages.
Proliferation of fibroblasts.

Induces myofibroblasts differentiation.
Upregulates the production of insulin growth
factor 1 (IGF-1).

Stimulate angiogenesis.

PDGF [35,36]

Chemotaxis of neutrophils and macrophages.
Fibroblast proliferation.
TGEF-beta Myofibroblast differentiation. [25,37]
Stimulate re-epithelialization.
Stimulate angiogenesis.

Stimulates proliferation and migration of
TGF-alpha keratinocytes. [38,39]
Induces angiogenesis.

Increases keratinocyte motility.
bFGF (FGF-2) Promotes the migration of fibroblasts and aids [2,40,41]
in tissue remodeling.

Stimulate keratinocyte differentiation and

KGF proliferation. [25,3]
Promotes fibroblast and keratinocyte growth.
EGF Stimulate the proliferation and migration of [38,39]
keratinocytes.
IGF Increases keratinocyte motility and promotes [35]

fibroblast growth.

Increases endothelial cell migration and
VEGF proliferation. [32,40]
Promotes angiogenesis.

4. Gene Expression in Wound Healing

Wound healing is orchestrated by various genes which code for different signaling
molecules (cytokines, chemokines and growth factors) at the different stages of wound heal-
ing. The gene expression profile at the site of the wound varies during the different stages
of wound healing. The genes are up or down regulated at different stages thus varying the
influx and efflux of signaling molecules at the wound site. During the inflammatory phase,
the expression of genes which code for pro-inflammatory cytokines, some chemokines
and growth factors such as IL-6, TNF-a and IL-8 are upregulated while anti-inflammatory
genes such as IL-10 are downregulated [42]. Pro-inflammatory genes coding for TNF acti-
vation markers, interferon (IFN) activation markers, leucocytes and macrophage markers
were expressed in skin biopsies collected 2 days after wounding in basal cell carcinoma
patients [43]. A study by Kubo et al. (2014) showed that the expression levels of IL-1b, IL-6,
TNF-a, IFN-c and KC increased 3 h to a day after a skin burn injury in murine models [44].
This is well in the inflammatory phase which is known to take place between 1 h and 3 days
after injury [45]. Moniri et al. (2018) reported that treating human dermal fibroblast cells
with bacterial nanocellulose/silver (BNC/Ag) nanocomposites increased the expression
of TGF-f1 from 4.8- to 11-fold at 6 and 24 h, respectively [46]. TGF-1 is involved in
almost all the processes of wound healing. It prompts the recruitment of inflammatory
cells into the injury site, improves the angiogenic properties of endothelial cells, stimulates
fibroblast contraction and promotes keratinocyte migration [47,48]. The presence of TGF-f31
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is certainly of great importance in the wound healing process. In fact, it was stated that
the chronic, nonhealing wounds often show a loss of TGF-31 signaling [49]. However,
prolonged release of this molecule can lead to hypertrophic scar formation. Hypertrophic
derived fibroblasts were shown to have prolonged expression of TGF-31 and TGF-§ re-
ceptors compared to normal skin fibroblasts. In normal wound healing, the expression of
TGF-f receptors decreases during the remodeling phase [49-51].

As wound healing proceeds, the expression of genes changes from a pro-inflammatory
to that of a repair profile. This gene profile includes genes that promote fibroblasts and
keratinocytes proliferation as well as granulation and epithelialization, these include VEGEF,
PDGEF and FGF-2 [42]. Deonarine et al. (2007) showed that even though the proinflam-
matory genes were increased early (2 days) in the wound, after 4 to 8 days the profile of
expressed genes changed to those of repair and angiogenesis. In this study, after day 4
and 8, the expression of type IV collagen, procollagen, integrin av, integrin 5, MMP-2,
MMP-9 and progranulin was increased [43]. These genes are involved in proliferation and
maturation which occurs between approximately 4 to 21 days of wound healing. Kubo et al.
(2014) reported similar results, in which the expression of VEGE, MMP-2, MMP-13 and type
I collagen increased after 3 to 14 days in a skin burn injury [45]. Unlike pro-inflammatory
cytokines released 3 h after wounding, IL 10 was released after 12 h and lasted up to 7 days
post wounding [44]. The remodelling phase, which is the last phase of wound healing, is
responsible for the development of new epithelium through restoration of tissue architec-
ture and tissue strength [14]. In this phase, most wound healing genes are downregulated
however TGF-31 and MMPs are upregulated. TGF-31 stimulates fibroblasts to produce
type I and III collagen, while MMPs are responsible for the degradation of collagen. The
activity of metalloproteinases is however tightly regulated as it might degrade essential
collagen thus causing impaired healing [2,42]. Any disturbances (overexpression, under
expression or prolonged expression) in the expression of genes and release of cytokines,
chemokines and growth factors in wound healing will disrupt the sequence of healing
which may lead to the development of chronic wounds.

5. Uses of Silver in Wound Healing

The effectiveness and the historic use of silver to control microbial infections have led to
its incorporation in chronic wound treatment. Many silver containing products such as wound
dressings have been developed for topical wound treatment [4]. Earliest silver preparations
used for wound treatment were SSD and silver nitrate. SSD was the standard treatment for
burn wounds. However, these preparations provide very high levels of the silver ion (3176
ppm), much higher than the therapeutic range (30-60 ppm) [52,53]. Due to increased silver ion
levels, SSD have been reported to cause significant cellular cytotoxicity [52]. Nano formulations
of silver contain lower concentrations of the silver ions and are active at lower concentrations
(approximately 70 ppm), making them more suitable for wound treatment [53]. They have
been shown in many instances to be more effective than SSD [54-56]. In addition to the
antimicrobial activity, silver nanoformulations were reported to enhance anti-inflammatory
responses, stimulate proliferation and migration of keratinocytes and fibroblasts and to improve
collagen expression and formation [11,57-59]. Combining silver and nano-silver formulations
with other wound treatments has been shown to have synergistic effects. Silver ions were
reported to increase the activity of negative wound pressure therapy with polyurethane sponge
by reducing biofilm, increasing bacterial inhibition, and reducing healing time and the cost of
treatment [60-63]. Nanocrystalline wound dressing were reported to be more effective than the
standard dressings. They ensure a sustained release of constant silver ions at therapeutic dose,
which reduces the need to change dressings. This reduces disruption to the wound healing bed
and minimizes patient discomfort and pain [7,53]. Unfortunately, silver nanoformulations do
show some toxicity although to a smaller extent. Therefore, thorough toxicity studies should
be done for all nanoformulations and they should be used for a limited time and only when
necessary.
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6. Properties of a Good Wound Healing Agent

The properties of good wound healing agents would include antimicrobial, anti-
inflammatory, angiogenesis, antioxidant activity, as well as the ability to promote procolla-
gen synthesis. They also promote the growth, differentiation and migration of fibroblasts
and keratinocytes.

6.1. Antimicrobial Activity

It is essential for any wound healing agent to have antimicrobial activity. Infections
particularly bacterial infections are one of the main causes of delayed wound healing.
Bacteria have been more frequently isolated form wounds compared to other microorgan-
isms such as fungi. Injury breaks the skin barrier that protects the body against microbial
colonization, resulting in the exposure of the underlying tissue to various infectious or-
ganisms [64]. The skin impairment gives bacteria access to the wound site where they
infiltrate, contaminate and colonize the wound. Contamination is defined as the presence
of non-replicating bacteria. Contamination can lead to colonization which involves the
active replication of microorganisms without eliciting an immune response [65]. Generally,
all wounds are contaminated with bacteria because they provide a favorable medium for
bacterial growth [66]. However, the bacterial load in the wound changes as contamination
progress to colonization and finally infection. In most cases a bacterial load of more than
10° viable bacteria per g of wound tissue is considered as an indication of infection [67,68].
Infection occurs when the microorganisms continue to replicate to the extent of invading
and damaging soft tissues thus triggering an immune response [69].

Gram positive, coagulase-negative Staphylococci (e.g., Staphylococcus aureus) which
are usually normal skin flora are the first to enter the wound site after disruption of the
intact skin barrier. This is followed by the invasion with Gram negative aerobes such as
Escherichia coli and Pseudomonas aeruginosa. These aerobes reduce the oxygen levels in the
wound environment promoting the invasion of anaerobes [70]. Therefore, as the wound
matures into a chronic wound, anaerobes are frequently present at the wound site. Most
chronic wounds contain mixed populations of microorganisms, the most common bacterial
strains found at the wound site include S. aureus, MRSA, beta-haemolytic Streptococci,
E. coli, P. aeruginosa [69,71,72].

Bacteria release toxins and proteases which can damage surrounding tissue cells in the
wound area [66,73]. These toxins can also elevate the levels of pro-inflammatory cytokines
thus prolonging the inflammatory phase. Due to sustained inflammation, the balance
between proteases and protease inhibitors is disrupted resulting in increased levels of
proteases. These proteases degrade the ECM and growth factors, hindering cell migration
and prevent wound closure [65,71,74]. Pathogens can stick together and form biofilms
which can be described as aggregations of microbial cells embedded in a polymeric matrix
called extracellular polymeric substance (EPS). Due to the EPS layer, biofilms can evade the
activity of antibiotics and host defenses thus protecting the embedded pathogens [64].

Antimicrobial activity is one of the properties for an effective wound healing agent. All
wound healing agents have been shown to possess antimicrobial activities. Silver is known
for its good antimicrobial activity, it has been used in the medical field since the 1900s. Due
to its antimicrobial properties, its incorporation in wound healing was inevitable. Different
silver-based formulations have been used in wound healing; these include SSD and newer
formulations such as Aquacel, Silverlon and Acticoat [52]. Many AgNPs, although at a
research level, have proved to be promising wound healing agents [75]. Various studies
have proved the antimicrobial properties of these compounds.

SSD which is used in the treatment of burn wounds is a broad-spectrum antimicrobial
agent active against S. aureus, P. aeruginosa and E. coli [4,54]. However, it does have
some shortcomings, which is why wound treatments containing nanocrystalline are being
developed. Nanoformulations of silver are more effective because of their smaller size
which increases surface area thus increasing activity. Silver-coated polyurethane sponges
were shown to reduce bacterial counts of biofilm-causing organisms such as S. aureus,
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P. aeruginosa and MRSA [52]. Electrospun nanofibres (MADO) integrated with AgNPs
were shown to be effective against the bacteria such as S. aureus, P. aeruginosa and E.
coli [76]. Nanocomposites containing AgNPs showed significant antimicrobial activity
against S. aureus and E. coli [77,78]. Many biogenic AgNPs have also been reported to have
antimicrobial activity against various microorganisms [11,79-82].

6.2. Anti-Inflammatory Activity

Inflammation is the immune system’s defense mechanism against various threats to
the body. It is a complex process demanding the participation of both the vascular and
cellular elements of the immune system. Inflammation can be either acute or chronic.
Acute inflammation is short-lived, lasting for hours to days only and normally resolving
after the cause of injury has been eliminated [83]. It is characterized by key features at the
injury site commonly known as the cardinal signs of inflammation. These features include
redness (rubor), swelling (tumor), heat (calor), pain (dolor) and loss of function (functio
laesa) [84,85]. The redness and heat result from vasodilatation and increased blood flow to
the inflamed site, the swelling is caused by increased vessel permeability causing leakage
of fluid and plasma proteins into the interstitial area and the pain is due to an intensive
sensation of harmful stimulus [84,86,87].

Any harmful stimuli to the body can incite an inflammatory response. Infection by
microorganisms such as bacteria, viruses and fungi can cause inflammation [88]. Non-
infectious causes of inflammation can be categorized as physical (burns, frostbites, physical
injury, foreign bodies, trauma), chemical (hydrolytic enzymes, glucose, acids, toxins,) and
biological [84,88]. The immune system recognizes noxious stimuli, both infectious and
non-infectious, using PRR [86]. During microbial infection, PRRs identify the invading mi-
croorganisms using structures known as pathogen-associated molecular patterns (PAMPs).
In non-infectious conditions, PRRs can recognize endogenous molecules released from
damage cells named DAMPs [89,90]. There are different classes of PRRs including the
TLRs, C-type lectin receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like receptors
(RLRs) and NOD-like receptors (NLRs). Amongst all these, TLRs are the most exten-
sively studied PRRs, they can bind to either PAMPs or DAMPs to initiate an inflammatory
response [86,91,92].

Acute inflammation is an essential step in wound healing. It is characterized by brief
vasoconstriction as an attempt to reduce blood loss after injury. Followed by vasodilation
which increases the permeability of blood vessels causing leakage of plasma proteins
and allowing influx of inflammatory mediators (including chemokines, cytokines, free
radicals). These mediators promote leucocytes migration from the blood vessels to the site
of inflammation (wound site) [93]. Neutrophils are the first cells to infiltrate the wound
site followed by monocytes and lymphocytes. At the wound site monocytes differentiate
into macrophages and secrete chemokines and pro-inflammatory cytokines such as IL-1,
IL-6 and TNF-alpha which further promoting the inflammatory process [94]. The recruited
immune cells clear off the antigens through phagocytosis and the release of ROS. Once the
noxious stimulus is removed and the damage is repaired, the inflammatory response should
be resolved to prevent transformation into chronic inflammation [86,93]. Mononuclear
cells (macrophages, lymphocytes, and plasma cells) especially macrophages replace the
pre-existing neutrophils and become the prominent cells in chronic inflammation. This
type of inflammation is associated with prolonged tissue damaged, tissue granulation
and fibrosis [95]. Prolonged or chronic inflammation can impair wound healing resulting
in chronic wounds such as diabetic wounds [96], it can also lead to the development of
various diseases such as atherosclerosis, cardiovascular diseases, and cancer [97].

Although inflammation is an essential stage of wound healing, prolonged inflam-
mation can impair the wound healing process and lead to the development of chronic
wounds [98]. Anti-inflammatory treatments can be of importance when added to wounds;
they can inhibit prolonged inflammation and assist the wound to change from its inflam-
matory phase to the healing phase [45]. Chronic inflammation delays the proliferation
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and migration of fibroblasts and keratinocytes thus delaying the process of proliferation
and re-epithelization [58]. Chronic wounds are characterized by elevated levels of pro-
inflammatory cytokines. Diabetic wounds become stuck in the inflammatory phase, thus
disrupting the formation of growth factors and cytokines (e.g., IL10) needed for the prolif-
eration and maturation phases [99]. Silver and AgNP based wound treatments as well as
some biogenic AgNPs have been reported to possess anti-inflammatory activity. Nanocom-
posites made from bamboo cellulose matrix infused with AgNPs were reported to exert
significant anti-inflammatory activity in mice [57,58]. The nanocomposites notability de-
creased the levels of the pro-inflammatory cytokines, TNFx and IL-6 and in turn shortened
the wound healing time compared to the controls [57,58].

Nanocrystalline silver coated dressings were also reported to have good anti-inflammatory
properties. In a study by Tian et al. (2007), AgNP grafted wound dressings reduced pro-
inflammatory cytokine IL-6 levels while increasing levels of the anti-inflammatory cytokine
IL-10 in 20 week old mice (BALB/C) [8]. In a porcine model of contact dermatitis, nanocrys-
talline silver dressings decreased inflammation by decreasing the levels of pro-inflammatory
cytokines (TNFe, IL-8, MMP9), decreasing gelatinase activity and increasing apoptosis of
inflammatory cells [10]. Death of inflammatory cells by necrosis causes the cells to burst and
release inflammatory contents such as proteases and oxygen radicals which further increases
inflammation. On the other hand, cellular death by apoptosis allows the cells to maintain the
plasma membrane and inhibit the release of inflammatory contents [100]. Apoptosis of inflam-
matory cells therefore plays a role in resolving local inflammation in dermal wounds [12]. In
another porcine study by Wright et al. (2002), nanocrystalline silver coated dressings were also
effective in reducing the levels of MMPs and reducing the number of infiltrating mononuclear
cells via apoptosis [12]. Controlling inflammation can therefore allow rapid wound healing as
well as faster epithelization and maturation of the repaired tissue.

6.3. Antioxidant Activity

Antioxidants are known to promote the wound healing process by reducing the effects
of oxidative stress in the wound [101]. They protect biological molecules such as DNA,
proteins and lipids from damage by excessive amounts of ROS [102]. Although low levels
of ROS and oxidative stress are important in the normal physiology of wound healing, the
presence of excessive amounts can be damaging and can lead to wound healing impairment.
It is therefore imperative to have a balance between the pro-oxidative and anti-oxidative
systems in the body [103].

Reactive oxygen species are by-products of the normal oxygen metabolism in the
body [104]. They include free radicals such as superoxide anion, and hydroxyl radical,
and some non-radical molecules such as hydrogen peroxide. ROS are highly reactive and
have higher oxidative potential than the molecular oxygen which is relatively stable [105].
The production of ROS is physiological, actually it is estimated that 2-5% of the total
oxygen used by humans daily (around 250 g) is converted to ROS [106]. In basal levels,
ROS play a significant role in wound healing as mediators of cell signaling and growth
regulation [103]. Low levels of ROS are essential in all phases of wound healing namely
haemostasis, inflammation, proliferation, and regeneration. During haemostasis, ROS
enhances the clotting process by increasing platelet recruitment and aggregation as well
as collagen induced platelet activation which promotes clot formation [106,107]. ROS
also potentiates the inflammatory process by directly effecting neutrophil chemotaxis to
the wound site and supporting the survival of monocytes and macrophages through the
expression of monocyte colony stimulating factor-1 (CSF-1) [108]. It is also a defense
mechanism that clears the wound site of any invading microbial pathogens. ROS further
promotes the inflammatory response by stimulating the release of TNF-oc and PDGF [107].
In wound re-epithelialization, ROS promotes fibroblast and keratinocyte proliferation and
migration through mediating the signaling of FGF, EGF as well as collagenase (MMP-1)
expression. ROS also stimulates angiogenesis and matrix deposition via the expression of
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FGEF-2 and VEGF. In addition, these oxygen species mediate conversion of fibroblasts to
myofibroblasts thus aiding wound contraction [106,108,109].

ROS levels are strictly controlled and kept at the basal levels by antioxidants includ-
ing enzymes such as superoxide dismutase (SOD), catalase, glutathione peroxidases and
peroxiredoxins and nonenzymatic compounds such as vitamin E and glutathione [107].
Any imbalance between the production of ROS and their destruction by antioxidants
leads to oxidative stress. During oxidative stress there is overexposure to ROS which
have deleterious effects on wound healing [110]. Increased levels of ROS and free rad-
icals cause severe tissue damage through lipid peroxidation, protein modification and
DNA damage. These oxygen radicals break peptide bonds in the backbone of proteins
thus changing the protein structure and functionality. They cause lipid peroxidation of
membranes at both the cellular and the organelle level by oxidizing important protein and
enzyme systems [101,103,111,112]. High levels of ROS affect wound healing in different
ways; it impairs angiogenesis, inhibits the proliferation and migration of fibroblasts and
prolongs inflammation [106,109]. Prolonged inflammation due to increased stimulation
of neutrophil and macrophage chemotaxis and migration further increase the levels of
ROS consequently increasing cellular and tissue damage. The levels of protease inhibitors
are decreased thereby disrupting the protease-antiprotease balance. The excess protease
uncontrollably degrades the ECM components such as collagen and proteoglycans thus
delaying wound healing [106].

Nanoformulations especially those made from plants with a known history of good
antioxidant activity have been shown to exhibit higher antioxidant properties which in-
creases the wound healing activities. AgNPs synthesized using extracts of Pongamia pinnata
showed better antioxidant potential compared to the plant extract and ascorbic acid [113].
In turn, the nanoparticles exhibited better anti-bactericidal activity and decreased wound
healing time more than the extract [113]. Silver nano-colloids synthesized from antioxidant
rich aqueous extracts of Aerva javanica had good antioxidant potential, they also showed
low toxicity in both in vitro and in vivo systems [114]. After their incorporation into hydro-
gels, the nanoparticles incorporated hydrogels promoted rapid wound healing compared
to the negative control [114]. In a study by Hajji and colleagues (2019), chitosan-PVA-silver
(CS-AgNPs) nanoparticles exhibited higher antioxidant activity than the chitosan powder.
Moreover, the CS-AgNPs were characterized by a low cytotoxicity effect against Chinese
Hamster Ovary cells, they were also found to significantly promote wound healing [115].

6.4. Epithelization

Epithelization is an essential process in wound healing. It is defined as the formation
of epithelium over a denuded surface [116]. Without re-epithelization, a wound cannot be
considered healed. Impairment of the re-epithelization process will ultimately result in
the development of chronic wounds. It also increases the risk of the wounds to infection
and loss of fluids, which disrupts the healing process [117]. Epithelization involves the
migration of epithelial cells mainly keratinocytes from one wound edge to another, forming
a new tissue barrier between the wound and the outside environment [118]. To allow for
migration, keratinocytes at the basal layer undergoes changes which cause them to detach
from the basement membrane and neighboring cells. They also differentiate from a prolif-
erated state to a non-proliferative state as they migrate through the granular layer [116].
Following keratinocytes migration over the wound bed, the basal keratinocytes behind
the migratory cells begin to proliferate to ensure that an adequate supply of cells cover the
wound [119]. Successful keratinocyte migration occurs through the fibrin and new ECM
synthesized through the aid of fibroblasts. Therefore, effective epithelization occurs in the
presence of fibroblasts and some endothelial cells.

During proliferation, fibroblasts accumulate at the wound site and deposit ECM
components including collagen type I and III. These are used to produce a new ECM in order
to replace the clot that is initially present at the wound bed [119]. ECM provides a platform
for keratinocyte migration during epithelization. Some of its components particularly
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collagen directly enhances keratinocyte migration. The new ECM does not resemble the
ECM before injury, it is much looser thus allowing for cellular invasion [42]. Keratinocytes
bind to collagen through the x132 integrins [117]. As there is formation of new tissue during
this repair process, endothelial cells are also recruited to the wound site. They start forming
new blood vessels from pre-existing ones, a process called angiogenesis [120]. Angiogenesis
provides the oxygen and nutrients needed for growth of new tissue during repair. For
effective wound repair, these core wound healing processes (fibroplasia, epithelization, and
angiogenesis) need to occur successfully.

A good wound healing treatment should facilitate the processes of fibroplasia, angio-
genesis, and epithelization. Various silver and nanosilver-based wound healing agents
have been shown to enhance keratinocyte migration, fibroblast proliferation, collagen
deposition and angiogenesis. Some of the functions in the proliferation and maturation
phases of wound healing are included in Table 2.

Table 2. Silver based wound healing agents reported to enhance the proliferation phase of wound
healing.

. Function in Proliferation and
Wound Healing Agent Maturation Phase References

Improved epithelialization.

Hydrogels (prepared from Improved collagen formation.
bamboo cellulose nanocrystals  Increased expression of collagen and growth [57,58]
impregnated with AgNP) factors (FGF, PDGF, VEGEF).

Improved vasculogenesis.

Shortened wound healing time compared to
other groups.
Showed injury recuperating action, which [113]
might be because of their angiogenic and
mitogenic potential

Pongamia pinnata seed
extract-AgNDPs loaded gel

Muslin cloth coated with Showed rapid wound epithelialization [121]
Delonix elata-AgNPs compared with the control.
Partially carboxymethylated Promotes fibroblast ger.lera.tlon.
. Promotes neovascularization.
cotton gauze (PCG) with . s [77]
AoNPs Promotes formation of granulation tissue.
& Enhances epithelialization.
Increased keratinocyte proliferation and
: L migration.
AgNP sd(;legsiin coated Facilitates fibroblasts differentiation. [59]
& Shortened wound healing time compared to
other groups.
. The wound treated with MADO-AgNPs
Electrospun nanofibres showed a complete glandular cavity, thickened
(MADO) integrated with . omp gan Y [76]
AgNPs epidermis, granular tissue formation, and

keratinocyte restoration.

6.5. Biocompatibility

Toxicity is one of the most important factors determining the effectiveness of a wound
healing agent. For effective healing, the wound healing agents being investigated should not
be toxic to the normal cells surrounding the wound. The treatments need to have selective
toxicity, being toxic only to microorganisms and damaged cells and not to normal healthy cells.
It has been reported that damage to keratinocytes and fibroblasts impairs wound healing.
Most common wound therapies such as negative pressure wound therapy, hyperbaric oxygen
and administration of growth factors can be toxic to tissues and are therefore associated
with complications such as bleeding and pneumothorax [13,75]. They are also very costly
therefore silver-based therapies which are more cost-effective were investigated as alternative
therapies. Silver-based therapies have promising wound healing properties, they have a
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broad antimicrobial spectrum, are good anti-inflammatory agents and were shown to shorten
the wound healing time [13]. However, despite their popularity, some silver based wound
therapies were also shown to be toxic to normal cells. Toxicity of silver-based products has
been attributed to the release of the silver ions. Silver diffuses through the wound into the
skin cells and causes a grey skin discoloration known as argyria [13,122-124]. In some cases,
the prolonged use of silver products may also cause epithelial and fibroblast toxicity especially
if high concentrations of silver are used [7,125-127]. Systemic toxicity is however rare because
silver ions can be neutralized by anions in body fluids [75]. The more silver ions are released,
the higher the toxic effects they present. For example, SSD, the widely used treatment for
burn wounds has been found to release high levels of silver (3.176 ppm) into the wounds [52].
It has been reported that SSD has high local toxicity and can also cause bone marrow toxicity
because of the presence of propylene glycol. Newer silver formulations in the form of
nanoparticles and nanocrystalline are being used for wound healing. These formulations
were found to be more effective while being less toxic as they use much lower concentrations
of silver. AgNPs and nanocrystalline silver were shown to be more effective and less toxic
than SSD and silver nitrate in various studies [52,54-56]. The toxicity of AgNPs has however
been reported, AgINPs exert their toxicity through ROS generation, protein oxidation and
membrane damage [128]. Nanoparticle toxicity is determined by their characteristics with
the most important one being the size [129]. In most cases smaller nanoparticles are more
toxic than the larger ones, smaller nanoparticles can easily enter into cells and pass-through
biological membranes thus having a higher chance of causing cellular toxicity [128,130]. It
is therefore important to thoroughly investigate the toxic effects of these nanoformulations
before using them for wound treatments. The toxicity of Ag and AgNPs has been extensively
covered in other review articles [52,123,128-133].

7. Incorporation of the Silver Formulations in Wound Dressings

The incorporation of wound healing agents into wound dressing can greatly facilitate
wound healing. An ideal wound dressing is one that protects the wound from external
contamination, is biocompatible and semipermeable to oxygen and water [134]. All this
keeps the wound moist, which facilitates epithelialization in wound healing. An ideal
wound dressing should also be cost effective, non-toxic and hypoallergenic, it should be
nonadherent and can be easily removed without trauma [4]. Traditionally used wound
dressings such as the gauze, cotton and wool cannot sufficiently provide wound care
requirements, they can cause drying out of wounds and lead to trauma upon removal [4,58].
Therefore, newer dressings made from biodegradable materials such as chitosan, hyaluronic
acid, collagen, silicon, cellulose, and gelatin are being used. These new materials do not
only preserve the wound environment, they also release bioactive compounds in the wound
and aid in the process of healing [124,134]. Incorporation of silver and its nanoformulations
in wound dressings have been sown to enhance wound healing. Silver and nano-silver
wound dressings have been reported to have; significant antimicrobial activity, decrease
inflammation, improved collagen expression and increased epithelial cell differentiation,
proliferation and migration [8,57,58,76-78]. All these properties allow the silver wound
dressings to improve the wound healing process leading to faster wound healing compared
to normal dressings. Silver wound dressings have also been associated with reduced pain
and anxiety as well as lower treatment costs thus improving patients’ lifestyle [55,135].
Many other silver and nano-silver formulations are still to be explored. Good examples are
the biogenic AgNPs synthesized using medicinal plants known to possess wound healing
activities. A few of these, including AgNPs synthesized from Cotyledon orbiculata [11], and
Garcinia indica [136] have been reported in literature.

8. Conclusions

Wound healing is a complex process that is carefully divided into critical stages
which happen simultaneously. It is a delicate process in which failure of any one of them
can disrupt the whole wound healing process and lead to the development of chronic
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wounds. Wound healing agents need to have good wound healing properties which
will enhance their effectiveness in the different stages of wound repair. Good wound
healing agents have properties such as antimicrobial, anti-inflammatory, angiogenic and
antioxidant activities. They can also promote the growth, differentiation and migration of
fibroblasts and keratinocytes. Different silver nanoformulations were shown to enhance
wound healing at different stages. Most of the formulations were effective in more than
one stage of healing however none of them was effective in all the wound healing stages.
Combination therapy in which one or more compounds are combined in the treatment of
a wound, or where different compounds are applied to the wound based on the stage of
wound healing may be our answer to effectively treat chronic wounds. It is therefore of
great importance to continuously research and develop different therapies and combination
therapies that can successfully combat problematic chronic wounds.
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AgNP  silver nanoparticle

CLR C-type lectin receptor

CSF-1 colony stimulating factor-1

DAMP  damage associated molecular pattern
ECM extracellular matrix molecules

EGF epidermal growth factor

FGF fibroblast growth factor

IFN interferon
IGF insulin growth factor 1
IL interleukin

KGF Keratinocyte growth factor

MMP  matrix metalloproteinase

NLR NOD-like receptor

PAMP  pathogen-associated molecular pattern
PDGF  platelet-derived growth factor

PRR pattern recognition receptor

RLR Retinoic acid-inducible gene (RIG)-I-like receptor
ROS reactive oxygen species

SOD superoxide dismutase

SSD silver sulfadiazine

TGF Transforming growth factor

TLR toll-like receptor
TNF-«  tumor necrosis factor alpha
VEGF  vascular endothelial growth factor
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Introduction to Chapter 3 and 4

Fresh C. orbiculata plants were purchased from the Van Der Berg Garden Village nursery in
Stellenbosch, South Africa. In preparation of the water extract, the leaves (300 g) were cut
from the whole plant, washed with distilled water, and cut into small pieces. They were then
blended and macerated in 600 mL of distilled water overnight. Thereafter, the extract was
filtered using Whatman filter paper No.1, followed by microfiltration using 0.45 um filters. The
extract was then concentrated by freeze drying and stored at 4 -C until use. Silver
nanoparticles were synthesised from the C. orbiculata water extract using a method by
Tyavambiza et al. (2021). Briefly 1 ml of the C. orbiculata water extract (3 mg/ml) was mixed
with 5 ml of AGNO; at 3 mM. The mixture was incubated for 2 hours at 70 °C. After
incubation, the solution changed from colourless to brown, indicative of AgNPs.
Characterisation was done using the UV-vis spectrophotometer and the High Resolution
Transmission Electron Microscopy (HR-TEM). As shown in the figure below, the synthesised

nanoparticles were similar to those synthesised by Tyavambiza et al. 2021.
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Figure 1. Characterization of C. orbiculata synthesized silver nanoparticles using (A) UV-vis
spectroscopy and (B) HR-TEM. The synthesized nanoparticles had a maximum absorbance
at a wavelength of 416 nm and were approximately 40-60 nm in size.

The Cotyledon—AgNPs were previously reported to possess antimicrobial and anti-
inflammatory properties. In this study the wound healing properties and cytotoxic effects of

the Cotyledon-AgNPs were investigated in Chapter 3 and 4 respectively.
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Abstract: The synthesis of silver nanoparticles using biogenic methods, particularly plants, has led to
the discovery of several effective nanoparticles. In many instances, plant-derived silver nanoparticles
have been shown to have more activity than the plant extract which was used to synthesize the
nanoparticles. Silver nanoparticles have been successfully synthesized using the medicinal plant,
Cotyledon orbiculata. This is a shrub found in the Western Cape province of South Africa. It has a long
history of use in traditional medicine in the treatment of wounds and skin infections. The C. orbiculata
synthesized silver nanoparticles (Cotyledon-AgNPs) were reported to have good antimicrobial and
anti-inflammatory activities; however, their wound-healing properties have not been determined.
This study aimed to determine the wound healing activity of Cotyledon-AgNPs using the scratch
assay. Gene expression studies were also done to determine the nanoparticles” mechanism of action.
The Cotyledon-AgNPs showed good antioxidant, growth-promoting and cell migration properties.
Gene expression studies showed that the C. orbiculata water extract and Cotyledon-AgNPs promoted
wound healing by upregulating genes involved in cell proliferation, migration and growth while
downregulating pro-inflammatory genes. This confirms, for the first time that a water extract of
C. orbiculata and silver nanoparticles synthesized from this extract are good wound-healing agents.

Keywords: silver nanoparticles; wound healing; gene expression; cell proliferation; cell migration

1. Introduction

Green nanotechnology is receiving much attention in all scientific research areas
worldwide. Its popularity can be attributed to the ability to synthesize biocompatible
nanomaterials using simple, eco-friendly, and cost-effective methods. This field of nan-
otechnology involves the use of biological materials such as plants and microorganisms in
nanomaterial synthesis. This significantly reduces energy costs, the use of toxic chemicals
and some expensive materials and instruments which are common with the chemical and
physical methods [1]. Recently, green nanotechnology has been applied in the form of
nanoparticles, nanocomposites, hydrogels and nanofibers for the development of products
that are used for wound treatment [2]. Metallic nanoparticles containing silver, gold and
zinc are the most studied due to their unique properties most notably their antibacterial
activity [3]. In addition to its antibacterial activity, silver promotes wound healing and has
been used in wound dressings for the treatment of different types of wounds including
burns and wounds [4]. Biogenic silver nanoparticles (AgNPs) have become popular an-
timicrobial, anti-inflammatory, and good wound healing agents [5]. The wound-healing
potential of biogenic nanoparticles in both in vitro and in vivo models has been reported.
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South Africa is a richly biodiverse country with a strong history of traditional medici-
nal practice. It hosts around 30,000 flowering plant species and accounts for almost 10% of
the world’s higher plant species [6,7]. C. orbiculata is one example of a plant that is used in
traditional medicine in South Africa. It is used in home gardens as an ornamental plant, but
its leaves are also sold as herbal medicines in the informal herbal medicine markets in differ-
ent provinces of South Africa [8]. C. orbiculata commonly known as pig’s ear is a succulent
shrub widely distributed in the Western Cape province of South Africa. It has a long history
of use in traditional medicine. C. orbiculata has been used for the treatment of skin rashes, ab-
scesses, sores and wounds, inflammation, boils, acne, corns and warts, earache, toothache,
epilepsy and syphilis [9,10]. Studies have reported that C. orbiculata possesses various
biological activities such as antibacterial, antifungal, anticonvulsant, antinociceptive, anti-
inflammatory, anthelmintic, anticancer and antioxidant activities [8,11,12]. The traditional
uses and the reported biological activities suggest that C. orbiculata might be a good wound-
healing agent. A study by Mhlongo et al. 2022, showed that the ethyl acetate extract of
C. orbiculata has wound-healing activity [13]. The extract, however, did not show anti-
inflammatory and collagen production activities.

Wound healing is a complex and highly regulated physiological process that aims to
restore the anatomical structure and function of injured tissue [14]. This process involves
various growth factors and cytokines including vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-f3), fibroblast
growth factor (FGF), tumor necrosis factor-alpha (TNF-o) and interleukin 1 (IL-1) [15-17].
Wound healing is divided into four integrated phases namely hemostasis, inflammation,
proliferation, and tissue remodeling. Hemostasis, comprising vascular constriction, platelet
aggregation and coagulation is intended to stop bleeding caused by the injury [17,18].
The inflammatory phase involves the infiltration of the wound site by neutrophils and
monocytes to fight off any microorganisms that might have invaded the wound [18].
The proliferation phase is characterized by tissue reconstruction through the formation
of granulation tissue (involving fibroblasts), angiogenesis (involving endothelial cells),
wound contraction and epithelialization (involving keratinocytes) [15,18,19]. Fibroblasts
and myofibroblasts cause the wound to contract by pulling the wound edges together.
Epithelial cells will migrate from the wound edges, divide and proliferate along the surface
of the granulation tissue until these cells form a complete sheet that covers the wound [20].
In the last phase of remodeling, there is collagen remodeling and vascular maturation,
eventually leading to the flattening and strengthening of the scar [21].

Many factors can affect the wound-healing process resulting in chronic, non-healing
wounds. Chronic wounds are those wounds that fail to heal in a timely and orderly
manner [22]. These wounds are a silent epidemic and a global threat to the health of many
individuals worldwide [23]. They affect the physical and mental health of patients, they
lead to severe disability, multiple organ failure and eventually the death of the patient [24].
The discovery of effective wound healing agents to combat chronic wounds is, therefore, of
paramount importance.

We demonstrated previously that AgNPs synthesized using extracts of C. orbiculata
(Cotyledon-AgNPs) have exceptional antibacterial and anti-inflammatory activities [25].
Because C. orbiculata is also used in traditional medicine for the treatment of wounds, we set
out to investigate the wound-healing properties of extracts of C. orbiculata
as well as Cotyledon-AgNPs.

2. Results and Discussion
2.1. Phytochemical Analysis and Antioxidant Studies

The presence of phytochemicals such as polyphenols, flavanols, tannins and flavonols
in C. orbiculata water extract and Cotyledon-AgNPs was investigated. As shown in Table 1,
polyphenols and flavanols were shown to be 15.07 £ 1.31 mg GAE/g and 0.71 £ 0.04 mg CE/g
in Cotyledon-AgNPs as compared to those of the extract which were 37.39 £ 0.18 mg GAE/g and
4.34 + 0.65 mg CE/g, respectively. This may suggest that some of the polyphenols and flavanols
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were involved in the synthesis of the AgNPs. The synthesis of AgNPs using polyphenols has
been previously reported [26-28]. Flavonols on the other hand were higher in Cotyledon-AgNPs
as compared to the extract with the values of 15.64 & 0.70 and 1.67 £ 0.16 mg QE/g, respectively.
This could mean that flavonols are the main phytochemicals involved in the synthesis of
Cotyledon-AgNPs. Flavonoids can form stable complexes by chelating metal ions through their
multiple hydroxyl ({OH) groups. They are responsible for the production of nanoparticles
through reduction as well as nanoparticle growth, nucleation, and stabilization [29,30]. Several
studies obtained similar results where the synthesized AgNPs exhibited more flavonols than
the plant extract [31-33]. Although the involvement of proteins, carbohydrates, terpenoids and
alkaloids has been reported in metallic nanoparticle synthesis [34], polyphenols and flavonols
are the major phytochemicals involved in this process [29,34]. Phytochemicals act as both the
reducing and stabilizing agents in metallic nanoparticle synthesis [35].

Table 1. Phytochemical analysis and antioxidant studies.

Treatment (1 mg/mL) C. orbiculata Water Extract Cotyledon-AgNPs
Polyphenols (mg GAE/g) 37.39+£0.18 15.07 +1.31
Flavonols (mg QE/g) 1.67 £ 0.16 15.64 £ 0.70
Flavanol and tannins (mg CE/g) 4.34 £ 0.65 0.71 £ 0.04
FRAP umol AAE/g 258.84 £ 2.75 127.28 +10.9
ABTS umol TE/g 91.14 £ 0.04 134.54 £ 20.59

Phenolic compounds, including flavonols, are not only reducing agents and metal
chelators, but they are also good free radical scavengers. Due to their reducing and radical
scavenger properties, phenols and flavanols have been reported to possess significant
antioxidant activities. The antioxidant activities of the C. orbiculata water extract and
Cotyledon-AgNPs were determined using the Ferric Reducing Antioxidant Power (FRAP)
and 2’-Azino-Bis-3-Ethylbenzotiazolin-6- Sulfonic Acid (ABTS) assays. The FRAP assay di-
rectly measures the amount of antioxidants in a sample by measuring their ferric-reducing
activity [36]. However, other antioxidant assays such as ABTS operate on free radical
inhibition via hydrogen atom transfer [37]. As shown in Table 1, both the C. orbiculata water
extract and the Cotyledon-AgNPs exhibited some antioxidant activity. In the FRAP assay,
the C. orbiculata water extract showed more reducing activity than the Cotyledon-AgNPs.
The Cotyledon-AgNPs were able to reduce approximately half the amount of ferric ions
compared to the C. orbiculata water extract. This finding corresponds to the total polyphenol
content (TPC) results, where approximately half of the polyphenols present in the extracts
were used in the synthesis of the Cotyledon-AgNPs. Literature reports that the amount
of iron reduced in the FRAP assay can be correlated with the amount of antioxidants
present [38,39]. This could, therefore, mean that of all the phytochemicals present on the
Cotyledon-AgNPs, polyphenols are the ones responsible for the ferric-reducing activity
in the FRAP assay. On the other hand, the ABTS assay presented the Cotyledon-AgNPs
as more active than the C. orbiculata water extract with values of 134.54 &+ 20.59 and
91.14 £ 0.04, respectively. The difference in these results is indicative of the different mech-
anisms between the FRAP and the ABTS assays. Flavanols, phenolic acids, flavonols and
tannins may be responsible for the reported bioactivities of C. orbiculata, as they have been
shown to possess antimicrobial and anti-inflammatory activities [40]. These phytochem-
icals may as well be attributed to the traditional use of the plant. Increased antioxidant
activity of AgNPs has been shown to increase their wound healing capabilities [41]. High
ROS levels interfere with fibroblast proliferation, and oxidative stress causes damage to
cell membranes, proteins and lipids resulting in delayed wound healing [41]. Therefore,
antioxidant substances that can scavenge ROS and maintain non-toxic ROS levels in the
wound tissues could improve healing [42]. Several biomaterials with antioxidant proper-
ties have been developed. In a study by Castro et al. 2015, an antioxidant dressing was
prepared and tested using in vitro and in vivo methods. The dressing was shown to have
protective effects by reducing ROS levels in fibroblasts; it also regulated the expression
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of inflammation related genes. In the in vivo studies, the antioxidant dressing promoted
faster wound healing compared to the control [43].

2.2. Cell Viability and Growth Rate

The cell viability and growth-promoting effects of the C. orbiculata water extract and
Cotyledon-AgNPs were assessed on KMST, HaCaT and CHO cells using the WST-1 assay.
The viability of cells treated with the C. orbiculata water extract and the Cotyledon-AgNPs
were both dose and time-dependent. The Cotyledon-AgNPs reduced the viability of HaCaT
and CHO cells at higher concentrations (>5 nug/mL for HaCaT and >20 ng/mL for CHO);
however, they were non-toxic to KMST-6 cells at all the concentrations tested. These re-
sults correspond to the findings by Zanette et al. 2011, where AgNPs toxicity to HaCaT
cells increased with increasing incubation time and concentration [44]. Interestingly, at
lower concentrations, the Cotyledon-AgNPs increased the rate of cell growth (Figure 1).
At concentrations between 0.1-2.5 ng/mL, Cotyledon-AgNPs increased the growth of
KMST-6 and CHO cells at both 24 and 72 h. The Cotyledon-AgNPs also increased the growth
rate of HaCaT cells at concentrations between 0.1 and 2.5 and 0.1 and 1.3 ug/mL at 24 and
72 h, respectively.

The C. orbiculata water extract did not reduce the viability of HaCaT and CHO cells
at both 24 and 72 h incubation. However, they reduced the viability of KMST-6 cells
at concentrations higher than 240 ug/mL. The C. orbiculata water extract promoted cell
growth at most of the concentrations tested especially the lower concentrations. Un-
like the Cotyledon-AgNPs which decreased cell growth as incubation time increased, the
C. orbiculata water extract actually increased the growth of cells with increasing incubation
time. The concentrations of 2.5 ug/mL (Cotyledon-AgNPs) and 15 ug/mL (C. orbiculata
water extract) were used for the scratch wound healing assay as these showed a stable
trend amongst the different cell lines.
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Figure 1. Effects of (1) Cotyledon-AgNPs and (2) C. orbiculata water extract on the cell viability and growth rate of (A) KMST-6, (B) HaCaT and (C) CHO cells after 24 and 72 h.
Each value represents mean =+ standard error of the mean (SEM); statistical significance of the C. orbiculata water extract and Cotyledon-AgNPs-treated cells when compared to

the untreated cells is indicated with * for p < 0.05, ** p for <0.01, and *** p < 0.001.
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2.3. Wound Healing Activity

The wound healing activity of the C. orbiculata water extracts and Cotyledon-AgNPs
was tested using the scratch assay. This is a popular, simple method used to determine
the wound-healing activities of different compounds [45]. It is related to the proliferation
phase of wound healing which involves the migration and proliferation of fibroblasts
and keratinocytes. This assay mimics the in vivo migration of cells during wound heal-
ing [46]. Both the C. orbiculata water extracts and the Cotyledon-AgNPs were able to close the
scratched gap faster than the Negative Control (untreated cells) in all cell lines (Figure 2).
The images show a time-dependent increase in the density of cells in the scratched area
until the gap closes. This strongly indicates that the C. orbiculata water extracts and the
Cotyledon-AgNPs possess both cell migration and proliferation properties. Therefore, it can
be concluded that C. orbiculata promotes wound healing activities via increased migration
and proliferation of fibroblasts, keratinocytes and epithelial cells. Our findings support
literature that reports that AgNPs promote wound healing through the differentiation
of myofibroblasts to fibroblasts, wound contractility and epidermal re-epithelialization
through keratinocyte proliferation and migration [2,47]. Similar observations where plant-
derived AgNPs promoted wound healing via migration of fibroblasts [48,49] and ker-
atinocytes [50] have been previously reported. In HaCaT and CHO cells, Cotyledon-AgNPs
(at 2.5 pg/mL) exhibited more activity than the water extract, in-fact at this concentration,
Cotyledon-AgNPs had more activity than the Positive Control (treatment with 15 ug/mL al-
lantoin) (Figures 2 and 3). Chinnasamy et al. 2019 reported similar results with
Melia azedarach synthesized AgNPs which exhibited increased wound healing activities
compared to the M. azedarach extract alone [51]. This might be due to the nanoparticles’
small size which increases their surface area to volume ratio thus increasing their activ-
ity [2]. It might also be due to phytochemicals present on the nanoparticles (such as
polyphenols and flavonols as shown in Table 1) which can increase their bioavailability
and enhance their activity [52]. In KMST-6 cells, however, the water extract showed more
activity than the Cotyledon-AgNPs. However, considering that a lower concentration of
the AgNPs (2.5 ng/mL) was used; the latter statement cannot be confirmed. Although
emphCotyledon-AgNPs were more active than the C. orbiculata water extract, the activity
of the extract was also significant as it showed good activity at very low concentrations
(£15 pg/mL). These findings show that C. orbiculata most likely contains compounds
with highly active wound-healing properties, and therefore, provide some scientific evi-
dence supporting its traditional use. Other medicinal plants were also recorded to have
good wound healing activity, these include Plantago australis [53], Spirulina platensis [54],
Alternanthera sessilis [55], Commiphora molmol, Aloe vera [56] and Achillea eriophora [57].

Figures 2 and 3 show that all cell lines exhibited different migration rates. It can be
noted that complete gap closure of HaCaT, CHO and KMST-6 cells took 48, 72 and 96 h,
respectively (Figure 3). The daily percentage wound closure rates were determined using
the equation stated in Section 3.5.3, these rates correspond to the findings from the scratch
assay (Figure 2). After exposure to the C. orbiculata water extract and the Cotyledon-AgNPs,
HaCaT and CHO cells responded in a similar pattern, while the response of KMST-6 cells
was different. In these cells, the wound closure rates were increased in the first 24 h
compared to KMST-6 cells which had a more evenly spread cell migration pattern. The
results in Figure 3 where almost complete wound closure was observed in HaCaT cells after
day 1 corresponds to the increased growth rate in Cotyledon-AgNPs (2.5 pg/mL) treated
HaCaT cells after 24 h as shown in Figure 1.

54



Int. . Mol. Sci. 2022, 23, 16094 7 of 20

-]
£
<
£
]
=]

C. orbiculata
water extract

Cotyledon-
AgNPs

Day 0 Day 1 Day 2 Day 3

Untreated

C. orbiculata
water extract

Cotyledon-
AgNPs

Untreated

C. orbiculata
water extract

Cotyledon-

Figure 2. Scratch assay analysis of Cotyledon-AgNPs (2.5 pg/mL) and C. orbiculata water extract
(15 pg/mL) on HaCaT (A), CHO (B) and KMST-6 (C) cells. The white lines in the images are
boundaries of the scratched gap.
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Figure 3. Percentage wound closure rates of Cotyledon-AgNPs and C. orbiculata water extract-treated
KMST-6 (A), HaCaT (B) and CHO (C) cells. Each value represents mean + standard error of the mean
(SEM); statistical significance was indicated with ** p for < 0.01 and *** p < 0.001.

2.4. Gene Expression Studies

KMST-6 (fibroblasts) cells were used for gene expression studies. This is because fibrob-
lasts are critical in all stages of wound healing and are involved in key processes such as
extracellular matrix production, collagen deposition and wound contraction [58,59]. Gene
expression studies investigating the expression levels of 86 wound healing-related genes
were conducted on KMST-6 cells. In Cotyledon-AgNPs treated cells, only 17 of the 86 genes
were differentially expressed (Figure 4). Eight (CDH1, COL14A1, EGE, FGA, FGF10, ITGB1,
ITGB6, PTGS2) of the differentially expressed genes (DEGs) were upregulated while the
other nine (CCL2, CTGF, CXCL2, FGF2, HBEGE, IL6, ITGA2, MMP2, SERPINE1) were
downregulated (Figures 4 and 5). Genes with a fold change of >41.5 and p-values of <0.05
were considered DEGs. DAVID and STRING analysis clustered DEGs into three different
groups (Figure 6). Cluster A consisted of five downregulated genes (CCL2, CXCL2, IL6,
MMP2, SERPINEL1) and one upregulated gene (PTGS2). These five genes are involved in
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the inflammatory phase of wound healing. Cluster A genes promote inflammation, mostly
via leucocyte chemotaxis, cytokine production and prostaglandin production [60-62]. Al-
though inflammation plays an important role during the initial stages of wound healing, it
is known that extended inflammation can lead to chronic wounds [63]. Based on the gene
expression study which shows that most of the genes involved in inflammation are down-
regulated it can be concluded that the Cotyledon-AgNPs have anti-inflammatory activity.
This is in agreement with our previous study which demonstrated the anti-inflammatory
activity of Cotyledon-AgNPs in THP-1 macrophages [25].
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Figure 4. Clustergram of DEGs expressed in Cotyledon-AgNPs treated KMST-6 cells.

LK X QO N O Q4 v KL O Ny KLk Lo
O L0090 KO Y QX
SR S O O C I AN ORI I O I SRR
N e O SR MR S L
[

Differentially expressed genes

Figure 5. Fold changes in the DEGs expressed after KMST-6 cells were treated with Cotyledon-AgNPs.
Genes with a fold change of >=+1.5 and p-values of <0.05 were considered DEGs.
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Figure 6. Protein networks showing the interactions between DEGs in the Cotyledon-AgNPs treated
KMST-6 cells. These networks were determined using the STRING database.

As shown in Table 2, the downregulated genes function in a number of pathways,
including TNF signaling and cytokine production, all of which lead to inflammation.

Table 2. Enriched pathways in which the Cotyledon-AgNPs expressed DEGs function through.

Pathways Involved Genes p-Value
PIBK-Akt signalling pathway EGF, FGF10, FGF2, ITGB1, ITGB6, ITGA2, IL6 7.9 x 107°
Regulation of actin cytoskeleton EGF, FGF10, FGF2, ITGB1, ITGB6, ITGA2 84 x 107°
Rap1 signalling pathway EGEF, FGF10, FGF2, ITGB1, CHD1 12 x 1073
Focal adhesion ITGA2, ITGB1, ITGB6, EGF 1.1 x 1072
ECM-receptor interaction ITGA2, ITGBI1, ITGB6 1.7 x 1072
IL-17 signalling pathway CXCL2, CCL2, IL6, PTGS2 45x107°
TNF signaling pathway CXCL2, CCL2, IL6, PTGS2 1.8 x 1073
NOD-like receptor signaling pathway CXCL2, CCL2, IL6 7.3 x 1073
Cytokine-cytokine receptor interaction CXCL2, CCL2,IL6 1.6 x 1072

Cluster B contained three (CDH1, EGF, FGF10) upregulated and two (FGF-2, HB-EGF)
downregulated genes. Genes in this cluster are mainly involved in epithelial cell prolifera-
tion and migration. The upregulated genes stimulate keratinocyte proliferation and migra-
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tion and also increase the tensile strength of the new skin [64-66]. These genes also improve
collagen construction and stimulate the formation of the extracellular matrix (ECM) [64,67].
It is possible that the downregulated genes are downstream of the upregulated ones and
may, therefore, be activated with increased exposure to the Cotyledon-AgNPs. Although the
downregulated genes promote keratinocyte proliferation and migration, they also promote
inflammation [68,69]. This might be the reason why they were downregulated. These
genes modulate inflammatory cell recruitment and activation, particularly macrophages
and fibroblasts [69,70]. Upon activation, fibroblasts produce and secrete pro-inflammatory
cytokines (IL6, IL-1B, IL8), chemokines (CCL2) and prostanoids (prostaglandin E2) [71-73].

Cluster B genes highly correlate with those in cluster C, these genes function us-
ing the same pathways (PI3K-Akt signaling pathway, Regulation of actin cytoskeleton,
Rap1 signaling pathway and Focal adhesion) as shown in Table 2. Group C genes are
involved in cellular adhesion which regulates cell differentiation and migration [74]. Cell
adhesion is the ability of cells to stick to each other or to the ECM through molecules such as
collagen, fibronectin, and laminin [75]. It is essential in cell communication and regulation
as well as in the development and maintenance of tissues. Cell adhesion is also essential in
wound healing as it stimulates signals that regulate important wound-healing processes
such as cell differentiation, migration and survival [74]. Integrins are the main mediators
of cell attachment to the ECM. They form cellular receptors for the extracellular environ-
ment and adjacent cells [76]. Their binding to extracellular ligands such as fibronectin and
laminin promotes intracellular signaling which eventually causes cell migration [77]. The
upregulated integrin genes ITGB1, ITGB6 and FGA are not only essential in cell adhesion
but also in angiogenesis. FGA leads to the formation of an insoluble fibrin matrix. The ma-
jor function of fibrin is its involvement in the formation of blood clots, therefore, reducing
blood loss. Fibrin also forms the temporary ECM in the wounded area and plays important
roles in tissue repair and cell migration during angiogenesis [78].

The effects of the C. orbiculata water extract on wound healing genes were also deter-
mined. Of the 86 genes tested, only 11 (COL5A3, ACTC1, FGF7, WNT5A, ITGB6, TAGLN,
ITGB1, VIN, ITGA4, CSF2, FGF10) were differentially expressed; all of them were up-
regulated (Figures 7 and 8). Two (FGF10, ITGB1) of these genes were also upregulated
in Cotyledon-AgNPs treated cells (Figure 5), both genes are involved in the proliferation
and migration of epithelial cells. Both STRING and the DAVID software were used to
analyze these results. These upregulated genes are separated into three clusters all of
which promote cell proliferation and migration (Figure 9). Cluster A genes (particularly
FGF10 and WNT5A) are involved in epithelial cell proliferation and migration especially
fibroblasts and keratinocytes. The WNT protein family is made up of glycoproteins that
regulate cell proliferation, in this family WNT5A was discovered as a key regulator of
fibroblast proliferation [79,80].

Cluster B genes are involved in cell adhesion mostly by integrin, leading to increased
cell survival. Cluster C consists of two genes (ACTA1 and TAGLN) which are involved in
cytoskeleton organization and cell motility [81]. Actin is a structural protein that makes
up the cell cytoskeleton while TAGLN is an actin crosslinking protein [81,82]. These
genes ultimately support cell differentiation, proliferation, and migration [83]. Genes
differentially expressed in response to treatment with C. orbiculata water extract were in
similar categories to those expressed by the Cotyledon-AgNPs (cluster B, FGF10 and cluster
C, ITGB1), they function using similar pathways as shown in Tables 2 and 3. This shows
that the C. orbiculata water extract and the Cotyledon-AgNPs promote wound healing using
similar mechanisms which include cell proliferation and migration. This can confirm the
results in Table 1 which show that the same phytochemicals present in the extract and
responsible for the bioactivities are also present on the nanoparticles. Results obtained
using the WST-1 assay (Figure 1) and the scratch assay (Figure 2) support this finding.
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Figure 8. Fold changes in the DEGs expressed after KMST-6 cells were treated with C. orbiculata water
extract. Genes with a fold change of >=1.5 and p-values of <0.05 were considered as DEGs.
Table 3. Enriched pathways in which C. orbiculata water extract expressed DEGs function through.
Pathways Involved Genes p-Value
PI3K-Akt signalling pathway FGF10, FGF7, COL5A3, ITGB1, ITGB6, ITGA4, VIN 1.1 x 1076
Regulation of actin cytoskeleton FGF10, FGF7, ITGB1, ITGB6, ITGA4 9.4 x 107>
ECM-receptor interaction ITGB1, ITGB6, ITGA4, COL5A3, VIN 29 x107°
Focal adhesion ITGB1, ITGB6, ITGA4, COL5A3, VTN 8.7 x 107°
Rap1 signalling pathway FGF10, FGF7, ITGB1 29 x 1072
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Figure 9. Protein networks showing the interactions between DEGs expressed in KMST-6 cells treated
with C. orbiculata water extract. These networks were determined using the STRING database.

3. Materials and Methods
3.1. Materials

The Folin—Ciocalteu reagent, Sodium carbonate, 4-Dimethylamino-cinnamaldehyde,
Methanol, Hydrochloric acid, Acetate bulffer, 2, 4, 6-tripyridyl-S-triazine, Ascorbic acid,
ABTS radical, WST-1 reagent, Hams-F12 medium, Dulbecco’s modified eagle medium
(DMEM), Phosphate-buffered saline (PBS), Fetal bovine serum (FBS), Pen-strep (penicillin
and streptomycin), were obtained from Sigma-Aldrich (St. Louis, Mo, USA). Gene expres-
sions kits (RNeasy Mini Kit, RT2 First Strand Kit, Human wound healing RT2 Profiler
PCR Array) were from Qiagen (Hilden, Germany).

3.2. Plant Extract Preparation and Synthesis of Cotyledon-AgNPs

The plant extracts and Cotyledon-AgNPs used in this study were prepared as
described previously [25].

3.3. Phytochemical Analysis
3.3.1. TPC

The TPC of the C. orbiculata water extract and the Cotyledon-AgNPs was determined
using the Folin—Ciocalteu method [84]. In a 96-well plate, 25 uL of the samples and
standards were mixed with 125 uL of the Folin-Ciocalteu reagent (10%). After 5 min,
100 uL of sodium carbonate was added to the mixture. The plates were incubated for 2 h at
room temperature and then read using a spectrophotometer at an absorbance of 765 nm.
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3.3.2. Total Flavonoid Content (TFC)
The Flavanol Content

The flavanol content was determined using the method by [85] with modifications.
In short, 50 pL of the C. orbiculata extract and Cotyledon-AgNPs were mixed with 250 pL
of 4-Dimethylamino-cinnamaldehyde. The mixture was incubated for 30 min at room
temperature after which the absorbance was read at 640 nm. Results were expressed as
milligram catechin equivalent per gram (mg CE/g).

The Flavonol Content

The flavonol content was also determined according to the method in [85], with
modifications. Briefly, 12.5 pL of 0.1% HCl in methanol and 225 pL of 2% HCI solutions
were added to 12.5 puL of the C. orbiculata extract and Cotyledon-AgNPs. The mixture was
incubated for 30 min at room temperature and the absorbance was read at 360 nm. Results
were expressed as milligram quercetin equivalent per gram (mg QE/g).

3.4. Antioxidant Studies

The antioxidant activity of the C. orbiculata water extract and the Cotyledon-AgNPs
was determined using the most common colorimetric assays namely FRAP and ABTS.

3.4.1. FRAP

This method is based on the ability of antioxidants to reduce the ferric ion (Fe>*) to
ferrous ion (Fe?*). In the presence of antioxidants at low pH, the ferric tripyridyl triazine
complex (colorless) is reduced to its ferrous form which is a blue-colored complex. The
ferric-reducing power of the C. orbiculata water extract and Cotyledon-AgNPs was evaluated
according to the method developed by Benzi and Strain in 1996 [86]. The FRAP reagent
was prepared by mixing 10 mL of acetate buffer (300 mM), 1 mL of 2, 4, 6-tripyridyl-S-
triazine (TPTZ) (10 mM) and 1 mL of FeCl3-6H,O (20mM). In a 96-well plate, the FRAP
solution (300 pL) was mixed with 10 pL of the samples (C. orbiculata water extract and
Cotyledon-AgNPs) and incubated at 37 °C for 30 min. A spectrophotometer was used to
measure the absorbance readings at 593 nm. Ascorbic acid was used in the preparation of
the standard solutions. The absorbance of the samples was compared to a standard curve
and the values were expressed as umol AAE/g.

3.4.2. ABTS

The ABTS assay is used to measure the total antioxidant activity of substances. It is
based on the ability of antioxidants to scavenge the ABTS (2,2'-azinobis-(3-ethylbenzothiazo-
line-6-sulfonic acid)) radical cation relative to the Trolox standard. This assay was per-
formed according to the method used by Dube et al. 2017 [84]. Briefly, the ABTS radical
mixture was prepared by mixing 5 mL ABTS (7 mM) and 88 uL potassium peroxodisulfate
(K25,03) (140 mM). The mixture was incubated in the dark for 24 h at room temperature
and was diluted with ethanol to read an absorbance of approximately 2.0 (£0.1) at 734 nm,
as the control; 300 uL of the diluted ABTS radical mixture was added to 25 uL of the
C. orbiculata extracts, Cotyledon-AgNPs and standard in 96 well plates. The plates were
incubated for 30 min at room temperature and absorbance readings were taken at 734 nm.
The results were expressed as umol TE/g.

3.5. Cell Culture Studies
3.5.1. Cell Culture

HaCaT, KMST-6 and CHO cells were obtained from the DSI/Mintek NIC (Nanotech-
nology Innovation Centre) laboratory at the University of the Western Cape
(South Africa). The HaCaT and KMST-6 cells were cultured in Dulbecco’s modified ea-
gle medium (DMEM) supplemented with 10% Fetal bovine serum (FBS) and 1% Peni-
cillin/Streptomycin. The CHO cells were grown in a Hams-F12 medium containing
10% FBS and 1% Penicillin/Streptomycin. All the cells were maintained in a humidi-
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fied atmosphere of 5% CO; in a 37 °C incubator (SL SHEL LAB, Sheldon manufacturing,
Cornelius, OR, USA).

3.5.2. Cell Viability and Growth Rate

Both cell viability and growth rate were determined using the WST-1 (Sigma-Aldrich,
St. Louis, MO, USA) assay according to the method by [87]. Cells were seeded in 96 well
plates at a density of 1 x 10° cell/mL and incubated for 24 h. The growth media was
replaced with a medium containing C. orbiculata water extract and Cotyledon-AgNPs at
different concentrations and the cells were further incubated for 24 to 72 h. After incuba-
tion, the conditioned media was replaced with 10% WST-1 reagent (diluted in respective
medium) and then plates were incubated for an additional 3 h. The absorbance was mea-
sured at 440 nm (reference 630 nm) using a microplate reader (POLARstar Omega plate
reader, BMG-Labtech, Ortenberg, Germany). Cell viability was expressed as a percentage
of the absorbance of treated cells to control (untreated) cells. The cell growth rate was
determined using cell viability; 100% cell viability (untreated cells) was used as the control
for growth rate with a value of 1.

3.5.3. Scratch Assay

The scratch assay was determined using a method by [55], with modifications. HaCaT,
KMST-6 and CHO cells were seeded in 24 well plates at a density of 2 x 10° cell/mL
and were incubated for 24 h at 37 °C in 5% CO;. After 24 h, a monolayer of confluent
cells was observed. To create a scratch, the cell monolayer was scraped in a straight
line using a sterile pipette tip. Cellular debris was removed by washing the wells with
fresh medium. The cells were incubated at 37 °C in the presence of C. orbiculata water
extract and the Cotyledon-AgNPs. The concentrations of C. orbiculata water extract and the
Cotyledon-AgNPs were 15 and 2.5 ug/mL, respectively. Allantoin (15 png/mL) which is
a plant-derived commercial drug and known to induce cell growth was used as a positive
control [55]. Untreated scratched cells were used as the negative control. All treatments
and controls were placed in a medium containing 1% FBS. The assay was conducted in
triplicate. Wound closure was monitored at different time intervals using a digital light
microscope (EVOS XL Core Cell Imaging System, CA, USA). Images were analyzed using
the Image ] software. The percentage of wound closure was obtained using the equation,

Wound area (0 h) — Wound area (th)

Wound area (0 h) x 100

Wound closure (%) =

3.6. Gene Expression Studies

KMST-6 cells were seeded at a density of 2 x 10° cell/mL in a 25 cm? cell culture flask,
the flasks were treated with C. orbiculata water extracts (15 ng/mL) and Cotyledon-AgNPs
(2.5 ng/mL). Untreated flasks were used as the control. This was conducted in triplicate.
The cells were collected into Eppendorf tubes and prepared for RNA extraction. Total RNA
was extracted from the untreated and treated cells using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. The concentration of the RNA
was determined using a Qubit® 2.0 Fluorometer (Invitrogen by Life Technologies, Carlsbad,
CA, USA) according to the manufacturer’s protocol. cDNA was synthesized from RNA
using the RT2 First Strand Kit (Qiagen, Hilden, Germany) following the manufacturer’s
protocol. The produced cDNA was used as a template for RI-qPCR which was conducted
using the Human wound healing RT2 Profiler PCR Array (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The experiment was carried out on the Roche
LightCycler 480 (Roche, Basel, Switzerland) in the department of the Institute of Microbial
Biotechnology and Metagenomics (IMBM) at the University of the Western Cape. Data
collected from the LightCycler 480 was analyzed at GeneGlobe Data Analysis Center
under Qiagen.
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The relative changes in gene expression were calculated using cycle threshold (CT) values.
The CT values were first normalized to those of used housekeeping genes. The fold change
was then calculated using the 2~*“Tformula adapted from Livak and Schmittgen [88]. Genes
with a fold change of >+1.5 and p-values of <0.05 were considered as DEGs and were used
for further analysis. The Database for Annotation, Visualization and Integrated Discovery
(DAVID; version 6.7) and Search Tool for the Retrieval of Interaction Genes/Proteins (STRING;
https:/ /string-db.org/, accessed on 5 November 2022) pathways were used to further analyze
the different interactions of the DEGs.

3.7. Statistical Analysis

Statistical analysis of the data was conducted using the GraphPad Prism 6 software. All
assays were performed in triplicates and the results were expressed as mean =+ standard
error of the mean (SEM). Statistical significance was indicated as * for p < 0.05, ** p for < 0.01,
#* p < 0.001 and **** for p < 0.0001.

4. Conclusions

It can be concluded that the medicinal plant, C. orbiculata possesses antioxidant and
wound-healing activities. Both the C. orbiculata water extract and the Cotyledon-AgNPs
showed good antioxidant activities which can increase their wound healing capabilities.
They both increased the growth of HaCaT, KMST-6 and CHO cells at low concentra-
tions and promoted cell migration in these cells in the scratch assay. The activity of the
Cotyledon-AgNPs can be attributed to their small size which increases their surface area to
volume ratio, hence increasing their activity. It might also be due to phytochemicals present
on the nanoparticles which can increase their bioavailability and enhance their activity.
Gene expression studies confirmed that the C. orbiculata water extract and Cotyledon-AgNPs
promote wound healing through the activation of genes involved in the proliferation phase
of wound healing. C. orbiculata extract and Cotyledon-AgNPs promote keratinocyte and
fibroblast proliferation and migration by upregulating genes such as FGF7 and FGF10.
Cotyledon-AgNPs are also involved in hemostasis which promotes clotting thus reducing
blood loss. While C. orbiculata has been used in traditional medicine to treat skin conditions
and wounds, this study scientifically shows that this plant contains wound-healing prop-
erties. We previously demonstrated that Cotyledon-AgNPs have significant antibacterial
activity against microorganisms that commonly infect wounds. We also showed previously
that these nanoparticles have anti-inflammatory activity. The current study shows that
the Cotyledon-AgNPs also promote the growth of keratinocytes and fibroblasts at specific
concentrations. We have also shown that these nanoparticles are not toxic at these concen-
trations. Taken together these findings demonstrate that Cotyledon-AgNPs have immense
potential for application as novel wound healing agents.
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Abstract

Silver nanoparticles (AgNPs) have become popular because of their antimicrobial activities.
Plants have been used to synthesize AgNPs in a bid to produce nanoparticles that are safer for
biomedical applications. Unlike in chemical nanoparticle synthesis, green synthesis does not
involve the use of hazardous chemicals. In a previous study we successfully synthesized
AgNPs (Cotyledon-AgNPs) using an extract of Cotyledon orbiculata, a medicinal plant
traditionally used in South Africa to treat skin conditions. Cotyledon-AgNPs were also shown to
have significant antimicrobial activity. Epithelial, fibroblast and keratinocyte cell lines treated with
extracts of C. orbiculata and Cotyledon-AgNPs demonstrated an enhanced growth rate. These
nanopatrticles therefore display promising wound healing activities. However, the cytotoxicity of
these nanoparticles is not known. In this study, the toxic effects of C. orbiculata extract and
Cotyledon-AgNPs to the non-cancerous skin fibroblast (KMST-6), keratinocyte (HaCaT) and
epithelial (CHO) cell lines were determined using in vitro assays. The assays used in this study
included the Mitochondrial Membrane Potential Assay, APOPercentage™ assay, and reactive
oxygen species assay. The C. orbiculata extract (15 pg/ml) and Cotyledon-AgNPs (2.5 pg/ml)
did not show any significant cytotoxic effects at the concentrations tested. Gene expression
analysis was also used to assess the cytotoxic effects of Cotyledon-AgNPs at a molecular level.
The upregulated genes (FASN, SREBF1, CPT2, ASB1, HSPA1B, ABCC2, CASP9 and MKI67)
supported the finding that Cotyledon-AgNPs have low cytotoxicity at the concentrations tested.

The gene expression analysis did however support previous findings that Cotyledon-AgNP-
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treatment promotes cell proliferation as shown by the upregulation of FASN, SERBF1, MKI-67
and HSPA1B. It can be concluded that Cotyledon-AgNPs are not toxic to the skin fibroblast cells
at the concentration used in this study and that these nanoparticles promote cell growth and

could possibly be used for wound healing.

Keywords:

Green nanotechnology; Silver nanoparticles; Cotyledon Orbiculata; Cell toxicity; In-vitro assays

1. Introduction

Silver has a long history of use in the medicinal field. Its use has been recorded from as early as
4000 B.C.E by the ancient Greeks, Romans, and Egyptians [1]. It was used to make different
silver configurations such as plates, cups, containers and other utensils [2]. It was believed that
the use of silver utensils could preserve food and water and could also prevent people from
getting infectious diseases [1,2]. After silver was recognized to have antimicrobial activity, it was
also incorporated in many other aspects of medicine. It was used for the treatment of infected
wounds, burn wounds, skin ulceration and to prevent gonococcal ophthalmic infections in new-
born babies [3]. Silver has also been used as a coating for medical catheters (urinary, venous,
drainage catheters), surgical blades and needles in order to prevent infections [4]. Due to
technological advancement and the emergence of nanotechnology, the synthesis of silver
nanoparticles has become popular. Silver nanoparticles are known to exert greater antimicrobial
activities than the silver metal because of their smaller size and higher surface area [2,5]. They
were reported to be effective against drug resistant microorganisms such as methicillin-
resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa and ampicillin-
resistant Escherichia coli [6]. Because of their properties, AgNPs are also applied in food
preservation and packaging materials, water treatment, cosmetics, clothing & textiles,

biosensing and imaging [7].

Prolonged use of high doses of silver is however not recommended. Prolonged use of silver has
been associated with agyria, a condition in which silver deposition in normal skin and tissues
causes discoloration. However, chronic argyria does not cause any physiological or pathologic

alterations, it is only cosmetically undesirable [1,2]. The toxicity of AgNPs has also been
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reported. Nanoparticles exert their toxicity through reactive oxygen species (ROS) generation,
mitochondrial dysfunction, membrane damage and protein oxidation. Their toxicity is determined
by their characteristics which include shape, size, concentration and surface coating [8—10].
Chemically synthesized nanoparticles have been associated with toxicity mostly because of the
way they are synthesized. The chemical synthesis of AgNPs involves the use of toxic chemicals
such as sodium borohydride and sodium citrate [11,12]. To reduce toxicity of nanomaterial,
researchers and scientists have turned to green nanotechnology, a field in which nanomaterials
are synthesized using biomaterials such as plants and microorganisms instead of the hazardous
chemicals. Plant extracts are used as both reducing and capping agents in the nanoparticle
synthesis [12]. Even though green nanoparticles are expected to be safer than the chemical
ones, some studies state that toxicity is rendered by both the AgNP and the silver ion [10,13],
therefore green nanoparticles may still be toxic to some extent. It is therefore important to
determine the toxicity of the synthesized green nanoparticles before use.

C. orbiculata, a medicinal plant indigenous to South Africa was successfully used to synthesize
silver nanoparticles [14]. The synthesized silver nanoparticles (Cotyledon-AgNPs) with a size of
40-60 nm, exhibited good antimicrobial, anti-inflammatory [14] and wound healing properties
[15]. Their antimicrobial activity was comparable to and in some instances better than the
activity of commercial antimicrobial drugs, ampicillin, and fluconazole [14]. The C. orbiculata
plant was traditionally used to treat skin wounds, boils and acne [16]. In our previous study, the
C. orbiculata extract and the Cotyledon-AgNPs increased the growth of HaCaT, KMST-6 and
CHO cells at low concentrations of 15 and 2.5 pug/ml respectively. At these concentrations, they
also showed some wound healing activities as they closed the scratched gap faster than
untreated cells in wound healing scratch assays. Gene expression studies using a wound
healing gene panel showed that the Cotyledon-AgNPs and the C. orbiculata extracts promote
keratinocyte and fibroblast proliferation and migration by upregulating genes such as FGF7 and
FGF10. They also upregulated genes involved in collagen construction, ECM formation, cell
adhesion and cytoskeleton organization (COL5A3, COL14Al1, ITGB1, ITGB6, ACTAl1 and
TAGLN) [15]. Cotyledon-AgNPs can thus be used as potential wound healing agents. It is
therefore important to evaluate their potential cytotoxic effects. Thus, the aim of this study was
to evaluate the toxicity of Cotyledon-AgNPs in KMST-6 cells. This was done by determining the
effects of the Cotyledon-AgNPs on ROS production, mitochondrial membrane potential and

apoptosis in these cells. Considering the limitations of bioassays in studying the effects of
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nanomaterials, the study also used gene expression analysis to assess the effects of the

Cotyledon-AgNPs on the expression levels of genes involved in toxicity.

2. Results and discussion
2.1. Synthesis of Cotyledon-AgNPs

The Cotyledon-AgNPs were successfully synthesized and characterised using UV-Vis, dynamic
light scattering (DLS) and High resolution transmission electron microscopy (HR-TEM) following

the procedure reported in our previous study [14].

2.2. The cytotoxicity of C. orbiculata extracts and Cotyledon-AgNPs

To assess the cytotoxic effects of the C. orbiculata extracts and Cotyledon-AgNPs, their toxicity
was evaluated in KMST-6, HaCaT and CHO cell cultures. The ICs, values represent the
concentration of a compound that inhibits the viability of cells by 50 % [17,18]. The C. orbiculata
extracts had higher ICsq values compared to the Cotyledon-AgNPs and is therefore less toxic
than the Cotyledon-AgNPs synthesized from it. It can be concluded that the toxicity levels of
Cotyledon-AgNPs varies in different cell lines, as shown by the different ICsy values in KMST-6,
HaCaT and CHO cells (Table 1). In this study, the concentrations, 15 and 2.5 pg/ml were used
for the C. orbiculata extract and Cotyledon-AgNPs respectively. These are the concentrations at
which the C. orbiculata extract and the Cotyledon-AgNPs were shown to exhibit cell growth and
wound healing activities [14]. As shown in Table 1, these concentrations were much lower than

the 1Csy values.

Table 1. ICsq values of C. orbiculata extract and the Cotyledon-AgNPs in cell cultures

ICs0 (Hg/ml)
Treatment KMST-6 HaCaT CHO
C. orbiculata extract 296 + 27.34 >1000 >1000
Cotyledon-AgNPs 122 +19.30 40.55 + 2.68 21.08 £ 0.76

2.3. Cotyledon-AgNPs uptake by KMST-6 cells

For nanoparticles to effectively execute their functional activities, they must be taken up by the
cells or be adsorbed on their cell membranes. Nanoparticles can enter the body through

ingestion, inhalation or skin contact [19,20]. Using these routes, the nanoparticles can reach
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different organs of the body, such as the liver, kidney, lung, spleen, and skin [7,21]. They enter
the cells through diffusion or endocytosis [22]. In vitro studies have confirmed the uptake of
nanoparticles by various cells such as keratinocytes [23—25], fibroblasts [26], macrophages [27],
mesenchymal [23,28], lung [21,29,30], and liver cells [31].

Cellular uptake of Cotyledon-AgNPs by skin fibroblasts (KMST-6 cells) was determined using
microscopy, both fluorescence and dark field microscopy. A fluorescent dye (DAPI) was used to
stain the nuclei. It was shown that after a 24 h incubation with Cotyledon-AgNPs, KMST-6 cells
successfully take up the Cotyledon-AgNPs into their cytoplasm (Figure 1). The uptake of AQNPs
using dark field microscopy has been previously reported. Zucker et al. (2019) showed the
uptake of branched Polyethyleneimine and citrate coated AgNPs by ARPE-19 cells using dark
field microscopy [32].

20 Objective Darkfield and Fluo

Figure 1. Combined dark field and fluorescence microscopy showing the uptake of Cotyledon-
AgNPs, 2.5 pg/ml (indicated by white arrows) by KMST-6 cells. The nucleus has been stained
by a fluorescent dye, DAPI in blue.

The uptake of nanoparticles by cells depends on several factors which include size, shape and
surface charge of the nanoparticles. Many studies have reported the effects of these
parameters on cellular uptake. It has been reported that spherical nanoparticles have a higher

uptake than asymmetrically shaped ones (nanorods and nanostars) [19,23,31], also positively
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charged (cationic) nanoparticles are more efficiently internalized than the neutral and negatively

charged nanoparticles [19,33].

Size is also crucial for nanoparticles uptake, studies have shown that smaller nanopatrticles are
internalized better than the larger ones [34,35]. This might be because cell membranes allow
free diffusion of small molecules and particles sized around 10-30 nm [19]. Some nanoparticles
are taken into the cells through mechanisms of endocytosis (receptor mediated endocytosis,
clathrin mediated endocytosis, caveoli mediated endocytosis, non-clathrin- and non-caveolin-
mediated endocytosis and micropinocytosis) [19,36]. Endocytosis can be divided into
phagocytosis (which involves the engulfment of particulate matter through cell receptors) and
pinocytosis (which involves the internalization of fluids and molecules by small vesicles) [36,37].
In a study by AshaRani et al. (2009), endosomes containing nanoparticles were observed in the
cell cytoplasm and near the nuclear membrane, suggesting that the nanoparticles were
internalized through endocytosis rather than diffusion [26]. In this study however, in Figure 1,
even though microscopy confirmed the presence of nanoparticles in the cell cytoplasm, further
studies which may include HR-TEM analysis can be done in the future to confirm the

mechanism of nanoparticles internalization.

2.4. Effects of C. orbiculata extracts and Cotyledon-AgNPs on cellular ROS levels

After successful uptake of the nanoparticles, they are transported to different compartments of
the cell. Some nanopatrticles are found in the cytoplasm, both in the cytosol and in organelles
such as the lysosomes and mitochondria while others may penetrate the nucleus [38,39].
Nanoparticles have been reported to increase ROS levels inside the cells leading to toxicity.
Actually, ROS production is said to be the most common mechanism of cellular toxicity by
nanopatrticles [8]. ROS are reactive chemicals that contain oxygen [40]. These by-products of
oxygen metabolism include hydrogen peroxide, superoxide anion radicals, and hydroxyl
radicals. Under normal conditions, ROS plays an important role in various cellular signaling
pathways including growth regulation [41], however increased levels of ROS may have
detrimental effects on the cells. Excessive ROS can damage the cellular antioxidant defense
systems by increasing oxidative stress while reducing the amounts of glutathione and
superoxide dismutase enzymes [21]. ROS generation also affects redox homeostasis causing
lipid peroxidation and protein carbonylation. This leads to the damage of DNA, proteins, and
lipids eventually causing apoptosis [8]. Nanoparticles have been shown to increase ROS levels

by disrupting the electron transfer process, disturbing mitochondrial function and interfering with
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the expression of genes involved in oxidative stress [40,42]. The toxicity of AgNPs has been
attributed to the particle itself and Ag ionic species that may be released from the nanoparticle
[21,30,43,44].

The CM-H,DCFDA oxidative stress probe was used to determine the effects of C. orbiculata
extract and Cotyledon-AgNPs on ROS production in keratinocytes, fibroblasts and epithelial
cells. Both the C. orbiculata extract and the Cotyledon-AgNPs did not induce any significant
increase in ROS levels in all the tested cell lines (Figure 2). The activity of Cotyledon-AgNPs
was similar to that of the C. orbiculata extract especially in the fibroblast (KMST-6) and epithelial
(CHO) cell lines. Interestingly the percentage of CHO cells with increased levels of ROS was
lower for cells treated with the C. orbiculata extract and Cotyledon-AgNPs when compared to
the untreated cells, this might be displaying some antioxidant activity. Interestingly, the C.
orbiculata extracts, but not the Cotyledon-AgNPs had a similar effect on HaCaT cells. Similarly,
in a study by Gliga et al. (2014), PVP and citrate coated AgNPs did not induce any significant
ROS increase in non-cancerous bronchial epithelial cells (BEAS-2B) [30]. However only a few
studies have shown results similar to this, many other studies have reported AgNPs to increase
intracellular ROS levels in cells including A549 [21,43] and Hep G2 cells [44].

100~ A B
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Figure 2. A shows the effects of Cotyledon-AgNPs (2.5 pg/ml) and C. orbiculata extract (15
pg/ml) on ROS levels in KMST-6, CHO and HaCaT cells. B shows an example of a histogram
plot of CM-H,DCFDA probe fluorescence that was generated by flow cytometry for KMST-6
cells. Indicated in the histogram are populations that are positive (ROS+) and negative for
(ROS-) for CM-H,DCFDA fluorescence. Each value represents mean + standard error of the
mean (SEM); statistical significance of the C. orbiculata extract and Cotyledon-AgNPs-treated
cells when compared to the untreated cells is indicated with * for p <0.05, **p for <0.01, ** p
<0.001 and **** for p < 0.0001.

2.5. Effects of C. orbiculata extracts and Cotyledon-AgNPs on mitochondrial membrane
potential

The toxicity of ANPs can also be determined by investigating their effects on the mitochondria,
more specifically the mitochondrial membrane potential (MMP). Mitochondria are essential
organelles of the cell that are involved in cellular processes such as cell signaling, cell
differentiation, and cell growth [45]. However, the main function of the mitochondria is to
produce energy in the form of ATP through the electron transport chain, a process called
oxidative phosphorylation [46]. During oxidative phosphorylation the mitochondria produces a
significant amount of ROS. This mitochondrially-generated ROS and the MMP are part of the
mitochondrial signaling factors [45]. MMP is therefore a good indicator of mitochondrial activity

and cell viability [47].

AgNPs have been reported to cause mitochondrial damage either directly through contact or
indirectly through mitochondrial membrane depolarization, altered membrane permeability and
increased ROS production [48-51]. The effects of Cotyledon-AgNPs and C. orbiculata extract
on MMP were determined using the TMRE assay. This method is based on the ability of the
TMRE dye to accumulate in active mitochondria due to their relative negative charge. In
depolarized mitochondria, the MMP decreases thus fail to retain the TMRE dye [52]. As shown
in Figure 3, cells treated with the Cotyledon-AgNPs or C. orbiculata extract retained the TMRE
dye, indicating that the mitochondria were active in these cells and that there was no significant
mitochondrial membrane depolarization. Both treatments showed a similar response to that of
the untreated control. These results support the findings of the oxidative stress tests in Figure 2,
as mitochondrial membrane depolarization would have led to increased ROS levels and vice

versa.
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Figure 3. A shows the effects of Cotyledon-AgNPs (2.5 pg/ml) and C. orbiculata extract (15
pg/ml) on the MMP of KMST-6 cells. Mitochondrial membrane depolarization results in loss of
TMRE probe retention and is represented by reduced fluorescence. B shows an example of a
histogram plot of TMRE fluorescence for KMST-6 cells that was generated flow cytometry. Cell
polpulations that are positive (TMRE+) and negative (TMRE-) for TMRE staining are indicated
on the plot. Each value represents mean + SEM; statistical significance of the C. orbiculata
extract and Cotyledon-AgNPs-treated cells when compared to the untreated cells is indicated
with * for p <0.05, **p for <0.01, *** p <0.001 and **** for p < 0.0001.

The maintenance of MMP is crucial for the proper functioning of the mitochondria and the health
of cells [50]. Low MMP levels, reduce ATP levels eventually causing intracellular acidosis [53].
Acidosis leads to unwanted activation of proteases, nucleases and lipases causing degradation
of cellular components and cell death [47]. On the other hand, increased MMP levels increase
oxidative phosphorylation thus increasing ROS levels [54]. ROS accumulation further causes
mitochondrial membrane depolarization leading to damage of mitochondrial components (DNA,
protein and lipids) and loss of MMP, eventually leading to cell death [21,49,55].
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2.6. Effects of C. orbiculata extracts and Cotyledon-AgNPs on apoptosis

Apoptosis is a programmed cell death process that can be induced by intracellular or
extracellular signals [56]. Nanoparticles have been reported to cause mitochondrial-dependent
apoptosis through increased ROS levels and membrane damage [57,58]. Loss of the MMP and
impairment of the membrane permeability leads to the release of proapoptotic proteins such as
cytochrome c into the cytosol [59]. The released cytochrome c activates caspase 9 which will in-
turn activate caspase 3 [45]. Caspase 3 cleaves nuclear DNA causing DNA fragmentation and
eventually cell death [56]. Studies have also shown that nanopatrticles induce apoptosis through
activation of the P53 pathway [60]. P53 enhances the expression of proapoptotic proteins while
interacting with and neutralizing the antiapoptotic proteins, therefore causing apoptosis [58,61].
The APOPercentage assay was used to determine the effects of Cotyledon-AgNPs and C.
orbiculata extract on apoptosis in KMST-6 cells. It was shown that both the C. orbiculata extract
and the Cotyledon-AgNPs did not have significant apoptotic effects on the cells as the recorded
levels of apoptosis in the treated cells was not significantly higher than that obtained in the

untreated cells.
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Figure 4. A shows the apoptotic effects of Cotyledon-AgNPs (2.5 pg/ml) and C. orbiculata
extract (15 pg/ml) on KMST-6 cells. B shows an example of a histogram plot of the
APOPercentage probe fluorescence that was generated by flow cytometry for KMST-6 cells.
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The histogram indicates live cell populations (do not take up the APOPercentage dye) and
apoptotic cell populations (takes up the APOPercentage dye). Each value represents mean +
SEM; statistical significance of the C. orbiculata extract and Cotyledon-AgNPs treated cells
when compared to the untreated cells is indicated with * for p <0.05, **p for <0.01, *** p <0.001
and **** for p < 0.0001.

2.7. Effects of Cotyledon-AgNPs on the expression genes involved in toxicity

Studying the toxicity of nanomaterials using traditional bioassays was reported to have several
disadvantages such as producing irreplicable results [62]. However, gene expression
technologies are considered one of the best ways to evaluate nanomaterial toxicity [63,64].
Therefore, in this study, gene expression studies were done to determine the molecular effects
of Cotyledon-AgNPs on a non-cancerous skin fibroblast cell line, KMST-6. A molecular toxicity
panel (Human Molecular Toxicology PathwayFinder RT2 Profiler PCR Array) consisting of 84
genes was used for this analysis. A total number of 8 (FASN, SREBF1, CPT2, ASB1, HSPA1B,
ABCC2, CASP9 and MKI67) of these 84 genes were differentially expressed. All the
differentially expressed genes were upregulated and are shown in Table 2 and in Figure 5
below. Their expression was between 1.5 and 2.5 times higher in the Cotyledon-AgNPs treated

cells when compared to the untreated cells.

Table 2. Upregulated toxicity genes in Cotyledon-AgNPs treated cells

Gene name Symbol Function
Fatty acid synthase FASN Steatosis
Sterol regulatory element-binding transcription Steatosis
factor 1 ’ g ’ P SREBF1
Carnitine palmitoyl transferase Il CPT2 Fatty Acid Metabolism (3-Oxidation)
Ankyrin repeat and SOCS box protein 1 ASB1 Mitochondrial Energy Metabolism
Heat Shock Protein Family A (Hsp70) Member 1B HSPA1B Mitochondrial Energy Metabolism
ATP Binding Cassette Subfamily C Member 2 ABCC2 Cholestasis
Caspase-9 CASP9 Apoptosis
Marker Of Proliferation Ki-67 MKI167 Immunotoxicity
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Figure 5. A is a clustergram of the upregulated genes in the Cotyledon-AgNPs (2.5 ug/ml)
treated KMST-6 cells. B is a bar chart showing the fold changes of the DEGs, genes with p

values <0.05 and absolute fold change >1.5 were considered differentially regulated.

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) was used to investigate
whether these genes are part of any functional protein-protein networks. This analysis showed
that the upregulated genes clustered into 2 groups while some of the genes did not form part of
any known functional network (Figure 6). STRING analysis demonstrated functional networks
between 3 (FASN, CPT2 and SREBF1) of 8 genes, while another network existed for 2 other
genes (MKI-67 and CASP9). FASN, CPT2 and SREBF1 are involved in lipid metabolism,
oxidation and haemostasis respectively. FASN is involved in fatty acid metabolism, it catalyses
the formation of the long chain saturated fatty acid, palmitate from acetyl-CoA and malonyl-CoA
[65,66]. The palmitate leads to the production of different lipids including phospholipids that are
used in the formation of membranes. FASN has mostly been associated with cancer cell
proliferation, however a study by Veigel et al. (2015) showed that FASN promoted the growth of
normal ovarian epithelial cells [67]. Because of their findings, they labelled FASN as a marker of
cell proliferation rather than that of cancer growth. Our findings support the notion of FASN as a

cell proliferation marker.
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In our previous study it was shown that Cotyledon-AgNPs promote cell growth and wound
healing [15], the upregulation of FASN therefore supports this finding. The gene SERBF1 which
controls genes that are involved in lipid synthesis (e.g. FASN) in-order to maintain cellular lipid
homoeostasis [64,68,69] was also upregulated. SREBFs have been shown to connect lipid
metabolism with nutrition and cell growth. In response to low cholesterol levels, SREBF1 moves
from the endoplasmic reticulum to the Golgi apparatus and eventually the nucleus, where it
induce the expression of genes involved in lipid synthesis [69]. SREBF1 mostly regulates the
expression of factors required for fatty-acid synthesis, while SREBF2 regulates those for
cholesterol synthesis [68]. Because the body needs to maintain homeostasis, any action in the
body has a counteraction. In this case, increased lipid production by the Cotyledon-AgNPs
treated cells possibly led to the upregulation of the CPT2 gene. CPT2 is found on the inner
membrane of the mitochondria, where it is involved in fatty acid oxidation and in preserving the
structure of the mitochondria [70,71]. Fatty acid oxidation is the breakdown of fatty acids into
acetyl-CoA, while producing ATP and NAPDH. NAPDH provides the reducing power for
anabolic reactions and also counteract oxidative stress [71,72]. CPT2 might have contributed to
reduced cellular ROS levels in Cotyledon-AgNPs treated HaCaT, CHO and KMST-6 cells
(Figure 2).
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Figure 6. Protein networks showing the interactions between the DEGs. These networks were
determined using the STRING database.

The observed upregulation of the gene MKI-67 in cluster B correlates with the upregulation of
the gene, FASN. MKI-67 is a proliferation marker, it is expressed in proliferating cells and
absent in resting cells. The detection of MKI-67 has been used as an indicator for proliferating
cells [73]. Interestingly in this cluster, CASP9, a gene with effects opposite to the MKI-67 was
also upregulated. CASP9 is an apoptotic gene which is involved in the activation of caspases
responsible for apoptosis. After being activated by binding to Apaf-1, CASP9 activates other
caspases including Caspase 3 and 7 [74,75]. The upregulation of the CASP9 was probably the
counteraction by the cells as they were trying to return to haemostasis after increased cellular
proliferation. Even though CASP9 was upregulated, it did not induce apoptosis of the
Cotyledon-AgNPs treated fibroblasts as shown by the APOPercentage assay (Figure 4) and

previous studies which confirm cell growth at the concentrations used in this study [15].
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The 3 genes that did not form part of any functional network are ASB1, HSPA1B and ABCC2.
ASBL1 is a member of the ankyrin repeat and SOCS box-containing (ASB) family and it is mainly
involved in the process of ubiquitination which includes protein modification or misfolding which
occur because of cell damage. ASBL1 is also associated with the expression of proinflammatory
genes [76]. The effects of ASB1 might however not be expressed because of the upregulation
of the HSPA1B gene. The HSPA1B gene encodes a member of heat shock proteins found in
the cytoplasm. This group of genes protect cells from a range of stresses including proteotoxic
stress by identifying and repairing misfolded or damaged proteins and preventing the
aggregation of modified proteins [77,78]. Heat shock proteins (HSPs) are critical for maintaining
functional cellular pathways, protecting cell integrity and ultimately promoting cell survival
[77,78]. Hsp70 proteins have also been reported to inhibit caspase-dependent and caspase-
independent apoptosis by neutralizing apoptosis-inducing factor and also inhibiting the binding
of Apafl to procaspase-9 thus preventing its activation [79]. This is probably why no apoptotic
effects were seen in the cells (Figure 4).

The third gene that was upregulated was ABCC2, a member of the ATP binding cassette (ABC)
family. As part of the ABC transport proteins, ABCC2 transports various compounds across the
cell membranes and epithelial barriers [80,81]. ABC proteins have been reported to transport
different compounds including fatty acids and lipid compounds across membrane barriers [82].
ABCC2 was probably upregulated to transport fatty acids and lipids produced because of the
upregulated FASN and SERBF1 genes. The gene panel used in this study investigated the
expression of genes involved in oxidative stress, DNA damage and necrosis. The study shows
that the expression of these genes was not affected by treatment with Cotyledon-AgNPs. This is
in agreement with the findings of the various bioassays (ROS, TMRE and APOPercentage)
which demonstrated that the nanoparticles are not toxic. In fact, the gene expression study
support previous findings [15] which suggest that Cotyledon-AgNPs may promote cell growth as
shown by the upregulation of FASN, SERBF1, MKI-67 and HSPA1B.

3. Materials and Methods
3.1. Cell culture

HaCaT, KMST-6 and CHO cells were obtained from the DSI/Mintek NIC laboratory at the
University of the Western Cape (South Africa). HaCaT and KMST-6 cells were grown in

Dulbecco's modified eagle medium (DMEM) while CHO cells were grown in Hams-F12 medium.
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Both media was supplemented with 10 % Fetal bovine serum (FBS) and 1 % Pen-strep. All the
cells were maintained in a humidified atmosphere of 5 % CO, in a 37 °C incubator (SL SHEL
LAB, Sheldon manufacturing, Cornelius, OR, USA).

3.2. Determination of I1Csq

The ICg, values of the C. orbiculata extract and Cotyledon-AgNPs were determined using the
WST1 assay. Briefly, cells were seeded in 96 well plates (1x10° cell/ml) and incubated for 24 h.
After incubation the cells were exposed to different concentrations of the C. orbiculata extract
and Cotyledon-AgNPs for 24 h. The treatments were replaced with 10 % WST-1 reagent diluted
in appropriate culture medium. After a 3 h incubation the absorbance was measured at 440 nm
(reference 630 nm) using a microplate reader (POLARstar Omega plate reader). The ICx

values were calculated using the GraphPad Prism 6 software.

3.3. Cellular uptake of Cotyledon-AgNPs using Dark field microscopy

The cellular uptake of the Cotyledon-AgNPs was evaluated using dark field microscopy. Sterile
12 mm round coverslips were placed in the wells of a 6 well culture plate, KMST-6 cells were
added to the coverslips and were incubated for 24 h at 37 °C. After incubation, the cells were
treated with Cotyledon-AgNPs and re-incubated for another 24 h. The cells were then fixed in 4
% paraformaldehyde for 15 min and were afterwards washed in PBS. The coverslips were then
inverted onto a clean slide, mounted with the fluorescence dye, DAPI and were viewed under
the dark-field microscope (Leica DM2500).

3.4. ROS assay

The levels of ROS were determined by flow cytometry using the cell permeable fluorogenic dye
CM-H,DCFDA. This dye diffuses into cells and is deacetylated to a non-fluorescent compound
by intracellular esterases, it is then oxidized by ROS into a highly fluorescent compound
dichlorofluorescein (DCF) which can be detected by the flow cytometer. The resulting
fluorescence intensity will therefore be proportional to the levels of ROS within the cell. The
assay was performed according to a method by [83] with modifications. In brief, KMST-6, CHO
and HaCaT cells were seeded in 24 well plates at a density of 1x10° cells/ml, at standard
culture conditions (5 % CO, at 37 °C). After 24 h, the cells were treated with Cotyledon-AgNPs

and the C. orbiculata extract, control cells were left untreated. All the cells were incubated for a
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further 24 h at standard conditions. After incubation, the cells were trypsinized, washed with
PBS and incubated with 200 ul of diluted DCFDA (7.5 uM) for 30 min at 37 °C in the dark.
Following incubation, the DCFDA solution was removed, and the cells were washed with PBS.
200 pl of fresh media was added to the cells and the fluorescence readings were immediately

read on a BD Accuri C6 flow cytometer.

3.5. TMRE-Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was evaluated using the tetramethylrhodamine ethyl ester
(TMRE, Sigma) staining method according to the method described by [52] with slight
modifications. In short, KMST-6 cells were seeded in 12-well culture plates at a density of
2x10° cells/ml. After a 24 h incubation at 37 °C, the cells were treated with Cotyledon-AgNPs
and the C. orbiculata extract, negative control was left untreated. The cells were then
trypsinized, centrifuged and resuspended in 250 pl of the TMRE dye (4 uM) diluted in DMEM.
The cells were stained for 30 min, washed to remove excess stain, resuspended in 300 pl of

PBS and analyzed using the BD Accuri C6 flow cytometer.

3.6. APOPercentage™ assay

The apoptotic effects of the Cotyledon-AgNPs were determined using the APOPercentage™
assay (Biocolor Ltd., Carrickfergus, Ireland) following the method by [84]. Briefly, KMST-6 cells
were seeded in 12 well plates and incubated for 24 h at 37 °C. The cells were treated with
Cotyledon-AgNPs, C. orbiculata extract and the positive control (H»0,). The cells were incubated
for a further 24 h, trypsinized, centrifuged and stained with 250 pl of the APOPercentage™ dye.
After a 30 min incubation with the dye, the stained cells were washed, centrifuged, and
resuspended in 300 pl of 1X PBS. Analysis was done using the BD Accuri C6 flow cytometer.

3.7. Gene expression studies using the Human Molecular Toxicology PathwayFinder RT2
Profiler PCR Array

Gene expression studies were done according to the method used by [64]. Briefly, KMST-6 cells
were seeded in 25 cm? cell culture flasks at 2 x 10° cel/ml. The cells were treated with
Cotyledon-AgNPs, untreated flasks were used as controls. After a 24 h incubation, the cells
were trypsinized, centrifuged and collected in 2 ml Eppendorf tubes. Total RNA extraction was

done using the RNeasy Mini Kit (Qiagen, Maryland, USA) according to the manufacturer's
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instructions. The RNA concentration and integrity were determined using a Qubit® 2.0
Fluorometer (Invitrogen by Life Technologies, Carlsbad, CA, USA) and 1 % agarose gel
electrophoresis respectively. After checking the RNA quality, cDNA synthesis was done using
the RT2 First Strand Kit (Qiagen, Maryland, USA). The synthesized cDNA was used for RT-
gPCR, which was done using the Human Molecular Toxicology PathwayFinder RT2 Profiler
PCR Array (Qiagen, Maryland, USA). The RT-qPCR assay was done on the Roche LightCycler
480 (Roche). Data collected from the LightCycler 480 was analyzed on a Qiagen GeneGlobe
Data Analysis Center (https://geneglobe.qgiagen.com/za/ ). The cycle threshold (CT) values were

used to determine fold changes. Genes with a fold change of = £ 1.5 and p-values of < 0.05
were considered as differentially expressed genes (DEGs) and were used for further analysis.
The Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.7) and
Search Tool for the Retrieval of Interaction Genes/Proteins (STRING; https://string-db.org/ )

pathways were used to further analyze the different interactions of the DEGs.

4. Conclusions

It can be concluded from the various bioassays used in this study that the C. orbiculata extract
and Cotyledon-AgNPs are not toxic to KMST-6 cells at 15 and 2.5 pg/ml concentrations,
respectively and that these treatments are probably also not toxic to CHO and HaCaT cells.
Treatments with the C. orbiculata extract or Cotyledon-AgNPs did not induce oxidative stress,
mitochondrial damage or apoptosis. This finding is supported by gene expression analysis
which shows that the expression of genes involved in toxicity were largely not affected in KMST-
6 cells subjected to Cotyledon-AgNPs treatment. Gene expression studies mainly showed the
upregulation of genes involved in fatty acid metabolism and mitochondrial energy metabolism.
The upregulation of genes involved with lipid metabolism (FASN and SERBF1) and cell
proliferation (MKI-67) also support previous findings that Cotyledon-AgNPs can promote wound
healing by increasing the growth rate of cells involved in would healing such as skin fibroblast
cells. Due to the ability of Cotyledon-AgNPs to promote the growth of cells involved in wound
healing, its low cytotoxicity towards these cells, and its high antimicrobial activity towards
microbes that are known to infect wounds, Cotyledon-AgNPs can potentially be used as highly

effective wound healing agents.
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5.1 General discussion

The complexity of chronic wound treatments makes the discovery of wound healing drug
formulations a greatly important task. To date, many formulations have been discovered,
however because wound healing is a complicated and sensitive process most of these
formulations are not fully effective. This means continuous research to find more effective
wound healing formulations, is needed. Nanoformulations have been gaining popularity
because of their increased and enhanced activity in wound healing (Tyavambiza, Dube, et al.,
2021). Many nanoparticles and nanocomposites have been reported to enhance antimicrobial
and anti-inflammatory activities at the wound site. They have also been associated with
enhanced keratinocytes and fibroblasts proliferation and migration, collagen deposition and
angiogenesis (Kalantari et al., 2020). Toxicity is a major problem with many nanoformulations;
some have been reported to cause excessive toxicity to normal healthy cells at the wound area
in particular fibroblasts and keratinocytes. This disrupts the healing process and reduces the
effectiveness of the formulations. To tackle the problem of toxicity, nanomaterials have been
synthesized using biological materials such as plants. This synthesis excludes the use of toxic

chemicals and therefore produces more biocompatible nanomaterials (Aboyewa et al., 2021).

In this study silver nanoparticles (AgNPs) synthesized using C. orbiculata water extract
(Cotyledon-AgNPs) were investigated for their wound healing activities and their toxicity effects
on normal skin fibroblasts. The traditional uses of C. orbiculata as a treatment for skin wounds,
acne, boils and skin eruptions suggests that it has wound healing properties (Maroyi, 2019).
Previously, we investigated the antimicrobial and inflammatory activities of the Cotyledon-
AgNPs and the results showed that the Cotyledon-AgNPs do possess good antimicrobial and
anti-inflammatory properties even more than the C. orbiculata extract (Tyavambiza, Elbagory, et
al., 2021). These findings strongly suggest that the Cotyledon-AgNPs might have wound healing

properties.

The wound healing activities were tested using the in vitro wound scratch assay. However,
before this assay, the cell viability and growth promoting effects of the treatments on KMST-6,
HaCaT and CHO cell lines were determined using the WST-1 assay (Goboza et al., 2020). The

viability of cells treated with the C. orbiculata water extract and the Cotyledon-AgNPs was both
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dose and time dependant. At lower concentrations the Cotyledon-AgNPs increased the rate of
cell growth. At concentrations between 0.1 — 2.5 pg/ml, Cotyledon-AgNPs increased the growth
of KMST-6 and CHO cells at both 24 and 72 h. The Cotyledon-AgNPs also increased the
growth rate of HaCaT cells but at concentrations between 0.1 — 2.5 and 0.1 — 1.3 ug/ml at 24
and 72 h respectively. The C. orbiculata water extract did not reduce the viability of HaCaT and
CHO cells at both 24 and 72 h incubation. However, they reduced the viability of KMST-6 cells
at concentrations higher than 240 pg/ml. The C. orbiculata water extract promoted cell growth at
most of the concentrations tested especially the lower concentrations. The concentrations of 2.5
pg/ml (Cotyledon-AgNPs) and 15 pg/ml (C. orbiculata water extract) were used for the scratch

wound healing assay as these showed a stable trend amongst the different cell lines.

Following these results, the wound healing scratch assay was done using concentrations that
were not toxic to the cells but promoted cell growth (15 and 2.5 pg/ml). In this assay, cells were
scratched off a cellular monolayer in a cell culture plate. The scratched surface is an in vitro
representation of a wound (Liang et al., 2007). It was shown that for both Cotyledon-AgNPs and
C. orbiculata extracts treated cells, the scratched gap closes faster than for the untreated
control. The cells also increased in number (proliferation) while the scratched gap closed
through migration. Results obtained from this assay showed that both Cotyledon-AgNPs and C.
orbiculata extracts possess wound healing activities through increased fibroblast and
keratinocytes migration and proliferation. The results also showed that different cells have
different proliferation and migration rates. Figure 3 in Chapter 3 showed that HaCaT cells
migrated faster than CHO and KMST-6 cells hence the scratched gap closed faster in these

cells.

To confirm the wound healing capabilities of the Cotyledon-AgNPs and C. orbiculata extracts,
gene expression studies were done using a panel of wound healing related genes. The
expression of 86 genes involved in different processes such as (signal transduction, cell growth,
inflammation and extracellular matrix formation) was investigated. In Cotyledon-AgNPs treated
cells, 17 of these genes were differentially expressed. Genes with a fold change of > +1.5 and

p-values of <0.05 were considered to be differentially expressed. Eight (8) of the differentially
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expressed genes (DEGs) were upgregulated while 9 were downregulated. The upregulated
genes include CDH1, COL14A1, EGF, FGA, FGF10, ITGB1, ITGB6 and PTGS2. These genes
are involved in epithelial cell proliferation and migration (especially in keratinocytes and
fibroblasts), increase of tensile strength to new skin, improved collagen construction and
formation of the ECM. The upregulated genes are also involved in cellular adhesion which is
essential in cell communication and tissue development. The downregulated genes include
CCL2, CTGF, CXCL2, FGF2, HBEGF, IL6, ITGA2, MMP2 and SERPINE1. These genes are
mainly involved in inflammation. Prolonged inflammation usually leads to chronic wounds
therefore anti-inflammatory agents (such as Cotyledon-AgNPs) may enhance the wound healing

process by reducing prolonged inflammation during wound healing.

The effects of C. orbiculata extract on the wound healing related genes, was also investigated.
Of the 86 tested genes, only 11 were differentially expressed and all of them were upregulated.
These genes include COL5A3, ACTC1, FGF7, WNT5A, ITGB6, TAGLN, ITGB1, VTN, ITGA4,
CSF2 and FGF10. They are involved in epithelial cell proliferation and migration, collagen
construction, cell adhesion, cytoskeletal organisation, and cell motility (Fathke et al., 2006; Vuga
et al., 2009; Elsafadi et al., 2020). These genes support cell differentiation, proliferation and
migration ultimately promoting wound healing. It was concluded that both Cotyledon-AgNPs and
C. orbiculata extracts do possess wound healing activities and they use similar pathways and
mechanism in promoting wound healing. The gene expression results also confirmed the
findings obtained from the cell viability and wound scratch assays. These findings validate the
traditional use of C. orbiculata in wound treatment, It is also the first scientific study to show the

mechanism in which the C. orbiculata promotes wounds healing.

The presence of phytochemicals and the antioxidant activities of the Cotyledon-AgNPs and C.
orbiculata extracts were also investigated. It was shown that they both contain polyphenols
including flavanols, flavonols and tanins. They were also shown to have good antioxidant
activities as they showed good reducing capabilities in the FRAP and ABTS assays. The
present phytochemicals maybe the ones responsible for the biological activities exerted by the
Cotyledon-AgNPs and the C. orbiculata extract. After exhibiting good antioxidant and wound
healing activity, it was imperative to determine the toxic effects of the Cotyledon-AgNPs and C.

orbiculata extracts towards healthy cells that can be found at the wound site. Prolonged use of
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high doses of silver has been reported to cause agyria, a skin discoloration condition. Some
silver formulations were reported to be toxic to keratinocytes and fibroblast while some exhibited
systematic cytotoxicity (Khansa et al.,, 2019). Nanoparticles exert toxicity through ROS
generation, mitochondrial dysfunction, membrane damage or apoptosis. In this study the
cytotoxicity effects of Cotyledon-AgNPs and the C. orbiculata extract in KMST-6 cells were
determined using bioassays which include ROS production, mitochondrial membrane potential
and APOPercentage.

Firstly, the ICs, values of the Cotyledon-AgNPs and C. orbiculata extract were determined. It
was shown that the C. orbiculata extract had higher 1Cs, values compared to the Cotyledon-
AgNPs and is therefore less toxic than the Cotyledon-AgNPs synthesized from it. The results
also showed that the Cotyledon-AgNPs were toxic to the different cells at different
concentrations; however these were much higher than the concentrations at which the
Cotyledon-AgNPs and C. orbiculata extract exert their wound healing properties. Cellular uptake
studies to confirm the uptake of Cotyledon-AgNPs by the cells were done. This was achieved
using dark field microscopy which showed that the Cotyledon-AgNPs were successfully taken

up in the cytoplasm and on the membrane of the KMST-6 cells.

Following successful uptake, nanoparticles in the cytoplasm or nucleus can increase ROS
levels leading to toxicity. Excessive amounts of ROS can disrupt the cellular antioxidant defence
system therefore damaging the cells (Chairuangkitti et al., 2013). The effects of Cotyledon-
AgNPs and C. orbiculata extract on ROS levels in keratinocytes, fibroblast and epithelial cells
were investigated. Both the Cotyledon-AgNPs and the C. orbiculata extract did not induce any
significant increase in ROS levels in all the tested cell lines. The effects of the Cotyledon-AgNPs
and the C. orbiculata extracts on MMP were investigated using the TMRE assay. It was shown
that cells treated with the Cotyledon-AgNPs or C. orbiculata extract retained the TMRE dye,
indicating that the mitochondria were active in these cells and that there was no significant
mitochondrial membrane depolarization. Both treatments showed a similar response to that of
the untreated control. These results supported the findings obtained in the oxidative stress test,
as mitochondrial membrane depolarization would have led to increased ROS levels and vice
versa. The APOPercentage assay was used to determine the effects of Cotyledon-AgNPs and

C. orbiculata extract on apoptosis in KMST-6 cells. Both treatments did not have significant

100



apoptotic effects on the cells as the recorded levels of apoptosis in the treated cells were not
significantly higher than that obtained in the untreated cells.

To confirm the results obtained from the 3 assays, gene expression studies were done. A
human molecular toxicology gene panel consisting of 86 genes was used for the analysis. Only
8 (FASN, SREBF1, CPT2, ASB1, HSPA1B, ABCC2, CASP9 and MKI67) of these genes were
differentially expressed. The upregulated genes are involved in steatosis, [-oxidation,
cholestasis, apoptosis, and mitochondrial energy metabolism; they also support cell growth and
nourishment. Using the STRING (Search Tool for the Retrieval of Interacting Genes/Proteins)
software, the genes were clustered into functional network groups. The upregulated genes
clustered into 2 groups while some of the genes did not form part of any known functional
network. The clustered groups consisted of 3 (FASN, CPT2 and SREBF1) and 2 (MKI-67 and
CASP9) genes while 3 (ASB1, HSPA1B and ABCC2) other genes did not associate into
clusters. FASN, CPT2 and SREBF1 are involved in lipid metabolism, oxidation and

haemostasis, respectively. When controlled lipid metabolism promotes cell nutrition and growth.

The observed upregulation of the gene MKI-67 in cluster B correlates with the upregulation of
the gene, FASN. MKI-67 is a proliferation marker, expressed in proliferating cells and absent in
resting cells. Increased expression of MKI-67 has been used as an indicator for cell proliferation
(Uxa et al., 2021). Interestingly in this cluster, CASP9, a gene with effects opposite to the MKI-
67 was also upregulated. CASP9 is an apoptotic gene which is involved in the activation of
caspases responsible for apoptosis. The upregulation of the CASP9 was probably the
counteraction by the cells as they were trying to return to haemostasis after increased cellular
proliferation. Even though CASP9 was upregulated, it did not induce apoptosis of the

Cotyledon-AgNPs treated fibroblasts as shown by the APOPercentage assay.

The 3 genes that did not form part of any functional network are ASB1, HSPA1B and ABCC2.
ASB1 is involved in the process of ubiquitination which includes protein modification or
misfolding which occur because of cell damage. It is also associated with the expression of
proinflammatory genes (Emeny et al.,, 2017). The effects of ASB1 might not be expressed

because of the upregulation of the HSPA1B gene. The HSPA1B gene encodes a member of
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heat shock proteins found in the cytoplasm. This group of genes protect cells from a range of
stresses including proteotoxic stress by identifying and repairing misfolded or damaged proteins
and preventing the aggregation of modified proteins (Maugeri et al., 2010; Radons, 2016). As
part of the ABC transport proteins, ABCC2 transports various compounds including fatty acids
and lipid compounds across the cell membranes and epithelial barriers (Chen et al., 2021).
ABCC2 might have been upregulated to transport fatty acids and lipids produced because of the
upregulated FASN and SERBF1 genes. The gene panel used in this study investigated the
expression of genes involved in oxidative stress, DNA damage and necrosis. The study shows
that the expression of these genes was not affected by treatment with Cotyledon-AgNPs. This is
in agreement with the findings of the various bioassays (ROS, TMRE and APOPercentage)
which demonstrated that the nanoparticles are not toxic. In fact, the gene expression study
support previous findings (Chapter 3) which suggest that Cotyledon-AgNPs may promote cell
growth as shown by the upregulation of FASN, SERBF1, MKI-67 and HSPA1B.

5.2 Conclusion

From this study, it can be concluded that the medicinal plant, C. orbiculata and the silver
nanoparticles synthesized from its water extract do possess antioxidant and wound healing
activities and are not toxic to normal keratinocytes, fibroblasts and epithelial cells. Although they
both showed good activity, the Cotyledon-AgNPs were more active than the C. orbiculata
extract. This can be attributed to the small size of nanoparticles which increase their surface
area to volume ratio, hence increasing their activity. Phytochemicals present on the
nanoparticles may also play a role in increasing their bioactivity. The C. orbiculata water extract
and the nanoparticles promote wound healing through keratinocyte and fibroblast proliferation
and migration, collagen construction, ECM formation and suppressing excessive inflammation.
It was also promising to note that both treatments were not cytotoxic at the highly active
concentrations. The molecular toxicity gene panel actually supported the proliferative and anti-
inflammatory activities of the nanopatrticles. The C. orbiculata water extracts and the Cotyledon-
AgNPs can be used in discovering effective, affordable and safer compounds and nano-
formulations that can be useful in wound healing. As this is a plant found in South Africa,
discovered formulations will be a great help in fighting chronic wounds in developing countries.
It is however recommended to further assess the toxicity of Cotyledon-AgNPs on the

environment specifically on entities where the nanoparticles might end up after use such as
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water bodies and soil. For future studies, wound healing activities of C. orbiculata water extracts

and the Cotyledon-AgNPs can be tested on animal models.

References

Aboyewa, J.A., Sibuyi, N.R.S., Meyer, M. & Oguntibeju, O.0. 2021. Green Synthesis of Metallic
Nanoparticles Using Some Selected Medicinal Plants from Southern Africa and Their Biological
Applications. Plants, 10(9): 1929. https://doi.org/10.3390/plants10091929

Chairuangkitti, P., Lawanprasert, S., Roytrakul, S., Aueviriyavit, S., Phummiratch, D., Kulthong,
K., Chanvorachote, P. & Maniratanachote, R. 2013. Silver nanopatrticles induce toxicity in A549
cells via ROS-dependent and ROS-independent pathways. Toxicology in vitro : an international
journal published in association with BIBRA, 27(1): 330-338.
https://doi.org/10.1016/j.tiv.2012.08.021

Chen, Y., Zhou, H., Yang, S. & Su, D. 2021. Increased ABCC2 expression predicts cisplatin
resistance in non-small cell lung cancer. cell biochemitry and function WILEY, 39(2): 277—-
286. https://doi.org/10.1002/cbf.3577

Elsafadi, M., Manikandan, M., Almalki, S., Mahmood, A., Shinwari, T., Vishnubalaji, R.,
Mobarak, M., Alfayez, M., Aldahmash, A., Kassem, M. & Alajez, N.M. 2020. Transgelin is a poor
prognostic factor associated with advanced colorectal cancer (CRC) stage promoting tumor
growth and migration in a TGFB-dependent manner. Cell Death & Disease 2020 11:5, 11(5): 1-
13. https://doi.org/10.1038/s41419-020-2529-6

Emeny, R.T., Baumert, J., Zannas, A.S., Kunze, S., Wahl, S., lurato, S., Arloth, J., Erhardt, A.,
Balsevich, G., Schmidt, M. V, Weber, P., Kretschmer, A., Pfeiffer, L., Kruse, J., Strauch, K.,
Roden, M., Herder, C., Koenig, W., Gieger, C., Waldenberger, M., Peters, A., Binder, E.B. &
Ladwig, K.-H. 2017. Anxiety Associated Increased CpG Methylation in the Promoter of Asb1: A
Translational Approach Evidenced by Epidemiological and Clinical Studies and a Murine Model.
Neuropsychopharmacology, 43(2): 342—-353.

Fathke, C., Wilson, L., Shah, K., Kim, B., Hocking, A., Moon, R. & Isik, F. 2006. Wnt signaling
induces epithelial differentiation during cutaneous wound healing. BMC Cell Biology, 7(1): 1-9.
doi:10.1186/1471-2121-7-4

Goboza, M.; Meyer, M.; Aboua, Y.G.; Oguntibeju, O.0. 2020. Molecules In Vitro Antidiabetic
and Antioxidant Effects of Different Extracts of Catharanthus Roseus and Its Indole Alkaloid,
Vindoline. Molecules. 25: 5546. https://doi.org/10.3390/molecules25235546.

103



Kalantari, K., Mostafavi, E., Afifi, A.M., Izadiyan, Z., Jahangirian, H., Rafiee-Moghaddam, R. &
Webster, T.J. 2020. Wound Dressings Functionalized with Silver Nanoparticles: Promises and
Pitfalls. Nanoscale, 12: 2268-2291. DOI: 10.1039/C9NR08234D

Khansa, I., Schoenbrunner, A.R., Kraft, C.T. & Janis, J.E. 2019. Silver in Wound Care—Friend
or Foe?:A Comprehensive Review. Plastic and Reconsructive Surgery Global Open, 7(8): 1-10.
DOI: 10.1097/GOX.0000000000002390

Liang, C.-C., Park, AY. & Guan, J.-L. 2007. In vitro scratch assay: a convenient and
inexpensive method for analysis of cell migration in vitro. Nature Protocols 2007 2:2, 2(2): 329—
333. d0i:10.1038/nprot.2007.30

Maroyi, A. 2019. A review of botany, medicinal uses, phytochemistry and biological activities of

Cotyledon orbiculata. Journal of Pharmaceutical Sciences and Research, 11(10): 3491-3496.

Maugeri, N., Radhakrishnan, J. & Knight, J.C. 2010. Genetic determinants of HSP70 gene
expression following heat shock. Human Molecular Genetics, 19(24): 4939-4947.
doi:10.1093/hmg/ddg418

Radons, J. 2016. The human HSP70 family of chaperones: where do we stand ? Cell Stress
and Chaperones, 21: 379—-404. DOI 10.1007/s12192-016-0676-6

Tyavambiza, C., Dube, P., Goboza, M., Meyer, S., Madiehe, A.M. & Meyer, M. 2021. Wound
Healing Activities and Potential of Selected African Medicinal Plants and Their Synthesized
Biogenic Nanopatrticles. Plants. 10(12): 2635. https://doi.org/10.3390/plants10122635

Tyavambiza, C., Elbagory, A.M., Madiehe, A.M., Meyer, M. & Meyer, S. 2021. The Antimicrobial
and Anti-Inflammatory Effects of Silver Nanoparticles Synthesised from Cotyledon orbiculata
Aqueous Extract. Nanomaterials. 11(5): 1343. https://doi.org/10.3390/nan011051343

Uxa, S., Castillo-Binder, P., Kohler, R., Stangner, K., Mlller, G.A. & Engeland, K. 2021. Ki-67
gene expression. CDDpress, 28: 3357-3370. https://doi.org/10.1038/s41418-021-00823-x

Vuga, L.J., Ben-Yehudah, A., Kovkarova-Naumovski, E., Oriss, T., Gibson, K.F., Feghali-
Bostwick, C. & Kaminski, N. 2009. WNT5A Is a Regulator of Fibroblast Proliferation and
Resistance to Apoptosis. American Journal of Respiratory Cell and Molecular Biology, 41(5):
583. DOI: 10.1165/rcmb.2008-02010C

104



