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Abstract

Fungal skin infections caused by dermatophytes or yeasts (e.g. Candida species) are

one of the most common causes of human diseases. Dermatophytosis is caused by fungi

that can degrade keratin, infecting the keratinised tissues such as skin, hair and nails.

Although the infections are mild and rarely life-threatening, they are highly recurrent,

and their incidence has increased continuously. Simultaneously, there is a growing re-

sistance to antifungals, exposing, in particular, immunocompromised patients to higher

levels of risk. This thesis is devoted to the study of polymers as physical barriers that

can prevent and treat the early stages of skin infections and avoid the development

of antifungal resistance and cross-contamination. To do this, a series of studies were

undertaken to identify the ideal antifungal polymer.

The first part of the thesis aimed to develop an ex vivo porcine skin model to study

dermatophyte infections. The explanted porcine skin was sterilised by chlorine gas

to remove contamination with other microbes. To characterise the model, adherence

of Trichophyton rubrum was examined via adherence assays to the ex vivo skin, and

this was compared to an in vitro model using HaCaT cells. Subsequently, the patho-

physiology investigated by electron microscopy analysis. It was shown that the ex

vivo model is particularly appropriate to the study the early stages of the fungal skin

infection and to test novel antifungal regimes.

In the second part of the thesis, two cationic polymers, ABIL T Quat 60 and Eudragit

E100 were identified for their potential as barriers to skin infections caused by T.

rubrum, Trichophyton interdigitale and Candida albicans. Both polymers were found

to be fungistatic agents that can prevent and treat fungal skin infections in the porcine

skin model. The results suggest that the mechanism of action of ABIL T Quat 60

is based on its ability to bind to the negatively charged fungal cell wall, followed

by impeding the fungi to acquire crucial nutrients such as essential metal ions and

carbohydrates. As for Eudragit E100, this polymer might bind to the fungal cell wall

as well, but its antifungal activity was affected by the environmental pH.

The third section aimed to evaluate the performance of these two polymers to form

films in vivo, and the patient acceptability regarding these films. Following application

as sprays to the arms of healthy subjects, the washability, drying time and stickiness

of the films were tested for topical use. The same in vivo study characterised the

tolerability of the films, in terms of the transepidermal water loss and skin redness.

The results suggested the films to be well-tolerated and non-toxic, with no signs of skin

irritation, barrier damage or skin occlusion.
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Apart from the antifungal activity of polymers, their antibacterial activities against

methicillin-sensitive/-resistant Staphylococcus aureus, Pseudomonas aeruginosa and

Escherichia coli were examined, to determine potential use to prevent wound infec-

tion. Only ABIL T Quat 60 showed an antibiofilm activity against S. aureus and E.

coli but, surprisingly, stimulated the biofilm formation of P. aeruginosa.

In addition to the two polymers, the antifungal activities against the T. rubrum of

three common formulation ingredients, ethylenediaminetetraacetic acid, cetrimonium

chloride and polyoxyethylene (10) tridecyl ether were established through a novel phenol

red viability assay. Cetrimonium chloride was identified as fungicidal, whereas the other

two compounds were fungistatic. The phenol red viability assay was further developed

and enabled the study of the antifungal susceptibility in a mildly acidic environment

optimised for dermatophytes growth, and to resolve technical challenges caused by the

absorption of stains used in other types of assays by polymers.
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Chapter 1

General Background

1.1 Superficial and cutaneous fungal infections

Fungi are one of the significant pathogens of humans that have contributed to several

global diseases, known as mycoses. Compared to bacterial pathogens, fungal pathogens

are less threatening, but the incidence of invasive fungal infections is increasing (Fridkin

and Jarvis, 1996; Castón-Osorio, Rivero and Torre-Cisneros, 2008; Slavin et al., 2015;

Loreto and Tondolo, 2019). Although most fungal infections are mild and rarely life-

threatening, patients receiving medical interventions after surgery/chemotherapy or

having immunosuppressive diseases have a high mortality rate when they acquire an

invasive fungal infection (Low and Rotstein, 2011; Brown, Denning and Levitz, 2012).

Mycoses can be classified as systemic, subcutaneous and superficial/cutaneous depend-

ing on the tissue involvement. Systemic mycoses are fungal infections caused by primary

or opportunistic fungi inside the body, e.g. respiratory tract (e.g. aspergillosis) and

central nervous system (e.g. fungal meningitis). Subcutaneous mycoses are known as

fungal infections of the dermis and the subcutaneous tissues, e.g. chromoblastomycosis

and sporotrichosis (Fig 1-1D-E). Finally, superficial/cutaneous mycoses, are fungal in-

fections limited to the hair, nail and skin, e.g. Tinea pedis, Tinea capitits and Tinea

unguium (Fig 1-1A-C), as well as the mucous membranes, such as infection in the oral

cavity in mucosal candidiasis. Unlike systemic mycoses, these are fungal infections that

are dominant in the epidermis of the skin (Fig 1-2) and are frequently recurring and

chronic even in healthy people. In addition, they are the fourth most common cause

of human diseases caused by dermatophytes (e.g. dermatophytosis, i.e. ringworm),

and other yeasts such as Candida species (e.g. superficial candidiasis) and Malassezia
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Figure 1-1: Superficial and cutaneous fungal infections. (A) Tinea pedis, (B)
Tinea capitis, (C) Tinea unguium, (D) Chromoblastomycosis and (E) Sporotrichosis
(Ramos-e-Silva et al., 2007; Brasch and Hipler, 2008; Torres-Guerrero et al., 2012).

species (e.g. seborrheic dermatitis) (Hay, 2017). Since dermatophytosis and superficial

candidiasis are the dominant superficial fungal infections, our study will focus on both,

and their epidemiology and pathogenesis will be discussed below.

1.1.1 Dermatophytosis

Dermatophytosis is a fungal infection of keratinised tissues, such as nails, hair and

skin. Different clinical manifestations are depending on the sites of infection. For

example, Tinea pedis (athlete’s foot) is a common infection of the feet (Fig 1-1A), while

Tinea unguium (onychomycosis) is a nail infection that is commonly found in urban

areas in well-developed countries (Fig 1-1B). Tinea capitis is the fungal infection of

scalp and hair follicles, which is common in school-age children. Causative agents of

different clinical manifestations are varied and will be discussed in the following section.

Although symptoms of dermatophytosis are very mild or even unnoticeable, the chronic

lesions cause disfigurement and decrease the quality of life of patients (Esquenazi et

al., 2003; Brasch and Hipler, 2008; Pires et al., 2014).
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Figure 1-2: The mammalian skin is mainly comprised of epidermis and dermis. The
epidermis consists of the basal layer (BL), spinous layer (SL), granular layer (GL) and
stratum corneum (SC). The epidermal stem cells reside in the basement membrane, and
the keratinocytes differentiate and migrate towards the surface of the epidermis to form
corneocytes (Fuchs and Raghavan, 2002). Stratum corneum consists of corneocytes,
which are dead cells without nuclei and cell organelles and are full of filamentous
keratin. It is also the initial site for dermatophyte adherence and invasion.

The management of dermatophytosis is a substantial public health issue due to its

high prevalence and recurrence rate, as well as the increased incidence of antifungal

resistance. It is one of the most common contagious disorders with a high prevalence of

about 20-25% of the world’s population (Havlickova, Czaika and Friedrich, 2008). This

prevalence varies depending on several factors such as geographical location, healthcare

system and climate. For instance, dermatophytosis prevalence in Africa and India

ranges between 10-70% (school-age children) and 36.6-78.4% respectively, while the

prevalence in South Korea is about 6.5% (Kim et al., 2015; Coulibaly et al., 2018;

Rajagopalan et al., 2018). However, there is a lack of updated and large-scale studies

on dermatophytosis in the world. The latest update of onychomycosis prevalence rate

in UK, US and Canada was 2.7, 14 and 8% respectively in the late 1990s (Hayette and

Sacheli, 2015). The poor sanitary environment and malnutrition may cause a difference

in the prevalence rate of dermatophytosis between well- and less- developed countries

(Nweze and Eke, 2018). Also, a humid climate can increase the prevalence rate as

compared to dry regions in Africa with hot weather (Coulibaly et al., 2018).
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There is a strong tendency for recurrence of infections of dermatophytosis, with 25-40%

of patients being re-infected even after antifungal treatment (Liu et al., 2014). The pre-

disposing factors for recurrence are various, for example, poor hygiene environments

(Dogra and Uprety, 2016). The transmission of dermatophytosis can occur directly

(human-to-human / animal-to-human contact) or indirectly (contaminated objects, e.g.

bedding and hairbrushes) via arthrospores from infected tissues (Brasch and Hipler,

2008; Tainwala and Sharma, 2011). Also, the spores of the dermatophytes can survive

away from the human body, and once reaching an optimal environment such as warm

and moist skin, they start to invade this tissue. Also, dermatophytes have adapted to

the human skin and can suppress the immune response and the macrophage’s phago-

cytosis, causing a chronic condition known as widespread chronic dermatophytosis (de

Sousa et al., 2015).

Antifungal resistance may become a clinical challenge in the treatment of dermato-

phytosis. In recent years, there has been an increasing incidence of chronic and re-

current dermatophytosis caused by resistant fungi. There are different classes of anti-

fungals based on their chemical structure and mechanism of action. Azoles (e.g. clo-

trimazole and ketoconazole) are one of the most commonly used antifungal medication

to treat Trichophyton species, but the prevalence of the azole resistance was reported

as 19% in certain areas worldwide (Ghannoum, 2016). Allylamines (e.g. terbinafine

and naftifine) have a lower prevalence of resistance, but recent reports indicate that the

incidence of terbinafine resistance of Trichophyton species is increasing in different geo-

graphical locations ranging from India to Denmark (Mukherjee et al., 2003; Osborne et

al., 2005; Digby et al., 2017; Yamada et al., 2017; Rudramurthy et al., 2018; Schøsler

et al., 2018). Compared to antibacterial and antiretroviral, current antifungal ther-

apies are limited due to the low budget aimed for the fungal research (Brown, Denning

and Levitz, 2012). Although the antifungal resistance is still rare, the unsupervised

and misleading use of over-the-counter antifungal may result in resistance (Khurana,

Sardana and Chowdhary, 2019).

Although the average outpatient visit cost due to dermatophyte infection is low, the

large number of patients create a significant economic impact on the healthcare system.

In the USA, half of the outpatient visits for fungal infection were related to dermato-

phytosis with a cost of over US$802 million in 2014, which doubled compared to 1996

(Drake et al., 1996; Benedict et al., 2019).
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Figure 1-3: Types of dermatophytosis. Tinea refers to the dermatophytosis and the
second part of the name is a Latin term based on the affected site. The two most
common causative agents of different types of dermatophytosis are listed.

Dermatophytes

Dermatophytosis is caused by dermatophytes, which are hyalohyphomycetes that can

degrade keratin and consequently cause fungal skin infections in human and anim-

als. There are numerous dermatophytes, and they can be classified based on their

genera and their natural habitats. There are nine anamorphic genera of the derma-

tophytes (Arthrodermataceae), Trichophyton, Epidermophyton, Microsporum, Arthro-

derma, Nannizzia, Lophophyton, Ctenomyces, Paraphyton and Guarromyces species

(de Hoog et al., 2017). Based on the primary habitat association, the dermato-

phytes are grouped as geophilic (soil), zoophilic (animal) and anthropophilic (human).

The epidemiology of dermatophytes has been evolving over the past decades and the

dermatophytes vary in geographical distribution. Before World War II, Microsporum
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Figure 1-4: Total numbers of dermatophytes isolations at the Mycology Reference
Laboratory in UK between 1985 and 2005 (Borman et al., 2007). T. rubrum and T.
interdigitale infection increased in the between 20 years. T.rubr., T. rubrum; T.int, T.
interdigitale; T.tons, T. tonsurans; T.viol, T.violaceum; T.erin, T. erinacei ; T.soud, T.
soudanense; M.aud, M. audouinii ; T.verr, T. verrucosum; T.equi, T. equinum; M.gyps,
M. gypseum; M.pers, M. persicolor ; E.flocc, E. floccosum; T.ment, T. mentagrophytes.

audouinii and Trichophyton schoenleinii were the predominant causative agents of

dermatophytosis. Today, T. rubrum is the most common causative agent of dermato-

phytosis, associated with 80-90% of all chronic and recurrent dermatophytosis (Liu et

al., 2014; Zhan and Liu, 2017). Fig 1-3 shows the types of dermatophytosis based on

the site of infection with their first two common causative agents. T. rubrum and T.

interdigitale are the most common causative agents of most of the dermatophytosis.

In some countries such as Venezuela, Iran and Croatia, T. interdigitale is the most

common causative agent of dermatophytosis (Zhan and Liu, 2017). Fig 1-4 shows the

total numbers of isolations of dermatophytosis in the UK between 1985 and 2005, T.

rubrum (70%) and T. interdigitale (21%) are the common causative agents in the UK

in 2005. Therefore, the dermatophytes studied in this thesis focuses on T. rubrum and

T. interdigitale.

Trichophyton species are saprotrophic filamentous fungi that are characterised by the

development of smooth-walled micro- and macroconidia. T. rubrum is an anthropo-

philic fungus and can be classified into two types, downy and granular. The downy type

produces moderate numbers of slender, clavate and club-shaped microconidia without
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Figure 1-5: Arthroconidia and clavate and club-shaped microconidia (arrow) of T.
rubrum, stained with Calcofluor white.

macroconidia (Fig 1-5), while the granular type produces moderate to an abundant

number of clavate and pyriform microconidia and cigar-shaped macroconidia. The

downy type is dominant in chronic dermatophytosis of skin and nails (Ran, Zhuang

and Ran, 2015). T. interdigitale is an anthropophilic fungus that was considered pre-

viously a subspecies of Trichophyton mentagrophytes. It was renamed because of the

morphological differentiation between anthropophilic and zoophilic. It produces sub-

spherical to pyriform microconidia, and spherical chlamydospores in older cultures.

Both of Trichophyton species also produce arthroconidia, which are the primary infec-

tious propagules for an infection that is commonly found in skin lesions and nails, by

fragmentation of hyphae at the septa (Mukherjee et al., 2003).

Pathogenesis

Fig 1-6 shows the invasion process of a fungal skin infection, which is divided into

three stages, from adherence, germination and developing of hyphae. T. rubrum and

T. interdigitale are keratinolytic and keratinophilic fungi that adhere to the superficial

layer of host cells, such as the stratum corneum through fungal adhesins by interacting

with the host receptors. Both dermatophytes contain carbohydrate-binding adhesins

on the microconidia surface that can recognise galactose and mannose (Esquenazi et

al., 2003, 2004; Vermout et al., 2008). The model used in these studies was mutant

Chinese hamster ovary cells, and these carbohydrates are not commonly expressed on
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Figure 1-6: Invasion process of the early stage of dermatophyte infection. The process
is divided into three stages, adherence, germination and hyphae growth. The conidia
first adhere to the host cell, followed by developing a germ tube to penetrate to the
deeper layers of tissues and enhance the adherence. After that, they develop hyphae
with spores for transmission.

the surface of stratum corneum. However, these findings directed a route to discover

the infectious process of dermatophytosis. It was found that the morphology changes

of dermatophytes conidia followed the adherence step. Previous studies discovered that

T. mentagrophytes arthroconidia inoculated on human skin explants produced fibrils

to connect the arthroconidia among themselves and to anchor them to the skin surface

(Aljabre et al., 1993; Kaufman et al., 2007). The germination begins 4-24 hours after

adherence in different studies and is followed by the longitudinal penetration of the

stratum corneum after 72 hours. The hyphae start to produce arthroconidia after 7

days (Rashid, Scott and Richardson, 1995; Vermout et al., 2008; Baldo et al., 2012).

The pathogenesis of Trichophyton species is highly sensitive to the environmental pH

conditions. The average pH of the superficial human skin and nail plate is 4.5 and

5, respectively (Matousek and Campbell, 2002; Murdan, Milcovich and Goriparthi,

2016). In an acidic environment, adhesins, phosphatases, keratinases and non-specific

proteases reach their optimum activity to allow dermatophytes to adhere and invade the

skin surface. The release of ammonia due to the breakdown of amino acids shifts the pH

of the host site from acidic to alkaline (pH 8.3-8.9). The alkaline environment activates

keratinolytic proteases to enhance the virulence of the dermatophytes (Ferreira-Nozawa

et al., 2006; Martinez-Rossi et al., 2012).
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In addition to the pH environment, metal ions are essential in the biological and the

infection process of the fungi. Metal ions are involved in virulence directly or indirectly

and serve as cofactors for different enzymes, but the research related to the role of metal

ions in the virulence of Trichophyton species is limited. Among different essential

ions, the first-row transition metals, iron, copper and zinc are necessary for many

essential biological processes (Gerwien et al., 2018). Firstly, iron plays a central role

in metabolic processes, being involved in an enzymatic reaction as an enzyme cofactor,

through transitions between the ferric and the ferrous form. A previous study has

shown that the depletion of iron can suppress fungal growth of T. mentagrophytes

beyond germ tube formation (Artis, Wade and Jones, 1983). Zinc is essential for

the virulence of fungal pathogen by mediating the metalloproteases and superoxide

dismutase. T. mentagrophytes contains multiple zinc finger proteins that are involved

in growth and virulence, and therefore downregulating of the gene encoding zinc finger

transcriptional factor ZafA affects growth and conidia generation (Zhang et al., 2017).

High concentrations of copper ions may act as an antimicrobial agent that is toxic to

fungi. However, a proper concentration of copper is required for fungi to maintain

the metabolism and protect from the oxidative stress through copper-zinc superoxide

dismutase (Gerwien et al., 2018).

1.1.2 Cutaneous candidiasis

Candidiasis is a fungal infection caused by yeasts that belong to the genus Candida.

It is the fourth and the sixth common cause of nosocomial systemic infections in US

hospitals (between 1995 and 2002) and Switzerland and contributes to a high mortality

rate of up to 40% (Marchetti et al., 2004; Wisplinghoff et al., 2004). Candidiasis

can be classified into two types based on infectious organisms, being invasive and

non-invasive candidiasis. Invasive candidiasis is a life-threatening systemic infection

caused by Candida species entering the bloodstream. Once Candida overgrows on

its site of infection, the yeast can spread to different areas in the body, e.g. heart

(Candida endocarditis), liver and kidney. Non-invasive candidiasis is defined as non-

lethal superficial candidiasis and affects the vaginal and oral mucosa, the skin and

nails. Cutaneous candidiasis usually results in red papules and plaques on the site of

infection of the skin, and the infected nails become brittle and yellow (Fig 1-7). Candida

species are commensal fungi that reside on the skin and oral mucosa of healthy humans,

and cutaneous or systemic candidiasis usually develops only in immunocompromised

patients. Candidiasis is the most common fungal infection in AIDS patients and those

undergoing chemotherapy (DiNubile et al., 2005; Hasan et al., 2009). Candida species

is a significant public health problem with the highest total hospitalisation cost (US$
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Figure 1-7: Cutaneous candidiasis. (A) Intertrigo and cutaneous candidiasis (Maródi,
2014). (B) Candida onychomycosis of the fingernails (Piraccini, Starace and Bruni,
2012).

1.4 billion) for any disease in 2014 in USA, including the candidiasis on skin and nails

that the estimated cost of which is US$ 144 million (Benedict et al., 2019).

Containment of antifungal resistance also increases the cost of hospitalisation. In re-

cent years, Candida species have become increasingly resistant to antifungal therapies,

such as azoles and echinocandins (Perlin, 2015; Whaley et al., 2017). Although the

antifungal resistance in Candida albicans, the predominant species of candidiasis is less

common, cases have been reported with recurrent and chronic candidiasis (Arendrup

and Patterson, 2017). However, reports about non-albicans Candida species causing

systemic candidiasis are rising (over 50%), and multidrug-resistant Candida, such as

Candida auris and Candida glabrata have been discovered (Arendrup and Patterson,

2017; Forsberg et al., 2019).

Candida albicans

Candida is a genus of yeasts that is characterised by the blastoconidia that reproduce

by multilateral budding, but only a few of the Candida species can cause candidiasis

in humans. Among the Candida species, the most common one is C. albicans, which

is an opportunistic pathogenic fungus and a commensal of the gastrointestinal tract,

mucosal membranes and skin (Limon, Skalski and Underhill, 2017). This polymorphic

fungus can transform from commensal to a pathogen by developing pseudohyphae and

long filamentous hyphae, which are critical for invasion (Desai, 2018) (Fig 1-8). C.

albicans matures into a highly structured biofilm composed of several cell types, such

as blastoconidia, pseudohyphae and elongated hyphal cells. In chronic wounds, C.

albicans is the most common fungus and forms a mixed species biofilm with bacteria

such as Staphylococcus species (Harriott and Noverr, 2011; Nobile and Johnson, 2015).
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Figure 1-8: Yeast-to-hypha transition of C. albicans. The transition of C. albicans
is reversible between yeast, hyphae and pseudohyphae. Under special conditions, C.
albicans can transform from commensal to the pathogen by developing pseudohyphae
and long filamentous hyphae.

C. albicans is the predominant species causing candidiasis, especially in immunocom-

promised patients (Safdar, Bannister and Safdar, 2004; DiNubile et al., 2005). Several

case reports have described the severe cutaneous candidiasis caused by C. albicans,

with most of them referring to transplant recipients and, diabetes and psoriatic pa-

tients (Tuon and Nicodemo, 2006; Kakeya et al., 2014; Ovčina-Kurtović et al., 2016;

Cai et al., 2018; Badiee et al., 2019). This fungus is also a predominant pathogen in

napkin dermatitis, associated with over 80% of the cases (Scheinfeld, 2005; Bonifaz et

al., 2016).

Pathogenesis

As mentioned above, cutaneous candidiasis is caused by the transition of Candida spec-

ies from commensalism to pathogenicity. The initial colonisation is mediated by the

interaction between C. albicans and the host cells via the proteins such as Als family

and Hwp1 (Hoyer, 2001; Naglik et al., 2006; Tronchin et al., 2008). The adherence also

induces hyphal formation, and then triggers the invasion into the host cells through

induced endocytosis (host-driven process) and physical penetration (fungus-driven pro-
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cess) (Zakikhany et al., 2007; Wächtler et al., 2011, 2012). The Als1, Als31 and Hwp12

are highly expressed on the hyphae and play an important role in biofilm formation

(Nobile et al., 2006; Ene and Bennett, 2009; Roudbarmohammadi et al., 2016).

Metal ions acquisition is also essential during the invasion of host cells by C. albicans.

Regarding iron, C. albicans has different ways to acquire iron from host cells, and the

invasion-like protein Als3 is crucial during the invasion stage (Fourie et al., 2018). Als3

is found in C. albicans hyphae, but not in yeast cells, and enables acquiring iron from

ferritin. Interestingly, a ∆als3 mutant is unable to invade the epithelial cells (Almeida

et al., 2008). Regarding zinc, C. albicans uses a zinc scavenging system, known as a

zincophore, which accumulates on the surface of the invasive hyphae. A zinc-binding

motif, Pra1, is released into the surrounding host cells and binds to the host’s zinc, then

it delivers the zinc to C. albicans via physical interaction with the Zrt1 transporter on

the hyphae (Citiulo et al., 2012;  Loboda and Rowińska-Zyrek, 2018). For copper, apart

from the role in superoxide dismutase, it is essential for regulating the iron homeostasis

in C. albicans, and copper-starvation condition causes a decrease of the high-affinity

iron uptake (Macp et al., 2008; Li, Li and Ding, 2019).

1.2 Antimicrobial film-forming agents

There has been an increasing incidence of antifungal resistance over the past dec-

ade, along with the upsurge of the failure of azole and allylamine therapy to derma-

tophytosis and cutaneous candidiasis (Mukherjee et al., 2003; Osborne et al., 2005;

Perlin, 2015; Whaley et al., 2017; Yamada et al., 2017; Rudramurthy et al., 2018).

Moreover, the application of topical antifungal products (e.g. creams and ointments)

to skin lesions is inconvenient because the duration of antifungal therapies is long

and requires up to 4 weeks to finish the treatment (Seebacher, Bouchara and Mignon,

2008). To overcome these issues, this thesis aimed to investigate the potential use of

antimicrobial film-forming agents against fungal skin infections. Film-forming agents

are chemical substances, typically polymers, that can form a continuous cover on the

surface, with pliable and cohesive properties. Antimicrobial polymers were first dis-

covered by Cornell and Dunraruma in 1965, who described a chemical modification of

2-methacryloxytroponones that killed bacteria. Numerous antimicrobial film-forming

agents have been identified and approved by the FDA. They have been widely applied

1Als1 and Als3: Members of Agglutinin-like protein - Cell surface proteins which mediate yeast-to-
host tissue adherence and biofilm formation.

2Hwp1: Hyphal wall protein 1 - Cell surface protein expressed only on hyphae mediates cell-to-cell
and cell-to-host adhesive functions and biofilm formation.
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Table 1.1: Antifungal therapy of dermatophytosis (Gupta and Cooper, 2008; Khurana,
Sardana and Chowdhary, 2019).

Mechanism of action Class Drug(s)

Inhibition of ergosterol synthesis Azoles Clotrimazole, Fluconazole

Allylamine Terbinafine, Naftifine

Morpholine Amorolfine

Thiocarbamate Tolnaftate

Disruption of fungal membrane
by binding to ergosterol and pore
formation

Polyenes Nystatin, Amphotericin B

Inhibition of glucan synthesis Echinocandins Caspofungin, Micafungin

Inhibition of mitosis Heterocyclic
benzofuran

Griseofulvin

Inhibition of protein synthesis Benzoxaboroles Tavaborole

Chelation of trivalent cations Hydroxypridones Ciclopirox

in multiple areas, such as dental composite application, food packaging and textiles

(Varesano et al., 2011; Malhotra, Keshwani and Kharkwal, 2015; Morais, Guedes and

Lopes, 2016; Bienek et al., 2018; Rokaya et al., 2018; Huang et al., 2019).

The antimicrobial polymers can be defined into three types: (1) those containing an-

timicrobial activity themselves, usually equipped with functional groups such as qua-

ternary nitrogen, phosphonium or sulfonium compounds, as well as halogens (Muñoz-

Bonilla and Fernández-Garćıa, 2012; Kamaruzzaman et al., 2019); (2) those that co-

valently bound with antimicrobial compounds, such as astaxanthin-based polymers

(Weintraub et al., 2017); and (3) those that provide sustained-release of organic or in-

organic antimicrobial compounds with, such as tetracycline in poly(vinylpyrrolidone)

and silver ions (Jones, Brown and Woolfson, 2001; An et al., 2009).

There are three main advantages of using polymers. First, they can present longer-

term activity than traditional antifungal agents. Second, polymers have lower toxicity

because they do not permeate through the skin due to their high molecular weight

(Muñoz-Bonilla, Cerrada and Fernández-Garćıa, 2013). Third, their use reduces the

chances of fungal resistance being developed. In order to understand the reason why

antimicrobial polymers can minimise the development of resistance, the mechanisms

of action of antifungal compounds need to be considered. There are different modes

28



of action of antifungals (Table 1.1) (Gupta and Cooper, 2008; Khurana, Sardana and

Chowdhary, 2019). Commonly, an antifungal compound carries their fungicidal or

fungistatic actions in two ways: inhibition of synthesis/ direct interaction with the

ergosterol of the fungal cell membrane; or inhibition of protein and DNA synthesis

(Odds, Brown and Gow, 2003). Based on these activities, five common mechanisms

are underlying the development of resistance by the fungi (Kanafani and Perfect, 2008;

Cowen et al., 2015):

1. Activation of efflux pumps to decrease intercellular drug concentration

2. Alteration of the target site (e.g. enzymes) to prevent antifungal binding

3. Overexpression of the target enzyme, such as Upc2 which regulates ergosterol

biosynthesis genes

4. Development of bypass pathways against inhibition of ergosterol biosynthesis

5. Modification of the cell membrane composition to reduce antifungal binding to

the ergosterol

Compared with clinically used antifungal drugs, some antifungal polymers, such as

cationic polymers, can kill the fungi by destroying their cell wall and/or cell membranes,

which are nonspecific processes and thus, less prone to cause antifungal resistance

(Muñoz-Bonilla, Cerrada and Fernández-Garćıa, 2013).

1.2.1 Cationic polymers

Cationic polymers are long chains molecules comprising repeat units containing cationic

groups on their backbone and/or side chains and hydrophobic groups. These two

functional groups play an essential role in their antimicrobial activity. There are sev-

eral types of cationic groups in cationic polymers that can be protonated, such as

ammonium, iminium, sulfonium and phosphonium ions (Yang et al., 2018). The am-

monium cations can be classified into primary, secondary, tertiary and quaternary based

on the number of organic groups. In general, the antimicrobial activity of cationic

groups is carried out by destructive interaction between the negatively charged micro-

bial cell wall and/or cytoplasmic membranes and the positively charged cationic groups,

consequently leading to the destruction of the cell wall (Muñoz-Bonilla and Fernández-

Garćıa, 2012; Siedenbiedel and Tiller, 2012). Modified 5-phenyl-1,3,4-oxadiazole-2-thiol

polymers containing quaternary ammonium have shown antimicrobial activity against

pathogens such as Staphylococcus aureus, Escherichia coli, C. albicans and Aspergillus

niger (Xie et al., 2018). After the quaternisation of amino poly(glycerol methacrylate)s,
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Figure 1-9: Chemical structure of (A) ABIL® T Quat 60 and (B) EUDRAGIT® E.

the conversion of tertiary amines into quaternary ammonium groups enhanced the anti-

microbial activity against S. aureus and E. coli (Liang et al., 2014). In addition to the

protonable amines, the hydrophobic side chains are also involved in the antimicrobial

activity, as they can damage the bacterial membrane by inserting their segments into

the lipid bilayer. An increase in chain length of the alkyl groups significantly reduces

the MIC of cationic polycarbonates. Moreover, a proper arrangement of hydrophobic

alkyl chains as the globally amphiphilic conformation can reduce the haemolytic effect

of the antimicrobial polymer (Yang et al., 2018).

There are various types of cationic polymers that have been reported and studied.

Most of them contain protonable amines but differ in the polymer architectures. In

this thesis, two cationic polymers, silicon quaternium-22 and Eudragit E, were studied

for their activity against fungal skin infection and for their ability to form well-tolerated

films when sprayed on the skin.

ABIL® T Quat 60

ABIL® T Quat 60 is a cationic conditioning agent that is used as an ingredient

in shampoo and conditioners for hair protection. The agent contains the active in-

gredient silicone quaternium-22 (65%) and PPG-3 myristyl ether (35%). The silicone

quarternium-22 is also known as triquaternary polydimethyl siloxane, an epoxysiloxane

30



containing dimethyl-dimethylaminopropyl lauramide in a T-shape (Fig 1-9A) (Evonik

Industries, 2008). Silicone quarternium-22 belongs to the group of polysiloxanes that

contain high flexibility in their polymer chains and amphiphilic characteristics. It was

suggested that these features could improve molecular interactions with bacterial sur-

face (Jońca et al., 2016). A review on polysiloxanes described their high antibacterial

activity against S. aureus and E. coli (Muñoz-Bonilla and Fernández-Garćıa, 2012).

Since the stratum corneum and hair of humans are negatively charged (isoelectric point

in 3.70 and 3.67 respectively), ABIL T Quat 60 has a high affinity to the superficial

layer of human skin due to its unique triple cationic charge (Wilkerson, 1934; Cruz et

al., 2016).

EUDRAGIT® E

EUDRAGIT® is a product of the methacrylate copolymers family that has been widely

used in oral pharmaceutical dosage forms to control the release of drugs. There are

different types of Eudragit and these are indicated with letter codes alluding to their

chemical properties and application in drug release: L – Lightly soluble in the intestine;

S – Slightly soluble in the intestine; FS – Flexible Eudragit S; RL – Retarding Lightly;

RS – Retarding Strongly; NE – Neutral Ester; NM – Neutral, for Matrix application.

Eudragit E is a Food and Drug Administration (FDA) -approved cationic monomer di-

methylaminoethyl methacrylate (DMAEMA), copolymerised with butyl methacrylate

and methacrylic acid (50:25:25) (IUPAC name: Poly(butylmethylmethacrylate-co-(2-

dimethylaminoethyl) methacrylate-co-methyl methacrylate)) (Fig 1-9B). It is an acid-

soluble polymer that can be dissolved below pH 5.0 and can swell to allow drug per-

meation above pH 5.0. The pH-dependent solubility enables drug release in the stomach

(acidic pH) but avoids it in the mouth. Moreover, it can be formulated to form a thin

coating of 10-20 µm thickness with low water vapour permeability that provides mois-

ture protection (Skalsky and Petereit, 2016). In addition to its application as a coating

material for delivering drugs in the stomach, Eudragit E has been used to form topical

drug delivery polymer systems incorporating clotrimazole against fungal skin infec-

tions (Leopold and Eikeler, 1998; Paradkar et al., 2015). On the other hand, Eudragit

E100 has been studied to enhance the effectiveness of antibiotics against Pseudomonas

aeruginosa (Romero et al., 2012).
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Chapter 2

Aims and Objectives

This study aims to develop the use of film-forming agents that provide a film barrier

on the skin to prevent and treat fungal skin infections, without the intervention of

standard antifungal agents, thus avoiding the development of antifungal resistance,

and preventing cross-contamination. To do this, cationic polymers will be selected,

and their antifungal activities to prevent and treat the early stages of fungal skin

infection by Trichophyton rubrum, Trichophyton interdigitale and Candida albicans

will be characterised. The specific objectives were to: (1) develop and validate an ex

vivo fungal skin infection model; (2) identify whether film-forming agents can prevent

and/or treat fungal skin infections; (3) investigate mechanism(s) of action underlying

the ability of the film-forming agents to prevent and treat these fungal skin infections;

(4) investigate the potential of the film-forming agents to prevent or treat bacterial skin

infections; (5) evaluate the performance and the acceptability of films when applied to

the skin of healthy volunteers.
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Chapter 3

Application of an Ex vivo Model

and Dermatophyte Adherence

3.1 Introduction

Dermatophytosis is a superficial fungal infection of keratinised tissues, such as skin,

hair and nails. The transmission is carried out directly (human-to-human/ animal-to-

human contact) or indirectly (contaminated objects) via dermatophyte arthrospores

(or other spores or hyphal fragments) (Brasch and Hipler, 2008). Trichophyton rubrum

is the most common causative agent of dermatophytosis, associated with 80-90% of all

chronic and recurrent dermatophytosis (Liu et al., 2014; Zhan and Liu, 2017). The

pathophysiology of dermatophyte infections is divided into three stages: adherence,

germination and hyphal growth (Vermout et al., 2008). The infection initiates with

a time-dependent adherence of dermatophytes to the host keratinised tissues. Table

3.1 shows the previous studies on dermatophytes adherence to the keratinised tissues

(Zurita and Hay, 1987; Aljabre et al., 1993; Rashid, Scott and Richardson, 1995; Duek

et al., 2004; Tabart et al., 2007; Bitencourt et al., 2016). These studies suggested that

the time for maximum adherence of Trichophyton species is between 3 and 6 hours.

However, these also showed the adherence varied depending on the infection model.

In order to study the infection process of the skin, several in vitro and ex vivo infection

models have been developed. These include the use of isolated corneocytes (Zurita and

Hay, 1987; Aljabre et al., 1993), explanted human skin (Duek et al., 2004; Kaufman et

al., 2007; Smijs et al., 2008; Mignon et al., 2012; Corzo-León, Munro and MacCallum,

2019), 2D epithelial cell cultures using Chinese hamster ovary (CHO) cells (Esquenazi
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Table 3.1: Previous studies of dermatophytes adherence.

Dermatophytes Infection model Time for max.
adherence

Reference

Trichophyton spe-
cies arthroconidia

Human keratino-
cytes

3-4 hours (Zurita and Hay, 1987)

T. mentagrophytes
arthroconidia

Stripped sheets of
stratum corneum/
isolated human ker-
atinocytes

6 hours (Aljabre et al., 1993)

T. mentagrophytes Nail plate 6 hours (Rashid, Scott and
Richardson, 1995)

T. mentagrophytes Nail plate 6 hours (Duek et al., 2004)

T. mentagrophytes Skin explants of full
epidermis thickness

12 hours (Rashid, Scott and
Richardson, 1995)

Microsporum canis
arthrospores

Reconstructed
feline epidermis

6 hours (Tabart et al., 2007)

T. rubrum HaCaT cells 6 hours (Bitencourt et al., 2016)

et al., 2003, 2004) or immortalised human keratinocytes (HaCaT cells) (Bitencourt et

al., 2016), and even reconstructed human epidermis (RHE) (Liang et al., 2016; Faway

et al., 2017). Some of these, such as the cell culture-based models, involve epithelial

cell lines, and it is unclear how relevant these are to the initial stages of dermatophyte

infection. Also, these models lack some skin structure and appendages. Crucially they

lack the stratum corneum, which is the outermost epidermal layer that consists of

corneocytes which are the first site for dermatophyte adherence. Unlike keratinocytes,

corneocytes are dead cells that contain different types and ratios of keratin and lipid

molecules (Fuchs and Raghavan, 2002; Bikle, Xie and Tu, 2012; Cha et al., 2016).

The full thickness of epidermis containing a stratum corneum is resolved by developing

3D skin cell cultures, such as RHE, which also has the advantage of better simulating

in vivo processes to study the interaction between the dermatophytes and the cell-to-

extracellular matrix (MacNeil, 2007; Edmondson et al., 2014). However, unless these

cultures are transplanted, they lack hair follicles, which are one of the adherence sites

for dermatophytes. Another disadvantage is, the high cost associated with developing

3D cultures (Rodrigues Neves and Gibbs, 2018). Explanted human skin resolves most

of these issues, but sourcing human tissue can be challenging, costly and is complicated

by ethical issues. Considering animal models in the dermatological research field, por-
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Table 3.2: Comparison between the human and porcine skin (Holbrook and Odland,
1974; Godin and Touitou, 2007; Summerfield, Meurens and Ricklin, 2015; Fujita et al.,
2018).

Human skin Porcine skin

Stratum Corneum Thickness: 10-40 µm Thickness: 20-26 µm

Epidermis Thickness: 50-120 µm Thickness: 30-140 µm

Dermis Thickness: 2.1-5.8 mm Thickness: 3 mm

Hair Density Sparse; average 14-32 hairs/cm2 Sparse; average 20 hairs/cm2

cine skin has been employed as a model of human skin for studying the pharmacology

and the transdermal skin delivery of drugs. Its anatomical and physiological similarities

to the human skin has been well-established in terms of the epidermal-dermal thick-

ness ratio, density of hair follicles and the collagen and lipid composition (Table 3.2)

(Holbrook and Odland, 1974; Godin and Touitou, 2007; Summerfield, Meurens and

Ricklin, 2015; Fujita et al., 2018). This study, therefore, aimed to evaluate a relatively

affordable and straightforward ex vivo model using explanted porcine skin, to study

the adherence stage of the fungal skin infection, as well as the pre-clinical stages of the

process.

Sterilisation of explanted skin is a significant challenge in the ex vivo model and must

ensure the consistency of experiments and avoid contamination from other microor-

ganisms. Several sterilisation methods have been published, such as glycerol treatment

and use of γ-irradiation, ethylene oxide and peracetic acid. Glycerol was introduced by

the Euro Skin Bank since 1984 and is used for preserving skin allografts (Tognetti et

al., 2017). It can control the microbiological growth at high concentration, but the pre-

served non-pathogenic bacteria can be recovered by glycerolisation (Pianigiani et al.,

2010; Tognetti et al., 2017). γ-irradiation is radiation sterilisation that exposing the

skin allografts to γ-ray from the radioactive isotopes cobalt-60 and caesium-137 (Singh,

Singh and Singh, 2016). However, it is not an ideal sterilisation method due to its toxic

effect and it causes significant structural alterations to the skin (Rooney et al., 2008).

Ethylene oxide is a highly reactive gas use to sterilise heat-sensitive medical devices

and bone and soft tissues. It provides effective sterilisation to destroy a broad range

of microorganism, not only vegetative bacteria and fungi but also bacterial spores and

mycobacteria (Dai et al., 2016). However, ethylene oxide produces toxic by-products,

ethylene glycol and ethylene chlorohydrin, that can be retained by the tissues where

they cause toxic effects (Binnet, Akan and Kaya, 2012; Prolo, Oklund, and Borer,
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2013). Peracetic acid is a sporicidal oxidising agent with high penetration ability (Dai

et al., 2016; Nerandzic et al., 2016). A combination of peracetic acid with ethanol or

glycerol has been used for disinfection and preservation of bones and tissues grafts be-

cause of its effective inactivation of bacteria, fungi, viruses and bacterial spores (Pruss

et al., 1999, 2001; Lomas et al., 2003; Huang et al., 2004). Unlike ethylene oxide,

residual peracetic acid decomposes quickly but it acidifies the environment (Lomas et

al., 2003; Dai et al., 2016). In this study, an alternative gas sterilisation method was

used to sterilise porcine skin by in situ generated chlorine gas. Chlorine gas can be

produced by a combination of sodium hypochlorite with an acid, and has been used

for surface sterilisation, being active against bacterial spores and fungi (Kuroiwa et al.,

2003; Lin et al., 2011). It has been used to sterilise excised porcine skin for studying

bacterial biofilms (Yang et al., 2013). Before adopting this method for our study, we

studied the effectiveness of chlorine gas and its potential effects of the skin structure.

HaCaT (Human adult low Calcium high Temperature) cell is a spontaneously immor-

talised human keratinocyte cell line derived from adult human skin that provides a

consistent and reproducible skin model for in vitro studies. It has been used as a

fungal skin infection model to study the fungal-host interaction between skin cells and

Trichophyton species at the biomolecular level (Bitencourt et al., 2018; Petrucelli et al.,

2018; Deng et al., 2019). Also, the HaCaT cell line has been used in adhesion assays

involving C. albicans and T. rubrum (Bitencourt et al., 2016; Ichikawa et al., 2019).

However, HaCaT cells are undifferentiated keratinocytes similar to the basal cells in

the stratum basale, which are morphologically different from the corneocytes in the

stratum corneum, the initial skin site involved in fungal skin infections. Corneocytes

are terminally differentiated keratinocytes that significantly differed from the basal cells

(Candi, Schmidt and Melino, 2005). Apart from exogenous growth factors, e.g. TGF-

α (Maas-Szabowski, Stärker and Fusenig, 2003), an increased calcium concentration

gradient has been shown to induce the terminal differentiation of HaCaT cells (Deyrieux

and Wilson, 2007). At high concentrations of calcium, cornified envelope proteins such

as keratin K1, filaggrin, transglutaminase and involucrin are overexpressed in HaCaT

cells (Seo et al., 2002; Deyrieux and Wilson, 2007; Bikle, Xie and Tu, 2012). In this

study, we examine not only the adherence of T. rubrum conidia to undifferentiated

HaCaT cells but also to the differentiated HaCaT cells.

In this chapter, we have studied the efficacy of chlorine gas sterilisation of explanted

porcine skin, and characterised adherence stage of the Trichophyton rubrum infection

on ex vivo model via adherence assays, pathohistology and electron microscopy analysis.

Moreover, adherence assays to HaCaT cells were examined as a control experiment and
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used to compare between the in vitro and ex vivo models, as well as a preliminary test

to evaluate the HaCaT cell differentiation.

3.2 Materials and Methods

3.2.1 Chemical reagents

Minimal salts agar (pH 5.4) contained ammonium phosphate monobasic (50 mM)

(99.0%; Sigma-Aldrich, St. Louis, MO, USA), potassium phosphate dibasic (5.75 mM)

(ACS reagent; Sigma-Aldrich) and potassium phosphate monobasic (3.4 mM) (ACS

reagent; Sigma-Aldrich) and 1.5% agar (Agar No. 1; Oxoid, Hants, UK). 10% neutral

buffered formalin was prepared in 1 L containing 4 g of sodium phosphate monobasic

(ACS reagent; Sigma-Aldrich), 6.5 g of sodium phosphate dibasic (ReagentPlus, Sigma-

Aldrich) and 100 mL of formaldehyde 37% solution (Sigma-Aldrich).

3.2.2 Fungal strain and growth conditions

A standard strain of Trichophyton rubrum (ATCC 28188), obtained from Thermo

Scientific (Lenexa, KS, USA) was routinely grown on potato dextrose agar (Sigma-

Aldrich) for 15 days at 30°C to induce full sporulation. The conidia were harvested

with sterile 1% Tween-20 (Fisher Scientific, Loughborough, UK), resuspended in sterile

Milli-Q water, and stored at -20°C until use within two weeks. The colony-forming

units (CFU) of fungi was measured by plate counting on Sabouraud dextrose agar

(SDA; Sigma-Aldrich).

3.2.3 Porcine skin sterilisation

Porcine skin was obtained from a local abattoir, on the next day, dermatomed to

include the full epidermal thickness and kept frozen until use. At the beginning of the

experiment, dorsal skin samples were defrosted at room temperature and sliced into

approximately 1 cm2 section. These were washed in sterile phosphate-buffered saline

(PBS; Sigma-Aldrich) three times followed by sterilisation as described by Yang et al.

(2013) with minor modifications. Briefly, both sides of the skin section were treated by

chlorine gas (generated by the reaction of 10 mL sodium hypochlorite solution (10-15%;

Sigma-Aldrich) with 20 mL acetic acid (glacial, VWR, Fontenay-sous-Bois, France))

for 15 minutes in a chamber on an orbital shaker at 15 rpm. After this, the skin section

was rinsed twice with sterile PBS, then soaked for 30 minutes on a shaker at 200 rpm.

The skin section was transferred onto the minimal salts agar and left for 30 minutes

before continuing the experiment.
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3.2.4 Determination of sterilisation efficiency

In order to study the efficiency of the chlorine gas sterilisation step, both sides of the

skin were sterilised with this gas at room temperature for different incubation times (5,

10, 15 and 20 minutes) on an orbital shaker at 15 rpm. The skin was then rinsed twice

with sterile PBS, followed by washing with sterile PBS for 30 minutes on a shaker at

200 rpm. The specimens were transferred on the SDA plates and incubated for five

days at 30°C.

3.2.5 Ex vivo adherence assay

This ex vivo method aims to analyse the time-dependent adherence of T. rubrum to

the stratum corneum of porcine skin by measuring the number of conidia that had or

had not adhered. After sterilisation of the porcine skin, 10 µL of T. rubrum conidia

(1 Ö 104 CFU/mL, water) were added on the top of specimens that were placed on

minimal salts agar, followed by incubation for 0-24 hours at 30°C.

After the incubation, the specimens were washed with 1 mL sterile PBS and the number

of non-adherent conidia in the washing solution was measured by a viable plate count

on SDA. To measure the number of conidia that adhered to the skin, the specimens

were washed twice more with PBS, followed by incubation of Trypsin-EDTA solution

(0.25%; Gibco, Paisley, UK) for 15 minutes at 37°C on a shaker at 220 rpm. Conidia

from the last step were again plated on SDA to determine the viable count.

3.2.6 In vitro adherence assay

HaCaT is a spontaneously immortalised human keratinocyte cell line, widely used as

a representative model to study the physiology of the skin. HaCaT cells, received as

a gift from Dr Charareh Pourzand (University of Bath, Bath, UK), were plated at a

density of 1 Ö 105 cells/ well in 24-well tissue culture plates, cultured in 1 mL DMEM

(Dulbecco’s Modified Eagle Medium; high glucose, pyruvate; Gibco) supplemented with

10% fetal bovine serum (FBS; HI, US origin; Gibco) and 1% penicillin-streptomycin

(P/S; 10,000 U/mL; Gibco). The HaCaT cells were incubated at 37°C and 5% CO2 for

3 days to reach confluence. Then, the medium was replaced by DMEM (without FBS

and P/S) the night before inoculation. 5 µL of T. rubrum conidia (1 Ö 105 CFU/mL,

water) was added into each well and incubated for 0-24 hours at 37 °C and 5% CO2.

To measure the number of conidia not adhered to the HaCaT cells, the supernatant

was collected, and the CFU of T. rubrum was counted on SDA. To measure the number

of conidia adhered to the HaCaT cells, the DMEM solution in the well was removed,
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and the wells were washed three times in DPBS (no calcium, no magnesium; Gibco).

0.5 mL of Trypsin-EDTA (0.25%) was added to the wells followed by incubation for 5

to 10 minutes at 37°C. Once the cells had detached, 0.5 mL of DMEM solution was

added to the well and cells were resuspended. The solution was transferred to SDA for

viable plate count.

3.2.7 Induction of HaCaT cells differentiation

The differentiation of HaCaT cells was described by Deyrieux and Wilson (2007). In

brief, the keratinocyte differentiation was induced by increasing the concentration of

calcium chloride in the medium. To prepare the DMEM supplemented with 10% FBS,

1% P/S and 2.8 mM CaCl2, 50 mL of 10% FBS was pre-treated with Chelex 100

resin (sodium form, 50-100 mesh; Sigma-Aldrich) for 1 hour at 4°C. The Chelex was

subsequently removed using a sterile PES syringe filter (0.2 µm; Fisherbrand). 0.073 g

of calcium chloride dihydrate (ACS reagent; Sigma-Aldrich) was then added to 50 mL

calcium-depleted FBS and sterilised by PES syringe filter (0.2 µm). The modified FBS

was prepared with DMEM and P/S as a medium with a final concentration of 2.8 mM

CaCl2 for culturing HaCaT cells.

3.2.8 Field emission scanning electron microscopy (FESEM)

All specimens followed the same procedures as outlined in the paraffin sectioning pro-

tocol (see 3.2.9). After this step, the specimens were fixed overnight in 2.5% glutaral-

dehyde in 0.1 M sodium cacodylate buffer (pH 7.3), followed by post-fixing with 1%

osmium tetroxide for 2 hours. Then, they were rinsed three times in sodium cacodylate

buffer (pH 7.3) for 10 minutes. The specimens were dehydrated in a graded acetone

series, 10, 30, 50, 70, 80, 90, 95 and 100% for 15 minutes per change. After that, the

specimens were mounted onto an SEM plug and coated with chromium. The samples

were then imaged using FESEM (JSM 6301F, JEOL, Tokyo, Japan).

3.2.9 Histology

Cryosectioning

The effect of chlorine gas to the structure of the skin was studied. Skin specimens were

sterilised for different incubation times (5, 10, 15 and 20 minutes), and they were fixed

in 10% neutral buffered formalin overnight at 4°C. To cryoprotect the tissues, the speci-

mens were immersed in 30% sucrose (for molecular biology, ≥99.5%; Sigma-Aldrich) in

PBS until the tissue sank, and then were frozen in OCT compound (CellPath, Powys,

UK) via dry ice methanol slurry and cryosectioning. Cryosections were stained with
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haematoxylin (Gill No.3; Sigma-Aldrich) and eosin (BDH, Poole, UK), the sections

were next mounted with DPX mountant (Sigma-Aldrich) and imaged using light mi-

croscopy (Zeiss Axioscope).

Paraffin sectioning

This study aims to characterise the histopathology of T. rubrum infection of porcine

skin. Following sterilisation, the skin samples were placed on the minimal salts agar

and inoculated with 10 µL of T. rubrum conidia (1 Ö 105 CFU/mL, water), this was

followed by incubation for 0-72 hours at 30°C. The skin was fixed with 10% neutral

buffered formalin overnight at 4°C, and then the fixed specimens were dehydrated,

embedded in paraffin and sectioned. The sections were deparaffinised and were stained

by periodic acid-Schiff diastase (PAS-D) staining (Sigma-Aldrich). The sections were

mounted with DPX mountant and imaged using light microscopy (Zeiss Axioscope).

3.2.10 Ex vivo antifungal susceptibility testing

To simulate the skin infected by dermatophytosis, 10 µL of T. rubrum conidia (1 Ö 104

CFU/mL, water) was added on the top of sterilised specimens placed on the minimal

salts agar, then incubated for three days at 30 °C to induce fungal skin infection. To

study the susceptibility of antifungal creams, Canesten 1% (Bayer, Reading, UK) and

Lamisil 1% (GlaxoSmithKline, Brentford, UK) were applied thinly on the surface of

specimens by a sterile swab gently. Application and dosing of the creams were based

on the instructions given by the Patient Information Leaflets (PILs). The creams were

applied once (Lamisil) or twice (Canesten) per day, and the specimens were washed

with sterile PBS (simulation of showering) once (midpoint of the interval of cream

application) per day; the ensemble was kept at 30°C, a temperature that closely matches

that of the skin in feet and hands (Liu et al., 2013). As for the control, specimens were

wiped with sterile Milli-Q water by a sterile swab. The treatments continued for one

week, after which the specimens were washed with sterile PBS and wiped with the

sterile blue roll. After that, the skin specimens were transferred to the new minimal

salts agar and incubated for seven days at 30°C.

3.2.11 Calculation and statistical analysis

The results were represented as the mean ± standard deviation (SD). The mean differ-

ences between the two sets of data were analysed by two-way analysis of the variance

(ANOVA). Statistical significance was fixed at when p-values less than 0.05.

47



3.3 Results

3.3.1 Chlorine gas sterilisation

Chlorine gas is a toxic and corrosive gas used for sterilisation. Tissue histology and agar

culture plates were used to assess any tissue damage and the efficiency of sterilisation

and to identify the optimum sterilisation time. Fig 3-1 shows the efficiency of chlorine

gas in the sterilisation of porcine skin explants when 5-20 minutes of exposure on both

sides were used. The left-side panels show the tissue structure of the skin after the

treatment, as illustrated by H&E staining after cryosectioning. The stratum corneum

remained attached to the epidermis without apparent damage to the porcine skin,

irrespective of chlorine gas treatment time. The “shutters” observed in Fig 3-1, referring

to the spaces within the skin structure on the sections are caused by water-crystal or

the effect of the blade for sectioning. The right-side panels in Fig 3-1 illustrate the

effectiveness of different sterilisation times. There was no microbial growth on the

SDA following 10 minutes or longer treatments with chlorine gas. The agar culture

plates corresponding to 0 (control) or 5 minutes treatment were completely covered

with microbes, suggesting that a treatment below 5 minutes was not effective. Also,

the microbial species observed in the 5 minutes treatment samples were different from

those observed in the control sample.
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Figure 3-1: Efficiency of 5-20 minutes exposure to chlorine gas in the sterilisation of
porcine skin explants. The time indicated corresponds to the total exposure (e.g. a
5 minutes exposure corresponds to 2.5 minutes each side). (Left) Tissue structure of
the porcine skin following exposure to chlorine gas. There are no apparent damages
to the porcine skin in different chlorine gas treatment time. The water-crystal or the
blade caused the “shutters” on the sections. (Right) Effect of the exposure time on
sterilisation efficiency. No microbes grew on SDA following treatments for 10 minutes
or longer. Scale bar = 50 µm.
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Figure 3-2: Explanted porcine skin infection model. (A) Schematic diagram of ex
vivo infection model. (B) Porcine skin inoculated with T. rubrum conidia shows
fungal growth with white mycelium after 7 days. (C) No significant fungal growth
was observed in the absence of skin.

3.3.2 Ex vivo and in vitro adherence assays

The ex vivo adherence assay performed on the porcine skin infection model, as illus-

trated by the schematic diagram in Fig 3-2A. Dermatomed porcine skin was placed

on a polycarbonate membrane and the ensemble was positioned on a minimal salts

agar (pH 5.4) plate. Fig 3-2B shows the mycelium observed on the porcine skin after

inoculation of T. rubrum conidia and incubation for 7 days at 30°C. The growth was

dependent on the presence of skin, as the fungi grew poorly on the minimal salts agar

without porcine skin (Fig 3-2C).

The adherence of T. rubrum conidia was measured and compared between the ex vivo

explanted porcine skin and a previously established in vitro model using HaCaT cells,

an immortal line keratinocyte (Boukamp, 1988) (Fig 3-3A). The maximum adherence

of conidia on porcine skin and HaCaT cells was reached within 2 and 3-6 hours, respect-

ively. A repeated measures ANOVA showed the adherence between two assays were not

significant. The adherence of conidia was complemented by mirroring measurements of

the number of non-adherent conidia between 1 and 24 hours (Fig 3-3B). The adherence

rates of conidia on porcine skin and HaCaT cells plateau at 6 hours. The number of

non-adherent conidia continued to drop to less than 5% at 24 hours, while the number

of adherent conidia did not increase above 60% of the conidia initially applied.

50



Figure 3-3: Evolution of T. rubrum conidia bound (A) and unbound (B) to porcine
skin (ex vivo) and HaCaT cells (in vitro) between 0 and 24 hours. Reverse relationships
between bound and unbound conidia in ex vivo and in vitro models are observed,
showing an increase of conidia adherence with a decrease of conidia binding (Two-way
ANOVA; A-B: ex vivo vs. in vitro = ns; A-B: n = 3).
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3.3.3 Scanning electron microscopy and histopathological studies

SEM imaging was performed in order to visualise the skin infection by T. rubrum

conidia on porcine skin between the 3rd and 48th hours of the process, as this mi-

croscopy would provide a more detailed view of the infection process (Fig 3-4). Mi-

croconidia in piriform shape and hyphal fragments of T. rubrum were recognised in

these images. From the lower magnification images, it was deduced that the number of

conidia adhered to the skin increased with the incubation time. Hyphae were observed

from 12 hours, until 48 hours when mycelium was developed and covered the superfi-

cial layer of the porcine skin. At higher magnification, sometimes after 3 hours, but

more frequently after 6 hours, fibril material that appeared to connect the conidia was

observed. At 9-12 hours, conidia adhered to the skin with a fibrillar coating, and after

24 hours, they appeared completely embedded in the skin with a fibrous film. After 48

hours, the skin was covered with mycelium and fibrillar coating connected between the

hyphae.

To study the invasion process, histopathological analysis of infected porcine skin between

3 and 72 hours (Fig 3-5) was done using PAS-D staining. Longer infection times re-

sulted in more conidia adhered to the superficial layer of the skin until hyphae developed

from 24 hours. Conidia could be observed on the stratum corneum after 3 hours in-

cubation, while some conidia became embedded in the stratum corneum after 6 hours.

Development of germ tubes, which is the initial step in the formation of a mycelium,

was observed after 9 hours (arrow). At 12 hours, the hyphae elongated to form a hy-

phal network with adjacent conidia that started to penetrate the stratum corneum.

The hyphal network bundled together to form a mycelium after 24 hours, while after

48 hours the stratum corneum was damaged and sometimes absent. After 72 hours,

the epidermis also appeared damaged and degraded, and there was an invasion of the

dermis.

3.3.4 Ex vivo antifungal susceptibility testing

The ex vivo porcine skin infection model provides an alternative method to test the

antifungal creams that are commonly used for the topical treatment of tinea infections.

Lamisil (1% terbinafine hydrochloride) (Fig 3-6A) and Canesten (1% clotrimazole) (Fig

3-6B) were applied to the infected porcine skin advised by the PILs and a daily shower

routine was simulated. As shown in Fig 3-6C, the control (without antifungal) was

entirely covered with mycelium whereas no fungal growth was visible on the skin that

was treated with the antifungal creams, showing successful treatment of the infected

skin with the topical products.
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Figure 3-4: Electron microscopy analysis ofT. rubrum infected porcine skin. Explanted
porcine skin was infected with T. rubrum conidia, incubated for 3 hours, 6 hours, 9
hours, 12 hours, 24 hours and 48 hours. Images taken different magnification 500x
(left) and >5000x (right). The number of conidia adhered to the skin increased with
the incubation time. At 6 hours, conidia start to develop short fibrils and germ tube
and hyphae were found from 12 hours. At 24 hours, the microconidia developed several
early germ tubes adhered to the skin and produced a fibrous film. At 48 hours. The
skin surface was covered with mycelium.

54



55



Figure 3-5: Histopathological analysis of T. rubrum infected porcine skin (PAS-D
staining). Explanted porcine skin was infected with T. rubrum conidia, incubated for
3 to 72 hours. Images taken different magnification 200x (left) and 400x (right). The
number of conidia adhered to the skin increased with the incubation time. From 9
hours, germ tubes could be seen developing from a conidium (arrow). At 24 hours,
mycelium in a network form was observed. At 48 hours, the stratum corneum was
invaded and digested. At 72 hours the epidermis had disappeared. Scale bar: 200x =
50 µm; 400x = 20 µm.
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Figure 3-6: Ex vivo antifungal susceptibility testing. Antifungal creams Canesten
1% (clotrimazole) (A) and Lamisil 1% (terbinafine hydrochloride) (B) were applied
thinly with sterile swab 2 times a day for one week on the T. rubrum infected porcine
skin, then incubated for 7 days at 30°C. After incubation, the control (C) was entirely
covered with mycelium while no visible mycelium appeared on the skin treated with
antifungal creams.

3.3.5 In vitro adherence assays after differentiation of HaCaT cells

The HaCaT cell line are keratinocytes that remain in a basal-like state, and the induc-

tion of the differentiation has been reported in the application of RHE (Deyrieux and

Wilson, 2007). A preliminary adherence assay of T. rubrum conidia to the differenti-

ated and undifferentiated HaCaT cells was done with and without differentiation (Fig

3-7). The adherence data based on measurements of bound and unbound T. rubrum

conidia to differentiated and undifferentiated HaCaT cells were similar and no signi-

ficant differences could be found by repeated-measures ANOVA. The rate of bound T.

rubrum conidia to differentiated HaCaT cells at 24 hours was slightly lower.
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Figure 3-7: Evolution of T. rubrum conidia bound (A) and unbound (B) to dif-
ferentiated and undifferentiated HaCaT cells (in vitro) over 24 hours. No significant
differences were found between the number of adhered and non-adhered conidia in both
cases (Two-way ANOVA; A-B: Differentiated vs. Undifferentiated = ns; A-B: n = 3).

3.4 Discussion

In order to improve the knowledge of the pathogenesis of dermatophytes, the devel-

opment of a fungal skin infection model which reflects the in vivo infection is crucial.

In our study, we have developed an ex vivo model using explanted porcine skin to

study the virulence factors of dermatophytes such as T. rubrum. Extracellular pro-

teases are one of the essential groups of virulence factors in dermatophytes and have

roles in adherence, invasion and nutrient acquisition during in vivo infection. Although

the specific virulence factors remain unidentified to this day, the protease activities re-

main unidentified to this day, protease activity was triggered in the explanted model

as demonstrated in our recently published study (Appendix A)(Ho, Delgado-Charro

and Bolhuis, 2020). In our model, the minimal salts agar is a carbon source (glucose)
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based culture without nitrogen source, and the presence of the skin provides keratin as

a nitrogen source via proteolytic degradation. This shows that fungal growth in this

model is dependent on the presence of skin. This infection model is relatively simple,

cheap and ethically neutral as the porcine skin is obtained from slaughterhouse ma-

terial. Comparison between porcine and human skin models has been widely studied

and used for transdermal drug delivery and toxicology testing (Godin and Touitou,

2007; Swindle et al., 2012). Porcine skin and human skin have similar histological and

biochemical properties, such as dermal and epidermal thickness ratio, sweat glands and

hair follicle distribution and protein composition. Also, the porcine skin is a highly val-

ued pre-clinical model due to its similarities of immune systems compared with human

skin (Summerfield, Meurens and Ricklin, 2015).

3.4.1 Chlorine gas sterilisation

Sterilisation of porcine skin by in situ generated chlorine gas overcame the challenge of

contamination from other microorganisms, to enable the study and monitoring of the

skin infection process by dermatophytes. In our study, we have modified the published

sterilisation method by identifying and using the optimum time and by removing the

residual chlorine (Yang et al., 2013). The incubation time for treatment of chlorine gas

and removal of chlorine is 15 minutes for both sides and 30 minutes respectively. In this

study, the generated chlorine gas could sterilise up to 10 pieces of 1 cm2 of dermatomed

porcine skin, which is consistent with the published method. Involving more pieces

(more area) may increase the chance of contamination, so more chlorine gas would be

needed to ensure appropriate sterilisation. A previous study analysed the bactericidal

activity of sodium hypochlorite solution combined with different acids (Kuroiwa et al.,

2003). It was found that the reaction between sodium hypochlorite and acetic acid

released higher concentration (ppm) of chlorine gas and shortened the incubation time

required for killing Bacillus subtilis spores. Compared to other sterilisation methods,

chlorine gas sterilisation required the shortest length of time and did no damage to the

skin structure (Pruss et al., 1999, 2001; Lomas et al., 2003; Huang et al., 2004; Rooney

et al., 2008).

3.4.2 Ex vivo and in vitro adherence assays

Adherence of fungal conidia to the stratum corneum is the first step in fungal skin

infections. We have monitored the adherence of T. rubrum conidia to the superficial

layer of the porcine skin. The maximum adherence to the porcine skin was achieved

within 2 hours as measured by the bound conidia, whereas the maximum was observed
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at 6 hours according to the unbound conidia data. The maximum adherence in bound

conidia was reached within 3-6 hours which was consistent with the HaCaT cells data.

On the other hand, 6 hours determined by the unbound conidia measurements, com-

pared well to previously published data obtained with an in vitro model using HaCaT

keratinocytes (Bitencourt et al., 2016). Interestingly, the maximum adherence did not

increase over 60% of the number of conidia initially applied.

Several approaches can be taken to clarify the different maximum adherence deduced

from bound and unbound measurements and the reduction of the number of total

conidia. Firstly, the different time for maximum adherence in ex vivo model may be

caused by a poor efficiency of the trypsin-EDTA (0.25%) solution detaching the conidia

from the skin or from adjacent fungi. In this situation, the rate of decrease in unbound

conidia due to adherence to the porcine skin might not be equal to the rate of increase

of bound conidia, a value measured using trypsin cleavage. The trypsin-EDTA solution

has been studied to pre-treat the Trichophyton species conidia to cleave the adhesin

on the surface, resulting in a reduction of the adherence index (Esquenazi et al., 2003;

Tronchin et al., 2008). However, the ability of trypsin to detach the conidia after the

adherence requires further characterisation. Secondly, the reduction in the number of

total conidia after 24 hours in both ex vivo and in vitro models suggests there was either

a loss of viability or a strong adherence to the skin. Considering the immune activities,

ex vivo porcine skin is non-viable possessing very limited or absent immune cells and

immune response. Although T. rubrum can induce the innate immune response of

HaCaT keratinocytes and secrete antimicrobial peptides, no previous reports suggested

that these have the fungicidal ability (Bitencourt et al., 2016, 2018).

Different infection models have been used to study the adherence of dermatophytes

such as T. rubrum, T. mentagrophytes and M. canis. This prior work has found an

average maximum adherence time around 6 hours, similar to the result we found in

in vitro model. The slightly higher adherence rate in ex vivo model may cause by

the complexity of the superficial layer of the porcine skin. It should be noted that

the studies with keratinocytes or isolated corneocytes, adherence was monitored with

conidia immersed in a liquid with neutral pH rather than on intact acidic skin exposed

to air. Moreover, the in vitro models lack a stratum corneum and other skin structures,

such as hair, although it is unclear whether that would influence the adherence.

3.4.3 Scanning electron microscopy and histopathological studies

After adhering to the stratum corneum, conidia start to invade the skin, achieved by

germination and protease production, leading to penetration of the stratum corneum.
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The SEM study visualised the early stages of the interaction between T. rubrum conidia

and porcine skin. Adherence of conidia increased with the incubation time. A fibril-like

material between adjacent conidia was formed after 6 hours, and between conidia and

the stratum corneum in 9-12 hours. Previous studies have observed the presence of

fibrils that enabled T. mentagrophytes and Candida albicans to adhere the fungi to

the skin surface and prevent their detachment (Rashid, Scott and Richardson, 1995;

Duek et al., 2004; Kaufman et al., 2007). The nature of these fibrils is unknown, but

it has been suggested that they contain mucopolysaccharide components. (Duek et

al., 2004). Some previous findings suggested that these polysaccharide components

result from the autolysis of the fungal cell wall (Aljabre et al., 1993). After 24 hours,

some conidia were completely embedded in a fibrous film, which has also been observed

in in vitro biofilm formation of T. rubrum, the composition of which was confirmed

as polysaccharide-rich extracellular matrix (Costa-Orlandi et al., 2014). The fibrous

film observed in SEM suggests that this film enables to a strong interaction between

conidia and the skin, an observation that could explain why the conidia were difficult to

remove by trypsin-EDTA solution in the adherence assay that the conidia were difficult

to remove by trypsin-EDTA solution. The hyphae elongated and formed mycelium on

the superficial layer of the skin after long incubation (48 hours).

Unfortunately, no evidence of hyphae penetrating through the skin surface was found

in the SEM images. Therefore, we performed a histopathological study to visualise

the invasion stage of T. rubrum conidia on porcine skin between 3 and 72 hours. The

formation of germ tubes was observed within 9 hours, which is similar to what has been

observed in vitro (Liu et al., 2007). Development of a hyphal network occurred after 24

hours, forming mycelium and becoming a fungal mat after more prolonged incubation

(48-72 hours). Following the damage of the stratum corneum by the fungi, digestion of

the epidermis and invasion of the dermis after 72 hours were observed. This was also

reported for T. rubrum infecting an ex vivo human skin model (Corzo-León, Munro

and MacCallum, 2019). In clinical cases, the in vivo infection is usually restricted to

the non-living stratum corneum. The invasion of epidermis and even deeper tissues we

observed is rare, but appears mostly in immunocompromised patients suffering invasive

dermatophytosis (Weitzman and Summerbell, 1995; Degreef, 2008; Hay, 2017). This

suggests the deeper penetration in the ex vivo model is caused by the loss of host

resistance and the lack of an immune system, because the porcine skin we use is not

kept alive and is stored frozen.
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3.4.4 Ex vivo antifungal susceptibility testing

In addition to enabling study of the early steps in the infection process, the ex vivo

porcine skin infection model can be used to test novel strategies for the prevention and

treatment of fungal skin infections. In vitro antifungal susceptibility tests, such as disk

diffusion and colourimetric viability, are commonly used to study the antifungal therapy

and prediction of clinical outcome (Arikan, 2007). However, these may have issues in

in vitro-in vivo correlation because of the pharmacokinetic and pharmacodynamic of

the antifungals (Johnson, 2008; McAuley and Kravitz, 2012). In our study, we tried

to develop a bridge between in vitro and in vivo antifungal susceptibility tests by

using ex vivo porcine skin that was infected with T. rubrum to simulate clinic tinea

lesions. The skin specimens were treated with Lamisil and Canesten as described by

the patient information leaflet. The successful treatment indicates that the model can

be used to test the optimum dosing of topical antifungals, in terms of the suitable drug

concentrations and duration of treatment required per cm2 skin.

3.4.5 In vitro adherence assays after differentiation of HaCaT cells

As we have shown, the ex vivo porcine skin is a useful model to study the pathogenicity

of fungal skin infection and antifungal susceptibility testing. However, there are several

limitations of the ex vivo model. For example, the genetic background of the pig is

hard to control, which may cause variability between experiments conducted with skin

sourced from different providers and limit reproducibility. This porcine skin model also

lacks viability and an active immune system, as the fungal growth is completely mycelial

and the lesion did not appear the same as clinical cases. Recent research used an ex vivo

human skin to study superficial fungal infection. Although the results suggested that

the skin retained viability, the macroscopic and histological images showed their lesions

were covered with thick mycelium (Corzo-León, Munro and MacCallum, 2019). Finally,

the sterilisation of the ex vivo model requires careful optimisation. The aim of this

sterilisation is to reduce the background contamination, and whilst minimising damage

to the skin cells. Porcine skin is rich in microbes that require a reliable sterilisation

method to prevent contamination. The effect of sterilisation on the extracellular matrix

of skin cells is unknown. Therefore, an in vitro consistent and reproducible model, that

contains innate immune responses and does not require sterilisation, can be considered

to investigate the interaction between dermatophytes and human skin cells.

HaCaT cells is a human cell line that exhibits basal cell properties that can form epi-

thelium, but their differentiation is dependent on exogenous growth factors. Previous

studies discovered that the intracellular calcium concentration of the basal cell layer
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is significantly low, and then increases the cells migrate upwards. This suggests that

the increase in calcium concentration can trigger the differentiation of keratinocytes

to form corneocytes. Several studies have shown HaCaT cells can form epithelium

which was supported by the high expression of cornification makers (Seo et al., 2002;

Deyrieux and Wilson, 2007; Bikle, Xie and Tu, 2012). In our study, we examined the

effect of the differentiation of HaCaT cells on dermatophyte adherence and using in

vitro adherence assay of T. rubrum conidia. There was no significant difference in the

adherence rate of T. rubrum conidia to undifferentiated and differentiated HaCaT cells.

However, our study did not confirm whether the epithelium had been developed under

a high concentration of calcium ions. Therefore, future experiments are required to

identify the expression of cornification markers, such as filaggrin, loricrin and keratin

1 (Maas-Szabowski, Stärker and Fusenig, 2003; Deyrieux and Wilson, 2007).

3.5 Conclusion

In summary, we have developed an ex vivo porcine skin infection model for T. ru-

brum that is very useful to study early stages in the infection process. The successful

treatment of topical antifungal cream suggests that this model provides an alterna-

tive approach to susceptibility testing to develop methods to prevent and treat fungal

skin infections. Chlorine gas sterilisation successfully solved the challenge presented

by prior skin contamination without damaging the skin. In our model, the presence of

skin was essential for fungal growth, and the adherence of conidia to the skin was time-

dependent with maximum adherence observed after about 2 hours. Scanning electron

microscopy imaging illustrated the morphology changes undergone by conidia during

the adherence stage, and further confirmed the presence of fibrils that linked adjacent

conidia and to skin. The invasion process was observed in the histopathological study,

showing the development of hyphae, penetration and damage to the epidermis. The

prolonged incubation of infected skin leads to luxurious growth and invasion of the

dermis, which was not surprising as the model lacks the immune system that would

control an infection. This suggests that this model is primarily useful to study the early

stages of fungal infection and to test the novel regimes to prevent and treat fungal skin

infection.

3.6 Future work

As we have shown, the ex vivo porcine skin model provided useful information regarding

the early stages of infection. However, several areas require further clarification to
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establish the usefulness of the model better. Firstly, some studies should investigate the

applicability of results obtained with frozen porcine skin, that lacks viability, compared

with the in vivo situation. Secondly, the solution used to detach adherent conidia

from the skin surface should be improved, perhaps by inclusion of detergents, in order

to enhance the results obtained with this test. Thirdly, a comparison between the

adherence rate of dermatophytes conidia to porcine skin and human skin models, as well

as other factors (such as the composition of the fibrils and biofilm) in the colonisation

and invasion process is required.

The adherence assay showed that the adherence rates measured for undifferentiated

and differentiated HaCaT cells, and to porcine skin models were similar, suggesting

the development of epithelium by HaCaT cells may provide a potential model to study

the interaction between dermatophytes and the cornified skin cells. In the future,

genetically modification of HaCaT cells and supplement of immune cells (Kühbacher

et al., 2017) may provide more details in dermatophytes pathogenicity.
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Chapter 4

Cationic Polymers as

Preventative and Treatment

Agents against Fungal Skin

Infection

4.1 Introduction

Fungal skin infections are contagious diseases occurring on the superficial and cutaneous

level of the skin caused by pathogenic fungi, such as dermatophytes and Candida spe-

cies. The term dermatophytosis refers to a fungal infection of keratinised tissues, such

as nails, hair and skin. Dermatophytosis is a hyperendemic disease with a high pre-

valence of about 20-25% of the world’s population (Havlickova, Czaika and Friedrich,

2008). Also, it has a high recurrence with over 25-40% of patients being re-infected

after completion of an antifungal treatment (Liu et al., 2014), probably due to its

transmission rate and the prolonged survival of fungal spores outside the body (Brasch

and Hipler, 2008; Tainwala and Sharma, 2011). Dermatophytosis is caused by derma-

tophytes, such as Trichophyton, Microsporum and Epidermophyton, a group of fungi

that can invade and degrade keratin. Trichophyton rubrum and Trichophyton inter-

digitale are the most common causative agents of dermatophytosis, and the former is

associated with 80-90% of all chronic and recurrent dermatophytosis (Liu et al., 2014;

Zhan and Liu, 2017). Another form is cutaneous candidiasis, which is a non-invasive

fungal skin infection caused by Candida species. This infection has become a crucial
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public health problem leading to over US$ 144 million hospitalisation costs in 2014 in

the USA (Benedict et al., 2019). Candida albicans is a predominant species in candidi-

asis, which is a commensal of the gastrointestinal tract, mucosal membranes and skin

(Limon, Skalski and Underhill, 2017). During infection, C. albicans transits from com-

mensalism to pathogenicity and then invades the host cells. Although the symptoms

of fungal skin infections are very mild or even undetectable, chronic lesions can cause

disfigurement and decrease the quality of life of patients. Besides, they can develop

into a lethal systemic infection in immunocompromised patients (Nir-Paz et al., 2003;

DiNubile et al., 2005; Hasan et al., 2009). Meanwhile, there is an increased incidence of

failure of azoles, allylamines and echinocandins therapies to treat fungal skin infections

(Mukherjee et al., 2003; Osborne et al., 2005; Perlin, 2015; Ghannoum, 2016; Whaley

et al., 2017; Yamada et al., 2017; Rudramurthy et al., 2018). Moreover, the duration of

antifungal therapies applied on lesions is long, requiring up to 4 weeks to achieve com-

plete recovery (Gupta and Cooper, 2008; Seebacher, Bouchara and Mignon, 2008). To

overcome resistance issues, our hypothesis was that film-forming agents could provide

a “drug-free” strategy in the prevention and treatment of fungal skin infections. To

facilitate translation to clinical applications, only polymers that have already been

approved for cosmetic and pharmaceutical used were tested.

Film-forming agents are chemical substances, typically polymers, that can form a con-

tinuous thin layer on the surface of dosage forms (granules or tablets) and of bio-

logical membranes (skin and mucosa), those exhibit good with elastic and cohesive

properties. They can act as active antimicrobial agents, or excipients that increase

the efficacy of antimicrobial agents, by modifying and functionalising monomers with

active agents or functional groups. Antimicrobial polymeric films have been widely

applied in areas, such as dental composites application, food packaging and textiles

(Varesano et al., 2011; Malhotra, Keshwani and Kharkwal, 2015; Morais, Guedes and

Lopes, 2016; Bienek et al., 2018; Rokaya et al., 2018; Huang et al., 2019). There

are several types of antimicrobial polymers, and among them, cationic polymers may

have the potential for providing antifungal activity against fungal skin infection and

reducing the development of antimicrobial resistance. Cationic polymers are long-chain

molecules comprising repeating units containing cationic residues. Positively charged

cationic compounds can bind to the negatively charged outer membranes/ cell wall of

bacteria/ fungi, to increase their cell membrane permeability which leads to cell lysis

(Muñoz-Bonilla and Fernández-Garćıa, 2012; Yang et al., 2018). In fact, their antimi-

crobial activity against bacteria, such as Staphylococcus aureus and Escherichia coli,

via destruction of the bacterial cell wall, has been demonstrated (Muñoz-Bonilla and

Fernández-Garćıa, 2012; Siedenbiedel and Tiller, 2012; Xie et al., 2018). In this study,
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two cationic polymers, ABIL T Quat 60 (silicon quaternium-22) and Eudragit E were

studied as potential film-forming agents against fungal skin infection.

ABIL® T Quat 60 is a cationic conditioning agent containing the active ingredient silic-

one quaternium-22 (65%) and PPG-3 myristyl ether (35%). The silicone quarternium-

22 is a cationic compound known as triquaternary polydimethyl siloxane, an epoxysilox-

ane containing dimethyl-dimethylaminopropyl lauramide in a T-shape. It has been used

as an ingredient in shampoos and conditioners for hair fibre protection. Eudragit® E

is a FDA-approved cationic monomer dimethylaminoethyl methacrylate (DMAEMA),

copolymerised with butyl methacrylate and methacrylic acid (50:25:25) (IUPAC name:

Poly (butylmethylmethacrylate-co- (2-dimethylaminoethyl) methacrylate-co -methyl

methacrylate). Its solubility is pH-dependent, as it can be dissolved below pH 5.0

but swells and permeates water above pH 5.0. It has been studied as a film-forming

system to form drug delivery films containing clotrimazole to treat fungal skin infections

(Leopold and Eikeler, 1998; Paradkar et al., 2015).

We aim to develop a physical barrier, a film on the skin, that can prevent and treat

the fungal skin infection, without the usage of antifungal agents as this would avoid

the development of antifungal resistance and cross-contamination. In this chapter, the

potential of two cationic polymers, ABIL T Quat 60 and Eudragit E, to form barriers

against fungal skin infection was investigated. In addition, their mechanism of action

(differently to a simple physical barrier) by which these polymers prevent and act

against the fungal growth of dermatophytes and C. albicans was characterised.

4.2 Materials and Methods

4.2.1 Chemical reagents

Minimal salts agar (pH 5.4) contained ammonium phosphate monobasic (50 mM)

(99.0%; Sigma-Aldrich), potassium phosphate dibasic (5.75 mM) (ACS reagent; Sigma-

Aldrich) and potassium phosphate monobasic (3.4 mM) (ACS reagent; Sigma-Aldrich)

and 1.5% agar (Agar No. 1; Oxoid, Hants, UK). Resazurin stock solution of 0.02%

(w/v) was prepared by 0.01 g of resazurin sodium salt (high purity biological stain;

Acros Organics, Morris, N.J., USA) in 50 mL of Milli-Q water, sterilised by PES syr-

inge filter (0.2 µm), stored at 4°C and used within two weeks. Stock solutions of zinc

chloride, iron chloride and copper chloride at 500 mg/L were prepared in Milli-Q water

using zinc chloride (anhydrous, 98+%; Alfa Aesar, Heysham, UK), iron (III) chloride

(reagent grade, 97%; Sigma) and copper (II) chloride (reagent grade; Fisher scientific,

Loughborough, UK) respectively.
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4.2.2 Film-forming formulation

ABIL® T Quat 60 (Silicone Quaternium-22) was kindly provided as a sample by Evonik

Nutrition & Care GmbH (Essen, Germany), and formulated in solutions in different

concentrations with ethanol (absolute, VWR, Fontenay-sous-Bois, France) plus 5%

Milli-Q water. Eudragit® E100, in granule, was received as a sample from Evonik

Röhm GmbH (Darmstadt, Germany), and formulated by dissolving the polymer and

the plasticiser triethyl citrate (20% w/w of the dry polymer; ≥98.0%; Sigma-Aldrich,

St. Louis, M.O., USA) in 95% ethanol. Both film-forming formulations were stirred

for 24 hours until clear solutions were formed.

4.2.3 Fungal strain and growth conditions

The standard Trichophyton strains used in this study were T. interdigitale (ATCC

9533, human clinical isolate) and T. rubrum (ATCC 28188, human lesion isolate). The

conidia were isolated by culturing the strains on potato dextrose agar (Sigma-Aldrich)

for 15 days at 30°C to induce full sporulation. Then, they were harvested with sterile

1% Tween-20, filtered through a 40 µm cell strainer and resuspended in sterile Milli-Q

water. The conidia were stored at -20°C until use within 2 weeks.

Candida albicans strain (SC5314, human clinical isolate) was routinely grown on YPD

(1% yeast extract/ 2% peptone/ 2% dextrose) agar for 48 hours at 30°C. A day before

the experiment, C. albicans was grown overnight at 37°C in 5 mL YPD liquid media.

The concentration of C. albicans was determined by Eppendorf 6131 BioPhotometer

to measure the optical density at the wavelength of 600 nm.

The colony-forming units (CFU) of Trichophyton species and C. albicans were measured

by plate counting on Sabouraud dextrose agar (SDA; Sigma-Aldrich) and YPD agar

respectively.

4.2.4 Porcine skin ex vivo model

Porcine skin was obtained from a local abattoir, on the next day, dermatomed to

include the full epidermal thickness and kept frozen until use. At the beginning of the

experiment, dorsal skin samples were defrosted at room temperature and sliced into

approximately 1 cm2 section. These were washed in sterile phosphate-buffered saline

(PBS; Sigma-Aldrich) three times followed by sterilisation as described by Yang et al.

(2013) with minor modifications. Briefly, both sides of the skin section were treated by

chlorine gas (generated by the reaction of 10 mL sodium hypochlorite solution (10-15%;

Sigma-Aldrich) with 20 mL acetic acid (glacial, VWR, Fontenay-sous-Bois, France))
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for 15 minutes in a chamber on an orbital shaker at 15 rpm. After this, the skin section

was rinsed twice with sterile PBS, then soaked for 30 minutes on a shaker at 200 rpm.

The skin section was transferred onto the minimal salts agar and left for 30 minutes

before continuing the experiment.

4.2.5 Fungal growth scoring tests

The potential prevention and antifungal activities of ABIL T Quat 60 and Eudragit

E100 were studied by scoring the fungal growth on the ex vivo porcine skin model. For

the prevention of dermatophytosis, a skin section was covered with 40 µL of solutions

with different concentrations of either ABIL T Quat 60 or Eudragit E100 in 95% ethanol

and left for 2 hours on a polycarbonate membrane (CYCLPR PC BLK 25MM 0.2µm;

Whatman, Florham Park, NJ, USA) on minimal salts agar until the solvent evaporated

completely. After that, 10 µL of conidia of T. interdigitale or T. rubrum (1 Ö 106 CFU

ml-1) was inoculated on the skin section surface and incubated for 7 days at 30°C. For

the treatment of dermatophytosis, the skin section was first inoculated with 10 µL of

conidia of T. interdigitale or T. rubrum (1 Ö 106 CFU ml-1), then incubated for 3 days

at 30°C until fully infected. After that, the mycelium on the skin surface was removed

and the skin was rinsed with sterile PBS twice, and then washed for 30 minutes with

Trypsin-EDTA (0.25%) (Gibco, ThermoFisher). Next, the skin was rinsed twice with

sterile PBS again, and transferred onto new minimal salts agar with a polycarbonate

membrane and left for 30 minutes. The infected skin section was then covered with 40

µL of different concentrations of ABIL T Quat 60/ Eudragit E100/ 95% ethanol as a

control, and incubated for 5 days at 30°C.

The samples were imaged, and scoring tests were created by GoogleForms and assessed

as an online questionnaire by six volunteers who are studying for a non-microbiology-

related PhD at the University of Bath (Appendix B). The fungal growth was rated

between “no growth” (0) and “fully growth” (5) based on the mycelial coverage by

observation on the porcine skin surface (Table 4.1).

4.2.6 Fungal growth assay

The inhibition of fungal growth of T. interdigitale, T. rubrum and C. albicans by poly-

mers was studied on the 96-well flat-bottom microtitration plates (Costar; Corning,

N.Y., USA). To form polymer films, 10 µL of solution with different concentration of

ABIL T Quat 60/ Eudragit E100 or 95% ethanol (control) was added to the well on

the 96-well plate and left for overnight until dried out completely. In the case of T. in-

terdigitale and T. rubrum, the assay was performed by dispensing 200 µL of Sabouraud
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Table 4.1: Fungal growth scoring tests based on the percentage surface coverage by
observation.

Score Description

0 No growth

1 <5% of mycelium covering the porcine skin surface

2 <20% of mycelium covering the porcine skin surface

3 <35% of mycelium covering the porcine skin surface

4 <50% of mycelium covering the porcine skin surface

5 >50% of mycelium covering the porcine skin surface

dextrose broth (SDB) in each well containing microconidia with a final concentration

of 1 Ö 106 CFU ml-1. The plate was sealed with parafilm and incubated for 72 hours

on a microplate shaker (150 rpm; IKA Works MS 3; IKA, Staufen, Germany) at 30°C.

In the case of C. albicans, the assay was completed by adding 200 µL of YPD/ RPMI

1640 (no phenol red; L-Glutamine; Gibco) in each well containing 2 Ö 106 CFU ml-1

by adjusting the optical density of the suspension to 0.05 at the wavelength of 600

nm. After that, the plate was sealed with parafilm and incubated for 24 hours on a

microplate shaker (150 rpm; IKA Works MS 3) at 37°C.

4.2.7 Quantification of biofilm/ biomass (crystal violet staining)

The inhibition of Trichophyton species biomass and C. albicans biofilm formation by

ABIL T Quat 60 and Eudragit E100 was quantified by crystal violet staining, as de-

scribed by Costa-Orlandi et al. (2014), with some minor modifications. Briefly, after

the growth of the fungi in 96-well plates, the solution from each well was removed.

Then, the fungal biomass at the bottom of each well was washed twice with PBS, and

the plate was dried in an oven for 20 minutes at 60°C. The biomass in each well was

stained for 5 minutes with 150 µL of 0.1% crystal violet solution. The solution was

carefully removed, and the well was submerged three times in trays with cold tap water

to remove excess stain. After that, 200 µL of 95% ethanol was added to each well to

dissolve the crystal violet. After mixing thoroughly, the solution was transferred to a

new microtitration plate and read in a UV/Vis multiplate reader (FLUOstar OPTIMA;

BMG Labtech, Aylesbury, UK) at a wavelength of 595 nm.
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4.2.8 Phenol red viability assay

The fungal viability of Trichophyton species in the presence of ABIL T Quat 60 and

Eudragit E100 was assessed by the phenol red viability assay (Ho, Delgado-Charro and

Bolhuis, 2019)(Chapter 8). In brief, after incubating fungi with polymers in a 96-well

plate, the solution was transferred to a new plate that contained 2 µL of 0.2% phenol

red (indicator ACS; Sigma-Aldrich) in DMSO (anhydrous, ≥99.9%; Sigma-Aldrich) in

each well. The absorbance at a wavelength of 560 nm was determined using a multiplate

UV/vis spectrometer (CLARIOstar; BMG Labtech, Aylesbury, UK).

4.2.9 Resazurin cell viability assay

The fungal viability of C. albicans against ABIL T Quat 60 and Eudragit E100 was

performed with the resazurin cell viability assay, as described by Monteiro et al. (2012)

with modifications. Briefly, the assay was performed by adding 150 µL of RPMI 1640

in each well containing a final concentration of resazurin of 0.002% w/v and C. albicans

in 2 Ö 106 CFU ml-1. After that, the plate was sealed with parafilm and incubated for

24 hours on a microplate shaker (150 rpm) at 37°C. The solution was then transferred

to a new plate and the absorbance was subsequently monitored at two wavelengths, 570

nm and 600 nm, via a multiplate UV/vis spectrometer (CLARIOstar; BMG Labtech).

The results were corrected by subtracting the background absorbance at 600 nm from

the absorbance measured 570 nm.

4.2.10 Confocal laser scanning microscopy

In vitro

The viability of Trichophyton species and C. albicans in the presence of ABIL T Quat

60 and Eudragit E100 was determined by confocal laser scanning microscopy (CLSM),

combined with FUN 1 and Calcofluor white M2R stain. FUN 1 stain can identify

metabolically active, inactive and dead cells. The cells which are metabolically active

are shown in light green with red distinct vacuolar structures, whereas metabolically

inactive cells present as diffuse green. The death cells usually show a bright green to

yellow-green fluorescence. Calcofluor white highlights the fungal cell wall in blue.

To form polymer films, 40 µL of solutions with different concentrations of either ABIL T

Quat 60 or Eudragit E100 in 95% ethanol were added to the well on a Lab-Tek chamber

slide (8 well; Nunc, Rochester, N.Y., USA), and left overnight, so the films dried out

completely. Trichophyton species was prepared in SDB with a final concentration of

1 Ö 106 CFU ml-1, while C. albicans was prepared in YPD with 2 Ö 106 CFU ml-1
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(OD600 = 0.05). 400 µL of the solution was added to each well and incubated for 72/

24 hours at 30°C on a microplate shaker (100 rpm).

After incubation, 10 µL of Calcofluor white M2R stain (1 mM; for microbiology, Sigma-

Aldrich) and 0.4 µL of FUN 1 cell stain (10 mM; Invitrogen, Carlsbad, C.A., USA)

were added to each well, mixed thoroughly on a microplate shaker and incubated for

30 minutes at 30°C in the dark. The solution and the chamber of the slide were sub-

sequently removed and covered with a coverslip. The CLSM images were acquired

as Z-stack 3D projections by Zeiss LSM880 with Airyscan laser confocal laser scan-

ning microscope, and the Z-stack images were displayed the as 2D maximum intensity

projection processed by ZEN 2.6 software.

Ex vivo

The ability of ABIL T Quat 60 and Eudragit E100 prevent C. albicans infection on

porcine skin was determined by CLSM. After sterilisation, the healthy skin section was

covered with 40 µL of different concentrations of ABIL T Quat 60/ Eudragit E100/ 95%

ethanol as control and left for 2 hours until dried out completely. 10 µL of C. albicans

(2 Ö 106 CFU ml-1; OD600 = 0.05) was inoculated on the surface of the skin section

and incubated for 24 hours at 30°C on agar containing Medium 199 (Sigma-Aldrich).

After the incubation, the skin sections were transferred to 1 mL of sterile PBS con-

taining 25 µM of Calcofluor white M2R stain and 10 µM of FUN 1 cell stain, then

incubated for 30 minutes at 30°C in the dark. The skin sections were collected, excess

solution was removed, and skin sections were then placed on the microscope slide and

covered with a coverslip. The CLSM images were acquired as Z-stack 3D projections by

Zeiss LSM880 with Airyscan laser confocal laser scanning microscope, and the Z-stack

images were displayed the as 2D maximum intensity projection processed by ZEN 2.6

software.

4.2.11 Field emission scanning electron microscopy (FESEM)

FESEM was used to analyse the surface morphology of T. rubrum after the treatment

with ABIL T Quat 60 and Eudragit E100 in vitro. 40 µL of solutions with different

concentrations of either ABIL T Quat 60 or Eudragit E100 in 95% ethanol were added

on the surface of the sterile polycarbonate membrane on the SDA and left for 2 hours

to allow the film-forming agents to form a film. 10 µL of conidia of T. rubrum (1 Ö

106 CFU ml-1) was inoculated on the surface and incubated for 24 hours at 30°C.

The sample was processed by gel fixation (Ingham and Schneeberger, 2012), and trans-
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ferring the membrane to an SDA containing glutaraldehyde (1% v/v)(50% aq. soln.;

Alfa Aesar, Haverhill, M.A., USA) for 30 minutes. The samples were subsequently

dehydrated by freeze-drying, mounted onto an SEM plug and coated with chromium.

The samples were then imaged using FESEM (JSM 6301F, JEOL, Tokyo, Japan).

4.2.12 Scanning electron cryomicroscopy

The surface morphology of T. rubrum on porcine skin after the treatment with ABIL

T Quat 60 and Eudragit E100 ex vivo was analysed by cryo-SEM. After sterilising

the porcine skin, the specimens were transferred to the minimal salts agar containing

polycarbonate membrane. 40 µL of different concentrations of ABIL T Quat 60/ Eu-

dragit E100/ 95% ethanol (control) was added on the skin surface, and left for 2 hours

to allow the film-forming agents to form a film. 10 µL of conidia of T. rubrum (1 Ö

106 CFU ml-1) was inoculated on the surface and incubated for 24 hours at 30°C.

The porcine skin specimens were directly mounted on SEM pin stubs with PELCO

conductive silver paint (Ted Pella, Redding, C.A., USA), then frozen immediately in

liquid nitrogen. The specimens were coated in a sputter coater, then imaged by Quanta

200 FEG SEM (FEI, Hillsboro, O.R., USA).

4.2.13 Nuclear magnetic resonance (NMR)

To study the effect of addition on ABIL T Quat 60 to ferric and zinc solutions, NMR

was used. Solutions with zinc chloride and iron (III) chloride were prepared in dif-

ferent concentrations (1-100 mg/mL) in methanol-D4 (D, 99.8% + 0.05% v/v TMS;

Cambridge Isotope Laboratories, Inc., Andover, M.A., USA) containing 20% of ABIL

T Quat 60. The 1H NMR spectroscopic analysis was performed by Bruker Avance III

500 MHz spectrometer, and 16 scans recorded for each spectrum. Data were acquired

and processed with Mnova 14.1. The 1H NMR prediction was analysed by ChemDraw

18.0, targeting the shifting of the invariant proton at 2.22 and 2.32-2.36 ppm in all

spectra.

4.2.14 Inductively coupled plasma optical emission spectrometry (ICP-

OES)

ICP-OES was used to measure metal ions concentration in a solution following contact

with polymeric film and thus, study the potential zinc, ferric and copper ions chelation

by ABIL T Quat 60. The polymer was coated in 30 mL universal tubes with 2.8 mL

of 20% of ABIL T Quat 60, then left for 24 hours on a tube rotator (55° fix-angle;

4 rpm) to allow the film-forming agents to form a film. 7 mL of zinc (2 ppm), ferric
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Table 4.2: Operational parameters for ICP-OES analysis.

Parameter Values

RF generator 40 MHz

RF forward power 1300 W

Plasma gas (Ar) flow 15 L/min

Aux. gas (Ar) flow 1.5 L/min

Nebuliser gas (Ar) 0.9 L/min

Pump rate 7 rpm

Replicate readings 3

Studied wavelength (nm) Fe: 238.204; Cu: 324.752; Zn: 213.857

(100 ppm) and copper (10 ppm) solution, prepared by corresponding stock solutions,

were added to polymer-coated universal tubes and incubated for 24 hours on a tube

rotator (55° fix-angle; 4 rpm). The solution was collected and the polymers removed

by centrifugation using an Amicon Ultra-15 centrifugal filter devices (10,000 MWCO;

Merck Millipore, Cork, Ireland) and a Heraeus Primo R Centrifuge (Thermo Fisher)

at 5,000 g for 60 minutes. The metal concentration in the filtrate was determined by

ICP-OES (Agilent 710 simultaneous spectrometer; Agilent Technologies, Santa Clara,

C.A., USA). The operational parameters are shown in Table 4.2.

4.2.15 QTOF-LC/MS

To study the potential binding of carbohydrates by ABIL T Quat 60, a QTOF-LC/MS

was used to measure glucose and mannose level in a solution following contact with

the polymeric film. The polymer was coated in a 7 mL bijou bottles with 80 µL of

20% of ABIL T Quat 60, then left for 24 hours on a tube rotator (55° fix-angle; 4

rpm) to allow the film-forming agents to form a film. 2 mL of glucose or mannose

solution (100 µg/mL), prepared in Milli-Q water by D-glucose anhydrous (analytical

reagent grade; Fisher Scientific) or D(+)-mannose (99+%, Acros Organics), were added

to polymer-coated bijou bottles and incubated for 24 hours on a tube rotator (55° fix-

angle; 4 rpm). The solution was collected, and the polymer removed by centrifugation

using an Amicon Ultra-2 centrifugal filter devices (10,000 MWCO; Merck Millipore,

Cork, Ireland) and a Heraeus Primo R Centrifuge (Thermo Fisher) at 5,000 g for 60
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minutes. The carbohydrate concentration of the filtrates was measured on the Agilent

QTOF 6545 with Jetstream ESI spray source coupled to an Agilent 1260 Infinity II

Quat pump HPLC with 1260 autosampler, column oven compartment and variable

wavelength detector (VWD). The system and data were controlled and analysed via

MassHunter Workstation software (B.07.00).

An InfinityLab Poroshell 120 EC-C18 column (150 Ö 3.0mm i.d., 2.7 µm particle size,

120Åpore size) was used and maintained at 50°C. Isocratic elution with mobile phase

A and B consisting of water (LC-MS grade, LiChrosolv; Merck, Nottingham, UK)

supplemented with 0.1% formic acid (v/v, for mass spectrometry, 98%; Honeywell

Fluka) and methanol (HiPerSolv; VWR) with 0.1% formic acid (v/v), respectively,

using a diversion valve set to a loop capillary, a flow rate of 0.3 mL/min was used. A

5 µL injection volume was used.

The MS system was run using positive electrospray ionisation (+ESI) in multiple re-

action monitoring (MRM) mode. Nitrogen was used as the nebulising, curtain and

collision gas with a flow rate of 12 L/min at 250°C, while the nebuliser pressure was

set at 45psi. The sheath gas temperature and flow rate were set to 350°C and 12

L/min respectively. The VCap, Fragmentor and Skimmer were set to 3500, 125 and 45

respectively.

4.2.16 BCA assay

To study the potential protein binding to ABIL T Quat 60, the BCA assay was used

to measure the protein concentration in the SDB after the contact with the polymeric

films. Same treatment and removal of polymeric films as in 4.2.15, but SDB was used as

the solution. The protein level of the filtrate was measured using a Pierce BCA protein

assay kit (Thermo Fisher). In brief, 10 µL of the filtrate was added to 200 µL of working

solution (Reagent A: Reagent B; 1:50) on 96 well plates, then incubated for 30 minutes

at 37°C. The samples were read in a UV/Vis multiplate reader (CLARIOstar; BMG

Labtech) at a wavelength of 562 nm.

4.2.17 Calculation and statistical analysis

The results were represented as the mean ± standard deviation (SD). A statistically

significant difference between two groups of data was determined by the Student’s t-

test. Statistically significant differences of more than two sets of data were assessed by

analysis of the variance (ANOVA), followed by the Dunnett’s post-hoc test. The level

for statistical significance was fixed for the p-value is less than or equal to 0.05.
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4.3 Results

4.3.1 Ex vivo studies of ABIL T Quat 60 and Eudragit E100 on pre-

vention and treatment to Trichophyton species

In order to quantify the ability of ABIL T Quat 60 and Eudragit E100 to prevent and to

treat Trichophyton species skin infection, we used a scoring test based on the percentage

surface coverage of the mycelium on the porcine skin. In the model examining the

prevention efficiency, film-forming agents were applied on the porcine skin, and then

the samples were inoculated T. rubrum or T. interdigitale conidia. Conversely, film-

forming agents were applied on the porcine skin that had been infected by T. rubrum

or T. interdigitale conidia to study their potential as treatment agents. The fungal

growth was then recorded after 7 days.

In Fig 4-1 (ABIL T Quat 60) and 4-2 (Eudragit E100), representative images used

for fungal growth scoring are shown. In the control, T. rubrum infected sites look

dark-red and covered with white mycelium. With regard to the prevention activity,

the test (polymers treated) column, shows that the increase of film-forming agents’

concentration reduced the mycelium coverage on the skin. Additionally, the column of

the treatment activity, shows that whilst the skin seemed infected, no new mycelium

was observed on the skin surface after removal of that caused by the prior infection.

It should be noted that, in some images, mycelium was observed surrounding the edge

of the polymeric film. Following data based on the scoring, it was deduced that fungal

growth was gradually suppressed with increasing concentration of ABIL T Quat 60 and

Eudragit E100. Above 20% polymer concentrations, and in the prevention study (Fig

4-1B-C and 4-2B-C), the relative growth rate of T. rubrum and T. interdigitale on the

pre-treated skin was reduced to a growth score of 1 or less. Compared with the results

in prevention, the film-forming agents had more effective in treating infected skin for

both T. rubrum and T. interdigitale (Fig 4-1D-E and 4-2D-E). In this case, except for

the skin treated with ABIL T Quat 60 following infection with T. interdigitale (Fig

4-1E), the fungal growth of T. rubrum and T. interdigitale was completely inhibited

by both polymers.
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Figure 4-1: Ex vivo fungal growth activity of ABIL T Quat 60 (5-30%) in the prevention
and treatment of T. rubrum and T. interdigitale. Prevention: studying the prevention
of ABIL T Quat 60 against fungal adhesion and colonisation. Treatment: studying
the inhibition of recurrence of ABIL T Quat 60 with infected skin. (A) Example
images of fungal growth on porcine skin that was either treated with ABIL T Quat 60
before inoculation with T. rubrum (prevention) or treated with ABIL T Quat 60 after
inoculation with T. rubrum for 3 days (treatment). (B-C) Prevention study; a positive
relationship between the concentration of ABIL T Quat 60 and the prevention of fungal
growth. (D-E) Treatment study; ABIL T Quat 60 strongly suppressed recurrence in
previously infected skin, especially in the case of T. rubrum (B-E: one-way ANOVA –
p < 0.001; n = 6/group; *p < 0.05, **p < 0.01 vs. control(0%)).
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Figure 4-2: Ex vivo fungal growth activity of Eudragit E100 (5-30%) in the prevention
and treatment of T. rubrum and T. interdigitale. Prevention: studying the prevention
of ABIL T Quat 60 against fungal adhesion and colonisation. Treatment: studying the
inhibition of recurrence of ABIL T Quat 60 with infected skin. (A) Example images
with the same arrangement in the previous figure with the treatment of Eudragit E100.
(B-C) Prevention study; the increase of concentration of Eudragit E100 prevented the
fungal growth of T. rubrum and T. interdigitale on porcine skin. (D-E) Treatment
study; Eudragit E100 significantly inhibited the recurrence of T. rubrum and T. inter-
digitale (B-E: one-way ANOVA – p < 0.001; n = 6/group; ***p < 0.05, ****p < 0.01
vs. control(0%)).
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Figure 4-3: Results from Biomass/ biofilm assays studying the inhibition of fungal
growth of C. albicans, T. rubrum and T. interdigitale by ABIL T Quat 60 (15-25%)
and Eudragit E100 (20-25%). These tests were based on the crystal violet assay. (A)
Both polymers suppressed fungal growth of T. rubrum and T. interdigitale in SDB.
(B) ABIL T Quat 60 inhibited biofilm formation by C. albicans in YPD and RPMI
1640 medium, Eudragit E100 suppressed biofilm formation in YPD but not in RPMI
1640 medium (B: one-way ANOVA – ns; n = 3/group).

4.3.2 Quantification of fungal biomass/ biofilm

Inhibition of biomass and biofilm formation of T. rubrum, T. interdigitale and C. al-

bicans by ABIL T Quat 60 and Eudragit E100 films was measured by in vitro crystal

violet assays. Both polymers completely inhibited the fungal growth of T. rubrum and

T. interdigitale in SDB (pH 5.4) (Fig 4-3A). Regarding C. albicans, ABIL T Quat 60 in-

hibited the biofilm formation in YPD and RPMI 1640, while Eudragit E100 suppressed

the biofilm formation in YPD only (pH 6.5) (Fig 4-3B).

4.3.3 Measurement of fungal viability

ABIL T Quat 60 and Eudragit E100 inhibited the fungal viability of T. rubrum and

T. interdigitale in SDB, measured by the phenol red viability assay (Fig 4-4A), but

a slight response in viability was observed in T. rubrum treated with Eudragit E100.

ABIL T Quat 60 suppressed the metabolic activity of C. albicans in RPMI 1640, as

measured by the resazurin assay. Surprisingly, Eudragit E100 had no effect on the

metabolic activity of C. albicans (Fig 4-4B).
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Figure 4-4: Results from viability assays studying the inhibition to fungal growth of
C. albicans, T. rubrum and T. interdigitale by ABIL T Quat 60 and Eudragit E100.
(A) Phenol red viability assay shows suppression of fungal growth of T. rubrum and T.
interdigitale by ABIL T Quat 60 and Eudragit E100 in SDB. (B) Resazurin viability
assay showed that ABIL T Quat 60 inhibited fungal growth of C. albicans in RPMI
1640, Eudragit E100 had no inhibition to C. albicans (n = 3/group).

4.3.4 In vitro studies of ABIL T Quat 60 and Eudragit E100 effects

against Trichophyton species

CLSM analysis was used to determine whether ABIL T Quat 60 and Eudragit E100 are

fungicidal or fungistatic against T. rubrum (Fig 4-5 - 4-6) and T. interdigitale (Fig 4-7

- 4-8). In both control experiments, a network of mycelium was formed after 72 hours

incubation, presented in cyan colour due to the combination of green (FUN 1) and blue

(CW) colours, but no red distinct vacuole structures were observed. Both T. rubrum

(Fig 4-5) and T. interdigitale (Fig 4-7) conidia remained did not appear to germinate

(bright-green) after treatment with ABIL T Quat 60. In the case of Eudragit E100,

both T. rubrum (Fig 4-6) and T. interdigitale (Fig 4-8) conidia were metabolically

active, but the ability of germination was lost. The Eudragit E100 itself was visualised

in green background staining and showed an irregular shape. It should be noted that

all the conidia in pre-treated polymer films (Fig 4-5 - 4-8) presented a green colouration

instead of cyan, which probably due to the capture of CW by the polymer films.

4.3.5 In vitro studies of ABIL T Quat 60 and Eudragit E100 effects

against C. albicans

The CLSM analysis was also used to study the antifungal activity of ABIL T Quat 60

(Fig 4-9) and Eudragit E100 (Fig 4-10) against C. albicans. In the control, the yeast

was elongated and formed pseudohyphae. Few yeasts were presented with bright diffuse
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green fluorescence, suggesting they were metabolically inactive. Fewer C. albicans cells

were observed in the presence in of ABIL T Quat 60, and the cells were metabolically

inactive (Fig 4-9). Hyphae/ pseudohyphae were observed in samples containing 15%

ABIL T Quat 60, whereas small clumps of yeast were formed in the presence of 20%

ABIL T Quat 60. More individual cells were observed at 25% ABIL T Quat 60, and

some of them observed as blastoconidia. In Fig 4-10, a large number of inactive yeast

cells were observed in sample pre-treated with 20% Eudragit E100. Fewer yeast cells

were found in 25% Eudragit E100, which were mainly located by the edge of the film.

4.3.6 Ex vivo studies of ABIL T Quat 60 and Eudragit E100 prevents

C. albicans infection

The inhibition of C. albicans growth on porcine skin by ABIL T Quat 60 and Eudragit

E100 was visualised by CLSM analysis with live/dead staining (FUN 1) and calcofluor

white (CW). Fig 4-11 shows the outcome of C. albicans inoculation on skin pre-treated

with different concentrations of ABIL T Quat 60. The stratum corneum was stained in

green while C. albicans was stained as cyan due to the combination of green (FUN 1)

and blue (CW) colours. In the control, a large number of C. albicans cells were observed

on the skin surface without hyphal transition. Although red intravacuolar structures

were not observed inside the yeasts, no bright green-emitting cells were presented. The

green fluorescence had high intensity at the septum, hyphal tips and nuclei/ vacuoles.

In samples pre-treated with ABIL T Quat 60, the polymer was presented as pink-red

and the number of C. albicans cells reduced significantly. The live/dead FUN 1 staining

shows most C. albicans cells remained metabolically active, and only a few cells were

inactive. Fig 4-12 shows the C. albicans stayed on the skin pre-treated with different

concentrations of Eudragit E100. The number of C. albicans cells reduced but this

was less significant when compared to ABIL T Quat 60. However, most cells treated

with Eudragit E100 observed were metabolically active. It should be noted that live

C. albicans in samples treated with Eudragit E100 did not present a cyan stain, whilst

the colour of the polymer appeared as purple-blue.
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Figure 4-5: In vitro CLSM images of T. rubrum exposed with ABIL T Quat 60 (15-
25%), stained by calcofluor white (CW) and FUN 1 cell stain, in magnification 200x
(left) and the digital zoom of the 200x image (white box) (right). In the control,
mycelium developed and presented a cyan colour due to the combinations of green (FUN
1) and blue (CW) colour. The inoculated conidia did not germinate and presented as
green after the treatment of ABIL T Quat 60 (arrows).
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Figure 4-6: In vitro CLSM images of T. rubrum exposed with Eudragit E100 (20-25%),
stained by calcofluor white (CW) and FUN 1 cell stain, in magnification 200x (left)
and the digital zoom of the 200x image (white box) (right). In the control, mycelium
developed and presented a cyan colour. Although no mycelium was observed after the
treatment of Eudragit E100, red vacuoles were observed in the conidia (dot arrows).
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Figure 4-7: In vitro CLSM images of T. interdigitale exposed with ABIL T Quat
60 (15-25%), stained by calcofluor white (CW) and FUN 1 cell stain, in magnification
200x (left) and the digital zoom of the 200x image (white box) (right). In the control,
mycelium developed and presented a cyan colour. Although the inoculated conidia
presented as green (arrows), they did not germinate, and their number is reduced with
the increase of the ABIL T Quat 60 concentration.
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Figure 4-8: In vitro CLSM images of T. interdigitale exposed with Eudragit E100 (20-
25%), stained by calcofluor white (CW) and FUN 1 cell stain, in magnification 200x
(left) and the digital zoom of the 200x image (white box) (right). In the control,
mycelium developed and presented a cyan colour. Although no mycelium developed
after the treatment of Eudragit E100, red vacuoles were observed in the conidia (dot
arrows).
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Figure 4-9: In vitro CLSM images of C. albicans exposed with ABIL T Quat 60 (15-
25%), stained by calcofluor white (CW) and FUN 1 cell stain, in magnification 200x
(left) and the digital zoom of the 200x image (white box) (right). Hyphae appeared
in the control and presented a cyan colour due to the combinations of green (FUN 1)
and blue (CW) colour. C. albicans was shown in green (arrows), and the number of
cells was significantly reduced with the treatment of ABIL T Quat 60. Pseudohyphae
were found with the treatment of 15% of ABIL T Quat 60. Only individual yeast cells
are found with the treatment of 25% of ABIL T Quat 60.
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Figure 4-10: In vitro CLSM images of C. albicans exposed with Eudragit E100 (20-
25%), stained by calcofluor white (CW) and FUN 1 cell stain, in magnification 200x
(left) and the digital zoom of the 200x image (white box) (right). Hyphae appeared in
the control and presented a cyan colour. C. albicans was shown in green (arrows), and
pseudohyphae were found with the treatment of 20% of Eudragit E100. The number
of C. albicans cells was reduced with the treatment of 25% of Eudragit E100.
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Figure 4-11: Ex vivo CLSM images of preventing C. albicans infection on porcine
skin by ABIL T Quat 60 (15-25%), stained by calcofluor white (CW) and FUN 1 cell
stain, in magnification 200x (left) and the digital zoom of the 200x image (white box)
(right). C. albicans presented as cyan due to the combinations of green (FUN 1) and
blue (CW) colour. The number of C. albicans cells was significantly reduced with the
application of ABIL T Quat 60. The dot arrows represents yeast cell containing red
vacuoles, while the arrows indicated green yeast cells.
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Figure 4-12: Ex vivo CLSM images of preventing C. albicans infection on porcine skin
by Eudragit E100 (20-25%), stained by calcofluor white (CW) and FUN 1 cell stain, in
magnification 200x (left) and the digital zoom of the 200x image (white box) (right).
C. albicans presented as cyan in the control. The polymer was shown in purple-blue,
due to the capture of CW stain. The number of C. albicans cells was reduced after
the application of Eudragit E100. However, only a few yeasts were presented in green
(arrows), and others were shown with red vacuole (dot arrows).
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4.3.7 Scanning electron microscopy studies of T. rubrum treated with

ABIL T Quat 60 and Eudragit E100

The growth of T. rubrum on polycarbonate membrane and porcine skin treated with

ABIL T Quat 60 and Eudragit E100, was visualised by FESEM and Cryo-SEM re-

spectively. Fig 4-13 shows T. rubrum inoculated on the polycarbonate membrane

pre-treated with film-forming agents, placed on SDA for 24 hours. In the control pre-

treated with 95% ethanol only, a network of mycelium and an exopolymeric matrix

were observed (Fig 4-13A). However, the mycelium appeared rather wrinkled, possibly

due to the dehydration process in preparing the samples. Conidia and numerous mi-

crospheres (arrows) were observed on the polycarbonate membrane pre-treated with

20% of Eudragit E100 (Fig 4-13B). Tangled and swollen hyphae with a rough surface

were developed from conidia on membrane pre-treated with 15% ABIL T Quat 60 (Fig

4-13C-D). Samples with other concentrations of ABIL T 60 and Eudragit E100 were

also prepared, but images acquisition rendered impossible due to the surface charging

effect.

Fig 4-14 shows the T. rubrum inoculated on skin pre-treated with film-forming agents

after 24 hours growth. In the control, T. rubrum conidia adhered to the skin and

started developing hyphae and exopolymeric matrix. A frost-like surface was formed

on the surface of the skin and conidia. The surfaces treated with film-forming agents

looked smooth, and no conidia were observed on the superficial layer of the porcine

skin. However, conidia-like shaped materials hidden under the film and pits on the film

surface were observed, suggesting conidia may either be present under the film without

germination, or perhaps, removed during the sample preparation.
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Figure 4-13: FESEM images of T. rubrum exposed with ABIL T Quat 60 and Eudragit
E100 on in vitro polycarbonate membrane. Mycelium was formed with biofilm in the
control (A) Conidia were found in the sample treated with 20% Eudragit E100 (B).
Mycelium was also formed in the sample treated with 15% ABIL T Quat 60, with
magnifications 500x (C) and 5000x (D). However, the mycelium growth followed the
abnormal direction and was covered with substance, possibly the film-forming agent.
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Figure 4-14: Cryo-SEM images of T. rubrum treated with ABIL T Quat 60 and
Eudragit E100 on ex vivo porcine skin. In the control, hyphae and fibrous film were
developed on the surface of the skin after 24 hours. After applying the film-forming
agents, the superficial layer of the porcine skin became smooth. Although the T.
rubrum conidia were added on the surface of the polymers above the skin, they were
covered by the polymers and did not germinate.
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4.3.8 1H NMR titration study and chelation effect of ABIL T Quat

60

NMR spectroscopy was used to study the zinc and iron chelating activity of ABIL

T Quat 60. Zinc chloride was titrated in a range of 1 to 100 mg/mL in deuterated

methanol containing 20% ABIL T Quat 60, and the proton spectra were recorded. Fig

4-15A shows the deshielding of the methyl group and the alkyl chain protons next to

the amine group, whilst other peaks from other residues of ABIL T Quat 60 were not

modified. The resulting titration curve of the methyl group in response to the increased

concentrations of zinc chloride, showing the chelation became saturated above 5 mg/mL

of zinc chloride (Fig 4-15B).

The chelating activity of ABIL T Quat 60 regarding ferric chloride in a range of 1 to

100 mg/mL was also monitored (Fig 4-16). Due to the paramagnetism of ferric ion,

although a deshielding of the methyl group spectra was observed, the NMR signals

became very broad, and no clear signals were detected at higher concentration of ferric

chloride.

The chelating activities of ABIL T Quat 60 with regards iron (ferric chloride) (Fig

4-17A), copper (copper chloride) (Fig 4-17B) and zinc (zinc chloride) (Fig 4-17C) ions

were studied by ICP-OES. Metal ions solutions were incubated in tubes coated with a

film made from 20% ABIL T Quat 60 solution, followed by removing the polymer from

the solutions and measuring the concentration of metal ions. The concentrations of

ferric, copper and zinc ions were significantly reduced by 84, 34 and 39% respectively.
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Figure 4-15: 1H NMR titration study on 20% ABIL T Quat 60 with zinc chloride
(1-100 mg/mL) in CD3OD. 1 and 2 represented the methyl group and the alkyl chain
next to the amine group of ABIL T Quat 60 (chemical structure on the right). (A)
Chemical shift induced by the chelation of Zn2+. (B) Titration curve of the methyl
group (1) of the amine group. The chelation becomes saturated after addition of 5
mg/mL zinc chloride.

Figure 4-16: 1H NMR titration study on 20% ABIL T Quat 60 with ferric chloride
(1-2 mg/mL) in CD3OD. 1 and 2 represented the methyl group and the alkyl chain
of the amine group of ABIL T Quat 60 (chemical structure on the right). There is
a chemical shift induced by the chelation of Fe3+. However, since Fe3+ compound is
paramagnetic, the NMR signals become very broad and are not possible to detect the
spectra with a higher concentration of ferric chloride.
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Figure 4-17: Chelation activities of 20% ABIL T Quat 60 in ferric (A), copper (B)
and zinc (C) ions solutions measured by ICP-OES. The metal ions levels were reduced
significantly after the solution treated with 20% of ABIL T Quat 60 (treated) (Student’s
t-test; *p < 0.05; **p < 0.01; ****p < 0.0001; n = 3/group).

Figure 4-18: Reduction of carbohydrate level in the presence with 20% ABIL T Quat
60 measured by QTOF-LC/MS. (A) Calibration curves showing the peak area versus
glucose and mannose concentration (Glucose: y = 6,865,946x + 4,883,055; R2 = 0.98;
Mannose: y = 4,478,147x + 10,708,111; R2 = 0.98). (B) The concentration of glucose
and mannose was significantly reduced by the presence with 20% ABIL T Quat 60
(treated) (n = 3/group).

4.3.9 Effect of ABIL T Quat 60 presence on carbohydrate levels

QTOF-LC/MS was used to quantify the effect of ABIL T Quat 60 on carbohydrate

concentrations (Fig 4-18). The concentrations of glucose and mannose dissolved in

water were compared before and after incubating in tubes coated with 20% ABIL T

Quat 60. The concentrations of glucose and mannose were significantly decreased by

98 and 97% respectively (Fig 4-18B).
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Figure 4-19: Quantification of protein level in the presence of 20% ABIL T Quat 60
measured by BCA assay. No significant difference between the protein level in the
Sabouraud dextrose broth medium with (treated) or without (control) 20% ABIL T
Quat 60 (n = 3/group).

4.3.10 Effect of ABIL T Quat 60 presence on protein level

The BCA assay was used to measure potential changes in protein level in the SDB

medium due to the presence of ABIL T Quat 60 (Fig 4-19). The ABIL T Quat 60 did

not reduce the protein concentration in the medium.

4.4 Discussion

In this chapter, ABIL T Quat 60 and Eudragit E100 were evaluated for their ability

to prevent and treat fungal skin infection caused by T. rubrum, T. interdigitale and

C. albicans, an investigation on the mechanism of action underlying ABIL T Quat 60

was also done. In order to reduce the gap between in vitro and in vivo studies, an

ex vivo porcine skin infection model has been developed in chapter 3. Apart from

studying the early stage of the infection process of dermatophytosis, the model enables

studying methods to prevent and treat dermatophytosis, which is not really possible

in vitro. The initial mechanism envisaged to prevent dermatophytosis was to develop

a physical barrier between fungi and the superficial layer of the skin. However, the

results here presented, suggest that the polymers studies prevent fungal infection in

a more complex manner. The stratum corneum and hair of humans are negatively

charged (isoelectric point in 3.70 and 3.67 respectively), and it has been suggested,

but not demonstrated that positively charged cationic polymers can ionically bind to

them (Wilkerson, 1934; Cruz et al., 2016). The ex vivo model simplifies the crucial
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steps of in vitro model materials and better simulates the properties of the skin surface

such as roughness, presence of skin appendages and electric charge of the skin. On

the other hand, the difference in the infection process and virulence factors might

affect the studies on the treatment of fungal skin infection. Firstly, previous studies

showed that virulence factors of T. rubrum and C. albicans to differ between in vitro

and ex vivo assays (Calderone, 2009; Peres et al., 2016). Secondly, the components in

biofilms and the strength of these biofilms are also different. Previous studies indicated

that the matrix of C. albicans biofilms mainly originated from the host under in vivo

conditions (Mitchell, Zarnowski and Andes, 2016). Besides, biofilms observed in ex

vivo tend to have higher strength, thickness and mass compared with in vitro models

(Brilhante et al., 2017, 2019; Costa-Orlandi et al., 2017). These factors, and especially

the biofilm, may affect the validity of predictions regarding the efficacy of the film-

forming formulations tested. Therefore, the ex vivo infection model was first used as a

preliminary test to screen film-forming agents and establish the minimal concentrations

required to prevent and to treat fungal skin infection. To classify ABIL T Quat 60 and

Eudragit E100 as either fungistatic or fungicidal for T. rubrum, T. interdigitale and

C. albicans, in vitro viability assays and CLSM imaging were used. Because of time

restrictions, only the mechanism of action of ABIL T Quat 60 was investigated.

4.4.1 ABIL T Quat 60

ABIL T Quat 60 is a cationic surfactant used as a conditioning agent to provide sub-

stantivity to the keratin on the skin and hair for protection. Apart from providing

detergent properties, cationic surfactants have been widely used as disinfectants and as

an antiseptic formulation in various products, such as cosmetic and home and industrial

cleaning products (Wieczorek et al., 2014; Fait et al., 2019). The most popular cationic

surfactant is cetrimonium bromide, a quaternary ammonium compound that provides

excellent antimicrobial activity via cell lysis (Salton, Horne and Cosslett, 1951; Smith

et al., 1975; Nakata, Tsuchido and Matsumura, 2011; Wieczorek et al., 2014).

In our study, ABIL T Quat 60 was evaluated as an active ingredient against fungal

skin infections. The ability to prevent and to treat fungal skin infection in different

concentrations via ex vivo porcine skin model was first examined. The results showed

that the increase of concentration improves prevention of T. rubrum and T. interdigitale

infection of the skin. Also, the polymer at a concentration of 5% or higher can treat the

porcine skin that has already been infected by T. rubrum effectively. The phenomenon

of a more effective antifungal activity when comparing in treatment with prevention is

not well understood. Potentially, the location of the film regarding the fungi and the
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skin could play a role. It is however, conceivable that polymers sprayed on top of fungi,

and covering conidia and hypha, are more effective in inhibition than conidia that sit

on top of a polymer spray that probably does not cover the entire surface. It is also

possible that, as shown in chapter 3, prolonged infection leads to damage of epidermis,

and this allows the film-forming agent to enter the epidermis more deeply and forms

films surrounding the negatively charged fungal hyphae, whereas only the upper side

of the conidia interact with the film in the prevention model. However, this hypothesis

requires further demonstration by further experiments and studies, such as cryo-TEM

or cross-sectional CLSM live/death staining imaging. In addition, it is unclear whether

these differences would be relevant to the in vivo situation, in which the skin is not

damaged to the same extent as in the ex vivo model.

Based on the results in ex vivo porcine skin models, the concentration of ABIL T

Quat 60 above 15% showed effective antifungal activities against T. rubrum and T.

interdigitale. However, further improvements of the ex vivo model are needed to study

the mechanism of action of the polymers. In our study, in vitro quantification of

biomass/ biofilm formation and fungal viability assays were used to study the activity

of ABIL T Quat 60 against T. rubrum, T. interdigitale and C. albicans. Crystal violet

is a triarylmethane dye that binds to proteins and DNA of the cell and has been widely

used as an assay to quantify the biomass/ biofilm produced by dermatophytes and C.

albicans (Hasan et al., 2009; Costa-Orlandi et al., 2014; Brilhante et al., 2017, 2019).

The results here presented in Fig 4-3 suggest that the ABIL T Quat 60 inhibits the

development of mycelium or biofilm formation.

In addition, the metabolic activities of T. rubrum, T. interdigitale and C. albicans were

completely suppressed in the presence of ABIL T Quat 60. The resazurin (Alamar blue)

cell viability assay is a non-toxic method that detects cellular metabolic activity by

monitoring the redox reaction of mitochondria. The redox action of NADPH/ NADH

reduces the blue resazurin to pink resorufin. The resazurin assay has been studied in

antimicrobial susceptibility tests for C. albicans (Repp, Menor and Pettit, 2007; Van

den Driessche et al., 2014). The resazurin result shows that the metabolic activity of

C. albicans was entirely inhibited in the presence of ABIL T Quat 60. In order to

study the antifungal activity of polymers against dermatophytes, we have developed

a new microtiter plate-based method using phenol red (Ho, Delgado-Charro and Bol-

huis, 2019). In addition to the optimal environment for dermatophytes growth we have

mentioned in chapter 8, another reason to develop new fungal viability assay was to

avoid artefacts related to the sequestration of the stain by polymer films. Indeed, it

was noticed that the polymeric films could capture some of the resazurin which re-
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duced the intensity of the stain after 72 hours incubation (data not shown). Although

the effects of this phenomenon could be corrected by preparing the blanks with films

prepared with different polymer concentrations, the phenol red assay can also reduce

the possibility of false-positive results by adding phenol red after the incubation (Ho,

Delgado-Charro and Bolhuis, 2019). The previous study has examined the biosurfact-

ant against Streptococcus mutans by adding resazurin after the incubation (Elshikh

et al., 2016). The same protocol has been tested on our films against dermatophytes

and C. albicans (data not shown). However, no colour change from blue to pink was

observed in dermatophytes, probably due to their slow metabolic rate. In contrast, the

colour changed immediately to pink in C. albicans, followed by a loss of colouration.

The phenomenon is not well understood, and it is possible that the pink resorufin was

further reduced to the colourless dihydroresorufin due to the high metabolic activity

(Rampersad, 2012; Uzarski et al., 2017). Although the results indicated the T. rubrum,

T. interdigitale and C. albicans were metabolically inactive in the presence of ABIL

T Quat 60, the tests used could not inform about whether the antifungal activity was

fungistatic or fungicidal.

Therefore, to classify the antifungal activity of ABIL T Quat 60, CLSM imaging was

used to study the viability and morphology of T. rubrum, T. interdigitale and C. albi-

cans in the presence of the films. A combination of FUN 1 cell stain and CW has long

been used to determine the viability of yeasts (Kuhn et al., 2002; Ishijima et al., 2012)

and filamentous fungi (Chee, Kim and Lee, 2009; Hua et al., 2011; Silva et al., 2012;

Ferreira et al., 2015) by CLSM. FUN 1 is a membrane-permeating two-colour fluores-

cent viability probe. In common species of yeast (Ishijima et al., 2012; Khler, Assefa

and Reid, 2012) and fungi (Hua et al., 2011; Silva et al., 2012) the intracellular FUN 1

stain is converted to red fluorescence inside intravacuolar structures, whilst cells with

little or no metabolic activity show with translucent green cytoplasmic fluorescence. In

dead cells, the nucleic acid-binding FUN 1 produce a diffuse and extremely bright green

to green-yellow fluorescence (Khler, Assefa and Reid, 2012; Fernández-Miranda, Ma-

jada and Casares, 2017; ThermoFisher, 2019). The second stain used, CW, is a marker

that binds to β-1,3 and β-1,4 polysaccharides of the chitin and cellulose on fungal cell

walls (Roncero and Duran, 1985; Rasconi et al., 2009). Without treatment of ABIL

T Quat 60, hyphae of T. rubrum and T. interdigitale displayed as translucent green

devoid of red vacuoles, and green fluorescence accumulated at the septum, hyphal tips

and nucleus/ vacuoles. After the treatment with ABIL T Quat 60, the conidia of T.

rubrum and T. interdigitale did not germinate. The bright diffuse green of the conidia

suggesting them to be metabolically inactive, or even dead. Although the dead cells

are highlighted in green-yellow colour on the company protocol, previous studies had
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indicated dead cells with bright and extremely bright green fluorescence(Hua et al.,

2011; Khler, Assefa and Reid, 2012; Fernández-Miranda, Majada and Casares, 2017).

In order to identify whether conidia were metabolically inactive or dead, a negative

control, such as heat-killed cells, should be used to interpret the information provided

in the samples.

ABIL T Quat 60 caused significant inhibition to C. albicans, and the strength of the

inhibition increased along with the concentration (Fig 4-9). In the control, the hyphae

and blastoconidia of C. albicans were shown as translucent green without red vacuoles.

The results suggested the 25% ABIL T Quat 60 inhibited hyphae formation and sup-

pressed the metabolic activity of C. albicans. It should be noted that the fluorescent

dyes have a high affinity for ABIL T Quat 60, especially CW so the fungi could not

be stained as blue. Since CW is an anionic dye, it might have a higher affinity to the

cationic ABIL T Quat 60 than the chitin and cellulose of the fungal cell wall (Ram and

Klis, 2006).

The CLSM imaging was extended to the ex vivo porcine skin model to study the

ability of ABIL T Quat 60 to prevent superficial candidiasis. Unlike dermatophytes, C.

albicans is a dimorphic fungus that can form filaments, although it does not grow as

mycelium (Desai, 2018). Therefore, only CLSM analysis with live/dead staining (FUN

1 and CW) rather than fungal growth scoring was used. However, the fluorescence

obtained in the control was not consistent with previous studies that showed active

cells containing red fluorescent intravacuolar structures (Kuhn et al., 2002; Ishijima et

al., 2012). The number of C. albicans observed on the skin pre-treated with ABIL T

Quat 60 was reduced significantly compared with the control. Curiously, the fungal

staining by CW was retained in the ex vivo porcine skin model but the reasons behind

this observation are not well understood.

The morphological differences of T. rubrum before and after exposure with ABIL T

Quat 60 were visualised by SEM. In the control on in vitro polycarbonate membrane,

T. rubrum mycelium and exopolymeric matrix were observed, which was consistent

with previous findings characterising T. rubrum biofilms (Costa-Orlandi et al., 2014;

Brilhante et al., 2017). As for the T. rubrum conidia inoculated on the membrane

coated with 15% of ABIL T Quat 60, the hyphae seemed swollen and had developed

abnormal shapes. There are no previous reports concerning cationic surfactants caus-

ing this phenomenon, but the changes of fungal morphology caused by chitosan, a

polycationic polysaccharide, have been studied in Fusarium oxysporum (Benhamou,

1992), Rhizopus stolonifera (El Ghaouth et al., 1992) and Penicillium expansum (de

Oliveira Junior, Franco and de Melo, 2012). Chitosan can interact with the negatively
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charged fungal cell wall and form an impervious layer around the fungi, subsequently

reducing the entry of nutrients but still allowing the fungal growth (Fang, Li and Shih,

1994; Bautista-Baños et al., 2006; de Oliveira Junior, Franco and de Melo, 2012) or

even causing death by blockage of nutrients (Vishu Kumar et al., 2005, 2007). In

addition, the superficial layer of the hyphae treated with ABIL T Quat 60 appeared

to have a rough surface, which might suggest that the polymer had formed a film on

top of the fungi. These observations were consistent with the films covering T. rubrum

conidia that presented on the experiment run with the ex vivo porcine skin model using

cryo-SEM. Compared with the well-developed hyphae and exopolymeric matrix in the

controls, T. rubrum conidia did not grow and appeared to be covered with a smooth

polymer film. The frost observed with cryo-SEM on the surface of the control was

probably caused by the high-water content of the dermatomed porcine skin. In order

to confirm the presence of the coating materials on the surface of the hyphae, further

experiments conducted with cryo-transmission electron microscopy combined with en-

ergy disper-sive X-ray (EDX) analysis could be performed, to map the distribution of

silicon of the ABIL T Quat 60 in the cross-section of fungi.

It would be pertinent to consider whether the mechanism of antifungal action of the

cationic ABIL T Quat 60 could be related to the well-documented mechanism for the

antimicrobial cationic polymer chitosan. Chitosan is a cationic linear polysaccharide

containing primary amines, whereas ABIL T Quat 60 is a cationic T-shaped siloxane

combined with quaternary ammonium. There is a little chemical similarity between

both cationic polymers, but chitosan provides some clues that may help to understand

the mechanism of antifungal action of ABIL T Quat 60. There are three hypotheses pro-

posed to explain the mechanism of action underlying antimicrobial actions of chitosan:

(1) direct interaction with the negatively charged phospholipids on the fungal mem-

brane to increase the outer membrane permeability causing leakage of intracellular

compounds; (2) interaction with DNA leading to the inhibition of the mRNA and pro-

tein synthesis; (3) chelation of transition metals limiting the flow of essential nutrients

(Palma-Guerrero et al., 2010; Muñoz-Bonilla, Cerrada and Fernández-Garćıa, 2013).

Due to time constraints, only T. rubrum, the dominant causative agent of dermato-

phytosis, was studied to analyse the effects of polymers. The SEM imaging in this

work suggests an interaction occurring between ABIL T Quat 60 and the fungal sur-

face, as morphological changes of hyphae was observed. Similar morphological changes

of to the C. albicans and Aspergillus fumigatus were observed in previous studies on

the treatment of echinocandins, a class of antifungals that target the fungal cell wall

(Nishiyama, 2005; Dunyach et al., 2011; Carrano et al., 2019). They inhibit the en-

zymatic synthesis of β-(1,3)-D-glucan, an essential component of the fungal cell wall.
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Although it is unlikely that ABIL T Quat 60 specifically and directly interferes with the

synthesis of β-(1,3)-D-glucan, the similar morphology observed upon treatment with

ABIL T Quat 60 and echinocandins suggest that the polymer interacts with the fungal

cell wall, causing development of irregular branching of swollen hyphae a the rough and

wrinkled surface. Because the interaction with DNA was considered very unlikely due

to the large molecular weight of the polymer, the third hypothesis, chelation effects of

ABIL T Quat 60 was studied indirectly (in the absence on biological samples) by NMR

spectroscopy and ICP-OES.

Metal ions are essential in the biological and the infection processes of fungi, and over

47% of enzymes discovered are metalloenzymes that require metal ions as cofactors

(Waldron et al., 2009; Crawford and Wilson, 2015; Gerwien et al., 2018). As been

discussed in chapter 1, iron, zinc and copper play crucial roles in activation of vir-

ulence factors required for fungi invasion and acquisition of nutrients from the host

cells. Metal chelating agents such as ethylenediaminetetraacetic acid (EDTA) have

been reported to inhibit fungal growth (Hachem et al., 2006; Casalinuovo et al., 2017).

The chelating ability of ABIL T Quat 60 was confirmed by 1H NMR spectroscopic ana-

lysis of 20% polymer solutions in deuterated methanol before and after the addition

of zinc chloride or ferric chloride. NMR is an analytical chemistry technique used to

determine the content and molecular structure of chemicals by measuring the interac-

tion of nuclear spins under a strong magnetic field. The interaction of nuclear spins

provides information of the electron distribution showed as chemical shift. In chemical

shifts, the higher electron density around the nucleus causes shielding and shifting up-

field (lower ppms), while the decrease of electron density around the nucleus is called

deshielding, causing downfield (higher ppms). When chelation occurs, the increased

amount of chelated zinc ion leads to an increase of the electron density around the

protons of the quaternary ammonium groups in the ABIL T Quat 60, whilst a decrease

of electron densities of methyl group and the alkyl chain protons of the quaternary

ammonium compound. Therefore, a gradient downshift of corresponding peaks occurs,

which is consistent with the zinc-peptide interaction previously reported (Lyons, Kwan

and Truscott, 2016). Unfortunately, there is lack of relevant references because the

chelation of quaternary ammonium is not widely studied by NMR. Since ferric ion is

the most essential ion for fungal growth, we attempted to monitor the chelating activity

of ABIL T Quat 60 with respect to ferric chloride. However, the ferric ion is paramag-

netic with one lone electron, which reduces the resolution of the NMR spectrum and

the results were less clear.

Due to the limitation of studying metal ions in NMR, an elemental analysis technique,
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ICP-OES, was used to monitoring the chelating activity of ABIL T Quat 60 on zinc,

ferric and copper ions. ICP-OES characterises elements in a plasma state via the energy

emitted in the form of photons and has been widely used for quantifying metal ions

in studies of chelating agents (Miller et al., 2008; Högberg et al., 2012; Pappas, 2012).

The level of zinc, ferric and copper ions was significantly reduced in the presence of

ABIL T Quat 60, compared to the controls (absence of polymer) suggesting ABIL T

Quat 60 has indeed chelating activity. The metal ions levels used in the ICP-OES study

were different from the expected concentration mentioned in the method, probably due

to the hydration of chemicals.

An interesting phenomenon observed was that the colour of SDB changed from brown

to colourless after 72 hours in the presence of ABIL T Quat 60 without fungi, which

suggested that the film could have adsorbed some nutrients from the broth. Therefore,

the carbohydrate and protein levels in a solution with and without ABIL T Quat 60 was

compared by the QTOF-LC/MS and BCA assay respectively. Our results showed that

the protein level did not change after the treatment of ABIL T Quat 60, whereas car-

bohydrates, glucose and mannose, interacted with ABIL T Quat 60. They, especially

glucose, are essential carbon sources for fungal growth, maintenance and reproduction

in most fungi from yeast to filamentous fungi included Trichophyton species (Brannon,

1923; Stockdale, 1953; Chin and Knight, 1963; Mavroudeas et al., 1996; Costa and Na-

has, 2012; Van Ende, Wijnants and Van Dijck, 2019). In addition, these carbohydrates

are essential components of the fungal cell walls (Shah and Knight, 1968; Noguchi et al.,

1975; Guarro et al., 1993; Esquenazi et al., 2003). Mannose is the monomer of mannan,

a linear polysaccharide and the major component of the fungal cell wall (Ikuta et al.,

1997; Baldo et al., 2012; Nenoff et al., 2014). Our result showed a significant reduction

of glucose and mannose levels in the presence of polymer, suggesting they had a high

affinity for ABIL T Quat 60. Whilst the mechanism underlying carbohydrates binding

to the film is unknown, it raises an interesting question on whether there is a relation

between the cell wall and ABIL T Quat 60.

In summary, the experiments with ABIL T Quat 60, suggested that this polymer

prevented the early stage of fungal infection and could also avoid further growth in

previously infected skin. The results suggested that the cationic ABIL T Quat 60 is a

fungistatic compound that inhibits fungal growth by binding to the negatively charged

fungal cell wall, followed by blocking of the acquisition of crucial nutrients such as es-

sential metal ions and carbohydrates by the fungi. In future experiments, the chelating

activity of ABIL T Quat 60 to other essential metal ions, such as calcium, important

in stabilising the fungal cell wall (Reyna-Beltrán et al., 2019), can be characterised.
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4.4.2 Eudragit E100

Eudragit E is a cationic acid-soluble acrylate polymer with a well-documented use in

drug delivery systems to control the release of drugs. With regards the treatment of

fungal skin infections, it has been studied as a polymeric excipient in topical drug deliv-

ery system for delivering clotrimazole to the skin (Leopold and Eikeler, 1998; Paradkar

et al., 2015). In addition, it has been reported that Eudragit E100 does not have

antimicrobial activity itself, but that was able to enhance the bactericidal activity of

ofloxacin against fluoroquinolone-resistant Pseudomonas aeruginosa (Romero et al.,

2012; Arévalo et al., 2019). In this thesis, the antifungal activity of Eudragit E100

against the fungal skin infection caused by T. rubrum, T. interdigitale and C. albicans

was evaluated. The ability of films coating with different concentrations of Eudragit

E100 to prevent and to treat fungal skin infection was also examined via the ex vivo

porcine skin model. The higher concentrations of Eudragit E100 effectively inhibited

the early stages of the fungal skin infection by T. rubrum and T. interdigitale. Addi-

tionally, the polymeric films even those at low concentrations (from 5%) successfully

treated previously infected skin. Similar to ABIL T Quat 60, the cationic Eudragit

E100 might bind to the negatively charged conidia in the prevention model or the neg-

atively charged hyphae in the treatment model. It was interesting to note that when

Eudragit E100 was applied on uninfected skin it appeared glossy, but this glossy sur-

face was not seen when sprayed on infected (damaged) skin. This observation suggests

that the Eudragit E100 film was probably dissolved through contact with the acidic

minimal salts agar, a contact possible given the damaged condition of the skin, while

the Eudragit E100 film kept its integrity when applied to the undamaged skin surface.

In addition, the solubility of Eudragit E100 in acidic media may, therefore, influence

the results in the in vitro biofilm formation and fungal viability assays.

The quantification of biomass and biofilm formation and viability in the presence of

Eudragit E100 were also studied for T. rubrum, T. interdigitale and C. albicans. The

results suggested that this polymer also inhibited the development of mycelium by

Trichophyton species in SDB. However, the results concerning biofilm formed by C.

albicans cultured in different conditions depended on the specific medium used. Eu-

dragit E100 strongly suppressed biofilm formation by C. albicans in YPD but not in

RPMI 1640 medium. The fungal viability assays showed similar observations. Eudra-

git E100 inhibited the metabolic activities of T. rubrum and T. interdigitale in SDB,

but not of C. albicans in RPMI 1640 medium. These media differ not only in the

different compositions of nutrients but also in their pH values. The pH of SDB, YPD

and RPMI 1640 are 5.4, 6.5 and 7.4 respectively. Interestingly, Eudragit E100 had a
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stronger antifungal effect in lower pH media. As mentioned above, Eudragit E100 (pKa

= 7.0-7.3) can be protonated and ionised in acidic medium becoming soluble at pH 5.0

and lower. According to studies about controlled drug release by dosage forms formu-

lated with Eudragit E100, the solubility of polymer increased from pH values below 7.0

(Moustafine et al., 2009; Obeidat, Nokhodchi and Alkhatib, 2015). A previous study

showed that only 25% of Eudragit E remained in the nanofibrous mat after treatment

of 0.1 M citric acid buffer (pH 6.0) (Son et al., 2015). These reports suggested that

Eudragit E100 might be protonated and released at the weak acidic medium, followed

by binding to the negatively charged fungal cell wall.

The fungal viability and morphological differences of T. rubrum, T. interdigitale and C.

albicans exposed to Eudragit E100 were also examined. Surprisingly, the results from

the CLSM imaging with FUN 1 and CW stains were not consistent with the results

regarding biofilm formation and fungal viability. Although the presence of Eudragit

E100 suppressed germination of T. rubrum and T. interdigitale conidia cultured in

SDB, red vacuoles inside the conidia were presented. This observation suggested that

the conidia were metabolically active, but that germination was impaired. Considering

the C. albicans in the presence of Eudragit E100, the polymer inhibited the metabolic

activity of C. albicans in YPD, and the number of C. albicans cells observed were

clearly different for the 20% and 25% polymer concentration. On the other hand, the

appearance of Eudragit E100 films in YPD and SDB was noticeably different, probably

due to pH effects. Interestingly, the CW stain on ex vivo porcine skin infection tests

was captured in Eudragit E100 and shown in blue. Although the number of C. albicans

cells was reduced after the presence with Eudragit E100, a significant amount of C.

albicans cells was metabolically active, which was inconsistent with the observation in

vitro. Gathering all the CLSM observations done on Eudragit E100 samples, several

unknown phenomena have not been reported previously. Even so, the CLSM imaging

confirmed that Eudragit E100 suppressed the germination of conidia of Trichophyton

species.

The suppression of conidia germination by Eudragit E100 was also visualised by SEM.

On the in vitro polycarbonate membrane, only conidia were observed on the surface

as well as numerous of microspheres. The shape of these microspheres was similar

that reported after the spray drying on this polymer, yet Eudragit E100 in our study

was pipetted on the membrane (Pradhan et al., 2016; Han et al., 2019). In future

experiments, a control with Eudragit E100 should be done only to confirm the presence

in the sample inoculated with T. rubrum conidia. The results were consistent with the

study on the ex vivo skin model studied by cryo-SEM. Only T. rubrum conidia were
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presented on the porcine skin, and they were covered with smooth polymer films.

In short, Eudragit E100 is a cationic acid-soluble acrylate that provided optimum

activity in the prevention and treatment of fungal skin infection caused by Trichophyton

species. This polymer provided a stronger antifungal activity in an acidic environment

and stopped the conidia from germination. It also suppressed the growth of C. albicans

but without significant inhibition on the ex vivo model. The results suggested the

Eudragit E100 might dissolve, at least partially, into the acidic solution and interact

with the negatively charged outer membrane of the fungi. A previous study on P.

aeruginosa suggested that Eudragit E100 improved the efficacy of an antibiotic by

changing the cell morphology and altering the outer membrane and cytoplasm of the

bacteria (Romero et al., 2012). However, the mechanism of action of Eudragit E100

requires further investigation and experiments should characterise the morphological

changes of conidia via flow cytometry.

4.5 Conclusion

The cationic polymers ABIL T Quat 60 and Eudragit E100 were demonstrated to

provide effective physical barriers that can prevent and treat the fungal skin infection

caused by T. rubrum, T. interdigitale and C. albicans. The effectiveness was firstly

confirmed by the ex vivo porcine skin infection model, then by studying the mechanism

of action of polymers through different in vitro assays, CLSM and SEM imaging. Both

ABIL T Quat 60 and Eudragit E100 were classified as fungistatic agents that suppress

the fungal growth by binding to the negatively charged fungal cell wall. In addition, the

binding of ABIL T Quat 60 to the fungal cell wall might block the acquisition of crucial

nutrients such as essential metal ions and carbohydrates. The antifungal activity of

Eudragit E100 was influenced by the pH of the environment with a lower pH leading

to a higher activity, suggesting that polymer dissolution in acidic solution might allow

further binding to the fungi.

111



References 

Arévalo, L. M. et al. (2019) ‘Decrease of antimicrobial resistance through polyelectrolyte-coated 
nanoliposomes loaded with β-lactam drug’, Pharmaceuticals, 12(1), pp. 1–11. doi: 10.3390/ph12010001. 

Baldo, A. et al. (2012) ‘Mechanisms of skin adherence and invasion by dermatophytes’, Mycoses, 55(3), 
pp. 218–223. doi: 10.1111/j.1439-0507.2011.02081.x. 

Bautista-Baños, S. et al. (2006) ‘Chitosan as a potential natural compound to control pre and postharvest 
diseases of horticultural commodities’, Crop Protection, 25(2), pp. 108–118. doi: 
10.1016/j.cropro.2005.03.010. 

Benedict, K. et al. (2019) ‘Estimation of Direct Healthcare Costs of Fungal Diseases in the United States’, 
Clinical Infectious Diseases, 68(11), pp. 1791–1797. doi: 10.1093/cid/ciy776. 

Benhamou, N. (1992) ‘Ultrastructural and cytochemical aspects of chitosan on Fusarium oxysporum f.sp. 
radicis-lycopersici, agent of tomato crown and root rot.’, Phytopathology, 82(10), pp. 1185–1193. 

Bienek, D. R. et al. (2018) ‘Antimicrobial monomers for polymeric dental restoratives: Cytotoxicity and 
physicochemical properties’, Journal of Functional Biomaterials, 9(1), 20. doi: 10.3390/jfb9010020. 

Brannon, J. M. (1923) ‘Influence of Glucose and Fructose on Growth of Fungi’, Botanical Gazette, 76(3), 
pp. 257–273. 

Brasch, J. and Hipler, U.-C. (2008) ‘Clinical Aspects of Dermatophyte Infections’, in Brakhage, A.A. and 
Zipfel, P.F. (eds) Human and Animal Relationships, The Mycota (A Comprehensive Treatise on Fungi as 
Experimental Systems for Basic and Applied Research), vol 6. Berlin: Springer, pp. 263–286. doi: 
10.1007/978-3-540-79307-6_13. 

Brilhante, R. S. N. et al. (2017) ‘Quantitative and structural analyses of the in vitro and ex vivo biofilm-
forming ability of dermatophytes’, Journal of Medical Microbiology, 66(7), pp. 1045–1052. doi: 
10.1099/jmm.0.000528. 

Brilhante, R. S. N. et al. (2019) ‘Ex vivo biofilm-forming ability of dermatophytes using dog and cat hair: 
an ethically viable approach for an infection model’, Biofouling, 35(4), pp. 392–400. doi: 
10.1080/08927014.2019.1599361. 

Calderone, R. A. (2009) ‘In Vitro and Ex Vivo Assays of Virulence in Candida albicans’, in Cihlar, R. L. 
and Calderone, R. A. (eds) Candida albicans. Totowa, NJ: Humana Press, pp. 85–93. doi: 10.1007/978-
1-60327-151-6_10. 

Carrano, G. et al. (2019) ‘Anti-Candida albicans germ tube antibodies reduce in vitro growth and biofilm 
formation of C. albicans’, Revista Iberoamericana de Micología, 36(1), pp. 9–16. doi: 
10.1016/j.riam.2018.07.005. 

Casalinuovo, I. A. et al. (2017) ‘Evaluation of the antifungal effect of EDTA, a metal chelator agent, on 
Candida albicans biofilm’, European Review for Medical and Pharmacological Sciences, 21(6), pp. 1413–
1420. 

Chee, H. Y., Kim, H. and Lee, M. H. (2009) ‘In vitro Antifungal Activity of Limonene against 
Trichophyton rubrum’, Mycobiology, 37(3), pp. 243-246. doi: 10.4489/myco.2009.37.3.243. 

Chin, B. and Knight, S. G. (1963) ‘Stimulation of Glucose Metabolism in Trichophyton mentagrophytes 
during Incubation in Increased Carbon Dioxide Tension’, Journal of General Microbiology, 30(1), pp. 
121–126. doi: 10.1099/00221287-30-1-121. 



Costa-Orlandi, C. et al. (2017) ‘Fungal Biofilms and Polymicrobial Diseases’, Journal of Fungi, 3(2), p. 
22. doi: 10.3390/jof3020022. 

Costa-Orlandi, C. B. et al. (2014) ‘In vitro characterization of Trichophyton rubrum and T. 
mentagrophytes biofilms’, Biofouling, 30(6), pp. 719–727. doi: 10.1080/08927014.2014.919282. 

Costa, B. de O. and Nahas, E. (2012) ‘Growth and enzymatic responses of phytopathogenic fungi to 
glucose in culture media and soil.’, Brazilian Journal of Microbiology, 43(1), pp. 332–340. doi: 
10.1590/S1517-838220120001000039. 

Crawford, A. and Wilson, D. (2015) ‘Essential metals at the host-pathogen interface: Nutritional 
immunity and micronutrient assimilation by human fungal pathogens’, FEMS Yeast Research, 15(7), pp. 
1–11. doi: 10.1093/femsyr/fov071. 

Cruz, C. F. et al. (2016) ‘Human hair and the impact of cosmetic procedures: A review on cleansing and 
shape-modulating cosmetics’, Cosmetics, 3(3), pp. 1–22. doi: 10.3390/cosmetics3030026. 

Desai, J. V. (2018) ‘Candida albicans hyphae: From growth initiation to invasion’, Journal of Fungi, 4(1), 
10. doi: 10.3390/jof4010010. 

DiNubile, M. J. et al. (2005) ‘Invasive candidiasis in cancer patients: observations from a randomized 
clinical trial’, Journal of Infection, 50(5), pp. 443–449. doi: 10.1016/j.jinf.2005.01.016. 

Dunyach, C. et al. (2011) ‘Fungicidal activity and morphological alterations of Candida albicans induced 
by echinocandins: study of strains with reduced caspofungin susceptibility’, Mycoses, 54(4), pp. e62–e68. 
doi: 10.1111/j.1439-0507.2009.01834.x. 

Van den Driessche, F. et al. (2014) ‘Optimization of resazurin-based viability staining for quantification 
of microbial biofilms’, Journal of Microbiological Methods, 98(1), pp. 31–34. doi: 
10.1016/j.mimet.2013.12.011. 

Elshikh, M. et al. (2016) ‘Resazurin-based 96-well plate microdilution method for the determination of 
minimum inhibitory concentration of biosurfactants’, Biotechnology Letters, 38(6), pp. 1015–1019. doi: 
10.1007/s10529-016-2079-2. 

Van Ende, M., Wijnants, S. and Van Dijck, P. (2019) ‘Sugar Sensing and Signaling in Candida albicans 
and Candida glabrata’, Frontiers in Microbiology, 10(99), pp. 1–16. doi: 10.3389/fmicb.2019.00099. 

Esquenazi, D. et al. (2003) ‘The role of surface carbohydrates on the interaction of microconidia of 
Trichophyton mentagrophytes with epithelial cells’, FEMS Immunology and Medical Microbiology, 35(2), 
pp. 113–123. doi: 10.1016/S0928-8244(03)00007-5. 

Fait, M. E. et al. (2019) ‘Cationic surfactants as antifungal agents’, Applied Microbiology and Biotechnology, 
103(1), pp. 97–112. doi: 10.1007/s00253-018-9467-6. 

Fang, S. W., Li, C. F. and Shih, D. Y. C. (1994) ‘Antifungal Activity of Chitosan and Its Preservative 
Effect on Low-Sugar Candied Kumquat’, Journal of Food Protection, 57(2), pp. 136–140. doi: 
10.4315/0362-028X-57.2.136. 

Fernández-Miranda, E., Majada, J. and Casares, A. (2017) ‘Efficacy of propidium iodide and FUN-1 
stains for assessing viability in basidiospores of rhizopogon roseolus’, Mycologia, 109(2), pp. 350–358. doi: 
10.1080/00275514.2017.1323465. 

Ferreira, J. A. G. et al. (2015) ‘Inhibition of Aspergillus fumigatus and its biofilm by Pseudomonas 
aeruginosa is dependent on the source, phenotype and growth conditions of the bacterium’, PLoS ONE, 
10(8), pp. 1–27. doi: 10.1371/journal.pone.0134692. 



Gerwien, F. et al. (2018) ‘Metals in fungal virulence’, FEMS Microbiology Reviews, 42(1), pp. 1–21. doi: 
10.1093/femsre/fux050. 

Ghannoum, M. (2016) ‘Azole resistance in dermatophytes: Prevalence and mechanism of action’, Journal 
of the American Podiatric Medical Association, pp. 79–86. doi: 10.7547/14-109. 

El Ghaouth, A. et al. (1992) ‘Antifungal activity of chitosan on post-harvest pathogens: induction of 
morphological and cytological alterations in Rhizopus stolonifer’, Mycological Research, 96(9), pp. 769–
779. doi: 10.1016/S0953-7562(09)80447-4. 

Guarro, J. et al. (1993) ‘Composition of the cell wall polysaccharides in some geophilic dermatophytes’, 
Mycopathologia, 122(2), pp. 69–77. doi: 10.1007/BF01103602. 

Gupta, A. K. and Cooper, E. A. (2008) ‘Update in antifungal therapy of dermatophytosis’, 
Mycopathologia, 166(5–6), pp. 353–367. doi: 10.1007/s11046-008-9109-0. 

Hachem, R. et al. (2006) ‘EDTA as an Adjunct Antifungal Agent for Invasive Pulmonary Aspergillosis in 
a Rodent Model’, Antimicrobial Agents and Chemotherapy, 50(5), pp. 1823–1827. doi: 
10.1128/AAC.50.5.1823-1827.2006. 

Han, C. S. et al. (2019) ‘Preparation, characterization, and stability evaluation of taste-masking 
Lacosamide microparticles’, Materials, 12(6), 1000. doi: 10.3390/ma12061000. 

Hasan, F. et al. (2009) ‘Biofilm formation in clinical Candida isolates and its association with virulence’, 
Microbes and Infection, 11(8–9), pp. 753–761. doi: 10.1016/j.micinf.2009.04.018. 

Havlickova, B., Czaika, V. A. and Friedrich, M. (2008) ‘Epidemiological trends in skin mycoses 
worldwide’, Mycoses, 51(s4), pp. 2–15. doi: 10.1111/j.1439-0507.2008.01606.x. 

Ho, F. K., Delgado-Charro, B. and Bolhuis, A. (2019) ‘A microtiter plate-based quantitative method to 
monitor the growth rate of dermatophytes and test antifungal activity’, Journal of Microbiological Methods, 
165, 105722. doi: 10.1016/j.mimet.2019.105722. 

Högberg, I. et al. (2012) ‘Brightness development of a hydrogen peroxide bleached spruce TMP. 
Comparisons of pre-treatments with DTPA and a separable chelating surfactant’, Nordic Pulp & Paper 
Research Journal, 27(1), pp. 50–55. doi: 10.3183/npprj-2012-27-01-p050-055. 

Hua, S. S. T. et al. (2011) ‘Fluorescent Viability Stains to Probe the Metabolic Status of Aflatoxigenic 
Fungus in Dual Culture of Aspergillus flavus and Pichia anomala’, Mycopathologia, 171(2), pp. 133–138. 
doi: 10.1007/s11046-010-9352-z. 

Huang, T. et al. (2019) ‘Polymeric Antimicrobial food packaging and its applications’, Polymers, 11(3), 
560. doi: 10.3390/polym11030560. 

Ikuta, K. et al. (1997) ‘NMR study of the galactomannans of Trichophyton mentagrophytes and 
trichophyton rubrum’, Biochemical Journal, 323(1), pp. 297–305. doi: 10.1042/bj3230297. 

Ingham, C. J. and Schneeberger, P. M. (2012) ‘Microcolony imaging of Aspergillus fumigatus treated 
with echinocandins reveals both fungistatic and fungicidal activities’, PLoS ONE, 7(4). doi: 
10.1371/journal.pone.0035478. 

Ishijima, S. A. et al. (2012) ‘Effect of Streptococcus salivarius K12 on the In Vitro Growth of Candida 
albicans and Its Protective Effect in an Oral Candidiasis Model’, Applied and Environmental Microbiology, 
78(7), pp. 2190–2199. doi: 10.1128/AEM.07055-11. 

Khler, G. A., Assefa, S. and Reid, G. (2012) ‘Probiotic interference of Lactobacillus rhamnosus GR-1 and 



Lactobacillus reuteri RC-14 with the opportunistic fungal pathogen Candida albicans’, Infectious Diseases 
in Obstetrics and Gynecology, 2012(2012), 636474. doi: 10.1155/2012/636474. 

Kuhn, D. M. et al. (2002) ‘Antifungal Susceptibility of Candida Biofilms: Unique Efficacy of 
Amphotericin B Lipid Formulations and Echinocandins’, Antimicrobial Agents and Chemotherapy, 46(6), 
pp. 1773–1780. doi: 10.1128/AAC.46.6.1773-1780.2002. 

Leopold, C. S. and Eikeler, D. (1998) ‘Eudragit® E as coating material for the pH-controlled drug release 
in the topical treatment of inflammatory bowel disease (IBD)’, Journal of Drug Targeting, 6(2), pp. 85–
94. doi: 10.3109/10611869808997884. 

Limon, J. J., Skalski, J. H. and Underhill, D. M. (2017) ‘Commensal Fungi in Health and Disease’, Cell 
Host and Microbe, 22(2), pp. 156–165. doi: 10.1016/j.chom.2017.07.002. 

Liu, T. et al. (2014) ‘Analysis of gene expression changes in trichophyton rubrum after skin interaction’, 
Journal of Medical Microbiology, 63(PART 5), pp. 642–648. doi: 10.1099/jmm.0.059386-0. 

Lyons, B., Kwan, A. H. and Truscott, R. J. W. (2016) ‘Spontaneous cleavage of proteins at serine and 
threonine is facilitated by zinc’, Aging Cell, 15(2), pp. 237–244. doi: 10.1111/acel.12428. 

Malhotra, B., Keshwani, A. and Kharkwal, H. (2015) ‘Antimicrobial food packaging: Potential and 
pitfalls’, Frontiers in Microbiology, 6(611), pp. 1–9. doi: 10.3389/fmicb.2015.00611. 

Mavroudeas, D. et al. (1996) ‘Effect of glucose and thiamine concentrations on the formation of 
macroconidia in dermatophytes. Occurrence of dysgonic Microsporum canis strains in Athens, Greece’, 
Mycoses, 39(1–2), pp. 61–66. doi: 10.1111/j.1439-0507.1996.tb00086.x. 

Miller, G. et al. (2008) ‘Assessment of the Efficacy of Chelate-Assisted Phytoextraction of Lead by 
Coffeeweed (Sesbania exaltata Raf.)’, International Journal of Environmental Research and Public Health, 
5(5), pp. 428–435. doi: 10.3390/ijerph5050428. 

Mitchell, K. F., Zarnowski, R. and Andes, D. R. (2016) ‘Fungal Super Glue: The Biofilm Matrix and Its 
Composition, Assembly, and Functions’, PLOS Pathogens, 12(9), e1005828. doi: 
10.1371/journal.ppat.1005828. 

Monteiro, M. C. et al. (2012) ‘A new approach to drug discovery: High-throughput screening of 
microbial natural extracts against Aspergillus fumigatus using resazurin’, Journal of Biomolecular Screening, 
17(4), pp. 542–549. doi: 10.1177/1087057111433459. 

Morais, D. S., Guedes, R. M. and Lopes, M. A. (2016) ‘Antimicrobial approaches for textiles: From 
research to market’, Materials, 9(6), pp. 1–21. doi: 10.3390/ma9060498. 

Moustafine, R. I. et al. (2009) ‘Interpolyelectrolyte complexes of Eudragit® e PO with sodium alginate as 
potential carriers for colonic drug delivery: Monitoring of structural transformation and composition 
changes during swellability and release evaluating’, Drug Development and Industrial Pharmacy, 35(12), 
pp. 1439–1451. doi: 10.3109/03639040902988574. 

Mukherjee, P. K. et al. (2003) ‘Clinical Trichophyton rubrum strain exhibiting primary resistance to 
terbinafine’, Antimicrobial Agents and Chemotherapy, 47(1), pp. 82–86. doi: 10.1128/AAC.47.1.82-
86.2003. 

Muñoz-Bonilla, A., Cerrada, M. and Fernández-García, M. (2013) Polymeric Materials with Antimicrobial 
Activity: From Synthesis to Applications. Cambridge: Royal Society of Chemistry. doi: 
10.1039/9781782624998. 

Muñoz-Bonilla, A. and Fernández-García, M. (2012) ‘Polymeric materials with antimicrobial activity’, 



Progress in Polymer Science, 37(2), pp. 281–339. doi: 10.1016/j.progpolymsci.2011.08.005. 

Nakata, K., Tsuchido, T. and Matsumura, Y. (2011) ‘Antimicrobial cationic surfactant, 
cetyltrimethylammonium bromide, induces superoxide stress in Escherichia coli cells’, Journal of Applied 
Microbiology, 110(2), pp. 568–579. doi: 10.1111/j.1365-2672.2010.04912.x. 

Nenoff, P. et al. (2014) ‘Mycology – an update. Part 1: Dermatomycoses: Causative agents, epidemiology 
and pathogenesis’, JDDG - Journal of the German Society of Dermatology, 12(3), pp. 188–212. doi: 
10.1111/ddg.12245. 

Nir-Paz, R. et al. (2003) ‘Deep Infection by Trichophyton rubrum in an Immunocompromised Patient’, 
Journal of Clinical Microbiology, 41(11), pp. 5298–5301. doi: 10.1128/JCM.41.11.5298-5301.2003. 

Nishiyama, Y. (2005) ‘Effects of micafungin on the morphology of Aspergillus fumigatus’, Journal of 
Electron Microscopy, 54(1), pp. 67–77. doi: 10.1093/jmicro/dfh100. 

Noguchi, T. et al. (1975) ‘Carbohydrate composition of the isolated cell walls of dermatophytes.’, 
Mycopathologia, 55(2), pp. 71–76. doi: 10.1007/bf00444274. 

Obeidat, W. M., Nokhodchi, A. and Alkhatib, H. (2015) ‘Evaluation of Matrix Tablets Based on 
Eudragit®E100/Carbopol®971P Combinations for Controlled Release and Improved Compaction 
Properties of Water Soluble Model Drug Paracetamol’, AAPS PharmSciTech, 16(5), pp. 1169–1179. doi: 
10.1208/s12249-015-0301-5. 

de Oliveira Junior, E. N., Franco, T. T. and de Melo, I. S. (2012) ‘Changes in hyphal morphology due to 
chitosan treatment in some fungal species’, Brazilian Archives of Biology and Technology, 55(5), pp. 637–
646. doi: 10.1590/S1516-89132012000500001. 

Osborne, C. S. et al. (2005) ‘Amino acid substitution in Trichophyton rubrum squalene epoxidase 
associated with resistance to terbinafine’, Antimicrobial Agents and Chemotherapy, 49(7), pp. 2840–2844. 
doi: 10.1128/AAC.49.7.2840-2844.2005. 

Pappas, R. S. (2012) ‘Sample Preparation Problem Solving for Inductively Coupled Plasma-Mass 
Spectrometry with Liquid Introduction Systems I. Solubility, Chelation, and Memory Effects.’, 
Spectroscopy, 27(5), pp. 20–31.  

Paradkar, M. et al. (2015) ‘Formulation and evaluation of clotrimazole transdermal spray’, Drug 
Development and Industrial Pharmacy, 41(10), pp. 1718–1725. doi: 10.3109/03639045.2014.1002408. 

Peres, N. T. D. A. et al. (2016) ‘In vitro and ex vivo infection models help assess the molecular aspects of 
the interaction of Trichophyton rubrum with the host milieu’, Medical Mycology, 54(4), pp. 420–427. 
doi: 10.1093/mmy/myv113. 

Perlin, D. S. (2015) ‘Echinocandin Resistance in Candida’, Clinical Infectious Diseases, 61(Suppl 6), pp. 
S612–S617. doi: 10.1093/cid/civ791. 

Pradhan, R. et al. (2016) ‘Preparation and characterization of spray-dried valsartan-loaded Eudragit® E 
PO solid dispersion microparticles’, Asian Journal of Pharmaceutical Sciences, 11(6), pp. 744–750. doi: 
10.1016/j.ajps.2016.05.002. 

Ram, A. F. J. and Klis, F. M. (2006) ‘Identification of fungal cell wall mutants using susceptibility assays 
based on Calcofluor white and Congo red’, Nature Protocols, 1(5), pp. 2253–2256. doi: 
10.1038/nprot.2006.397. 

Rampersad, S. N. (2012) ‘Multiple Applications of Alamar Blue as an Indicator of Metabolic Function 
and Cellular Health in Cell Viability Bioassays’, Sensors, 12(9), pp. 12347–12360. doi: 



10.3390/s120912347. 

Rasconi, S. et al. (2009) ‘Use of Calcofluor White for Detection, Identification, and Quantification of 
Phytoplanktonic Fungal Parasites’, Applied and Environmental Microbiology, 75(8), pp. 2545–2553. doi: 
10.1128/AEM.02211-08. 

Repp, K. K., Menor, S. A. and Pettit, R. K. (2007) ‘Microplate Alamar blue assay for susceptibility testing 
of Candida albicans biofilms’, Medical Mycology, 45(7), pp. 603–607. doi: 
10.1080/13693780701581458. 

Reyna-Beltrán, E. et al. (2019) ‘The Cell Wall of Candida albicans: A Proteomics View’, in Doblin, S. 
(ed.) Candida Albicans. Rijeka: IntechOpen. doi: 10.5772/intechopen.82348. 

Rokaya, D. et al. (2018) ‘Polymeric materials and films in dentistry: An overview’, Journal of Advanced 
Research, 14, pp. 25–34. doi: 10.1016/j.jare.2018.05.001. 

Romero, V. L. et al. (2012) ‘Eudragit E100® potentiates the bactericidal action of ofloxacin against 
fluoroquinolone-resistant Pseudomonas aeruginosa’, FEMS Microbiology Letters, 334(2), pp. 102–110. 
doi: 10.1111/j.1574-6968.2012.02626.x. 

Roncero, C. and Duran, A. (1985) ‘Effect of Calcofluor White and Congo red on fungal cell wall 
morphogenesis: In vivo activation of chitin polymerization’, Journal of Bacteriology, 163(3), pp. 1180–
1185. 

Rudramurthy, S. M. et al. (2018) ‘Mutation in the Squalene Epoxidase Gene of Trichophyton 
interdigitale and Trichophyton rubrum Associated with Allylamine Resistance’, Antimicrobial Agents and 
Chemotherapy, 62(5), pp. 1–9. doi: 10.1128/AAC.02522-17. 

Salton, M. R. J., Horne, R. W. and Cosslett, V. E. (1951) ‘Electron Microscopy of Bacteria treated with 
Cetyltrimethylammonium Bromide’, Journal of General Microbiology, 5(2), pp. 405–407. doi: 
10.1099/00221287-5-2-405. 

Seebacher, C., Bouchara, J. P. and Mignon, B. (2008) ‘Updates on the epidemiology of dermatophyte 
infections’, Mycopathologia, 166(5–6), pp. 335–352. doi: 10.1007/s11046-008-9100-9. 

Shah, V. K. and Knight, S. G. (1968) ‘Chemical composition of hyphal walls of dermatophytes’, Archives 
of Biochemistry and Biophysics, 127, pp. 229–234. doi: 10.1016/0003-9861(68)90220-8. 

Siedenbiedel, F. and Tiller, J. C. (2012) ‘Antimicrobial polymers in solution and on surfaces: Overview 
and functional principles’, Polymers, 4(1), pp. 46–71. doi: 10.3390/polym4010046. 

Silva, F. C. da et al. (2012) ‘Evaluation of antifungal activity of essential oils against potentially 
mycotoxigenic Aspergillus flavus and Aspergillus parasiticus’, Revista Brasileira de Farmacognosia, 22(5), 
pp. 1002–1010. doi: 10.1590/S0102-695X2012005000052. 

Smith, A. R. W. et al. (1975) ‘The Differing Effects of Cetyltrimethylammonium Bromide and Cetrimide 
B.P. upon Growing Cultures of Escherichia coli NCIB 8277’, Journal of Applied Bacteriology, 38(2), pp. 
143–149. doi: 10.1111/j.1365-2672.1975.tb00514.x. 

Son, Y. J. et al. (2015) ‘Antibacterial Nanofibrous Mats Composed of Eudragit for pH-Dependent 
Dissolution’, Journal of Pharmaceutical Sciences, 104(8), pp. 2611–2618. doi: 10.1002/jps.24521. 

Stockdale, P. M. (1953) ‘Requirements for the Growth and Sporulation of Trichophyton persicolor’, 
Journal of General Microbiology, 8(3), pp. 434–441. doi: 10.1099/00221287-8-3-434. 

Tainwala, R. and Sharma, Y. (2011) ‘Pathogenesis of dermatophytoses’, Indian Journal of Dermatology, 



56(3), p. 259–261. doi: 10.4103/0019-5154.82476. 

ThermoFisher (2019) FUN TM 1 Cell Stain. Available at: 
https://www.thermofisher.com/order/catalog/product/F7030#/F7030 (Accessed: 5 December 2019). 

Uzarski, J. S. et al. (2017) ‘Essential design considerations for the resazurin reduction assay to 
noninvasively quantify cell expansion within perfused extracellular matrix scaffolds’, Biomaterials, 
129(10), pp. 163–175. doi: 10.1016/j.biomaterials.2017.02.015. 

Varesano, A. et al. (2011) ‘Antimicrobial polymers for textile products’, in Méndez-Vilas, A. (ed.) Science 
Against Microbial Pathogens: Communicating Current Research and Technological Advances. Badajoz: 
Formatex Research Center, pp. 99–110.  

Vishu Kumar, A. B. et al. (2005) ‘Characterization of chito-oligosaccharides prepared by chitosanolysis 
with the aid of papain and Pronase, and their bactericidal action against Bacillus cereus and Escherichia 
coli’, Biochemical Journal, 391(2), pp. 167–175. doi: 10.1042/BJ20050093. 

Vishu Kumar, A. B. et al. (2007) ‘Low molecular weight chitosans—Preparation with the aid of pronase, 
characterization and their bactericidal activity towards Bacillus cereus and Escherichia coli’, Biochimica et 
Biophysica Acta (BBA) - General Subjects, 1770(4), pp. 495–505. doi: 10.1016/j.bbagen.2006.12.003. 

Waldron, K. J. et al. (2009) ‘Metalloproteins and metal sensing’, Nature, 460(7257), pp. 823–830. doi: 
10.1038/nature08300. 

Whaley, S. G. et al. (2017) ‘Azole antifungal resistance in Candida albicans and emerging non-albicans 
Candida Species’, Frontiers in Microbiology, 7, 2173. doi: 10.3389/fmicb.2016.02173. 

Wieczorek, D. et al. (2014) ‘Antibacterial activity of selected surfactants’, Towaroznawcze Problemy 
Jakości, 2(39), pp. 142–149. 

Wilkerson, V. (1934) ‘Chemistry of Human epidermis’, Journal of Biological Chemistry, 107, pp. 477–
480. 

Xie, X. et al. (2018) ‘Synthesis, physiochemical property and antimicrobial activity of novel quaternary 
ammonium salts’, Journal of Enzyme Inhibition and Medicinal Chemistry, 33(1), pp. 98–105. doi: 
10.1080/14756366.2017.1396456. 

Yamada, T. et al. (2017) ‘Terbinafine resistance of Trichophyton clinical isolates caused by specific point 
mutations in the squalene epoxidase gene’, Antimicrobial Agents and Chemotherapy, 61(7), pp. 1–13. doi: 
10.1128/AAC.00115-17. 

Yang, Q. et al. (2013) ‘Development of a novel ex vivo porcine skin explant model for the assessment of 
mature bacterial biofilms’, Wound Repair and Regeneration, 21(5), pp. 704–714. doi: 10.1111/wrr.12074. 

Yang, Y. et al. (2018) ‘Antimicrobial cationic polymers: From structural design to functional control’, 
Polymer Journal, 50(1), pp. 33–44. doi: 10.1038/pj.2017.72. 

Zhan, P. and Liu, W. (2017) ‘The Changing Face of Dermatophytic Infections Worldwide’, 
Mycopathologia, 182(1–2), pp. 77–86. doi: 10.1007/s11046-016-0082-8. 



Chapter 5

Evaluation and Acceptability of

Antifungal Topical Films

5.1 Introduction

Dermatophytosis is one of the fungal diseases that cause superficial infections on kera-

tinised tissues, such as the stratum corneum, nails and hair (Brasch and Hipler, 2008).

Most of the Tinea infections are treated with topical therapy, apart from tinea capitis

and tinea unguium that require systemic medication. Topical therapy is ideal for the

treatment of superficial fungal infection, because of its advantages such as direct access

to the site of infection and decrease of the risk of systemic side effects (Weinstein and

Berman, 2002; Saudagar and Gangurde, 2017). Also, it is non-invasive and easy to use,

improving patient compliance. In order to treat dermatophytosis effectively, antifungal

film-forming agents provide an option due to their long-lasting skin retention ability

(Muñoz-Bonilla and Fernández-Garćıa, 2012).

Chapter 4 and 6 have, respectively, studied the antifungal and antibacterial activity

of ABIL T Quat 60 and Eudragit E100. However, before considering their potential

use in therapy, their film properties, ease of application on the skin and acceptability

by patients require further investigation. To facilitate translation to practical use, this

work focused on whether polymers can be considered safe for cosmetic and pharma-

ceutical use. ABIL T Quat 60 is a cationic conditioning agent present in shampoos and

hair conditioners, while Eudragit E100 is a cationic acrylic resin that has been applied

in drug coating and transdermal drug delivery (Lin, Lee and Lin, 1991; Leopold and

Eikeler, 1998). However, there is lack of open-source data regarding their use as film-
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forming agents for dermatological use. When considering the development of an ideal

antifungal topical film, there are several requirements that need to be assessed:

� Nontoxic and non-irritant film-forming agent and plasticisers

� Breathable

� Good adhesive and binding properties

� Forming light, non-greasy coating

� Non-sticky

� Fast drying time

� Good cosmetic appeal

This chapter aimed to evaluate whether the two polymers studied could form films that

met the requirements described above. The film properties were categorised into two

sections, related primarily to their performance as film-forming topical formulations

and patient acceptability.

The performance as film-forming products was evaluated via washability, drying time,

stickiness, and film characterisation tests. The washability test aims to measure the

bioadhesion of the film formed on the skin against washing by water, which was quan-

tified by colloidal titration to measure the cationic compound in a solution. The drying

time and stickiness of a film are also important parameters as the formulation should

form a film that dries fast and is non-sticky on the skin so that the user can resume

daily tasks without delay and contamination of clothes (Kathe and Kathpalia, 2017).

The surface and cross-sectional characterisation of the film was visualised by scanning

electron cryomicroscopy (CryoSEM) and Electron Dispersive X-ray (EDX) analysis re-

spectively. This provided information about whether the polymers can form a uniform

film on the skin surface.

Due to the limited information available on ABIL T Quat 60, in addition to the film

performance and the patient satisfaction on the skin, the molecular mass distribution

was determined by matrix-assisted laser desorption/ionisation time-of-flight mass spec-

trometry (MALDI-TOF MS). The average molecular weight of the film-forming agent

is essential to identify its characteristics, such as chemical and physical properties.

User-friendliness was studied through an in vitro toxicity test and an in vivo study.

The in vitro toxicity test is designed to measure the toxicity of the films that could lead

to adverse effects on human or animal health. The toxicity of the film-forming agent
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could be evaluated by the haemolytic assay, a method to evaluate the haemolytic effect

of the test compounds (Choi, Kim and Lee, 2017; Jeong et al., 2017). The in vivo study

aimed to characterise the films formed by ABIL T Quat 60 and Eudragit E100 when

applied to human skin, to investigate the films’ transepidermal water loss (TEWL),

skin irritation (redness) and the acceptability. TEWL is a biophysical parameter that

measures the volume of water lost through the epidermis from the body and is directly

related to the skin barrier function (Abrams et al., 1993; Gioia and Celleno, 2002). An

increase in TEWL indicates an impairment of the skin barrier function that could be

related to formulation effects by, for instance, permeation enhancers, such as, dimethyl

sulfoxide. In the context of this study, a decreased in TEWL could indicate occlusive

properties of the films. An advantage is that TEWL measurements using evaporimeters

are non-invasive so have been widely used in the evaluation of skin irritation (Gao and

Singh, 1997, 1998; Panchagnula et al., 2005; Cordery et al., 2017). Skin redness,

known as erythema, is a sign of inflammation caused by hyperaemia (increased blood

flow) in superficial capillaries. Apart from skin injury and infection, it can be caused

by vasodilation, allergies and irritation triggered by chemical agents. The increase of

haemoglobin at the local site can be measured by chromameter, analysing the colour

of reflected light (at 560 nm) illuminated by the white light of a pulsed xenon arc lamp

(Clarys et al., 2000; Trichard et al., 2008). The satisfaction of the films was studied

by the user’s feedback in the tolerability and convenience approach, ranging from the

cosmetic appeal to the feeling on the skin.

Film-forming systems are an alternative formulation approach for topical and trans-

dermal drug delivery and can include sprays, gels or emulsions. Aerosols or sprays are

popular approaches for delivering film-forming systems as they result in stable, fast-

drying and cosmetically acceptable films and enable flexible dosing (Ibrahim, 2015;

Frederiksen, Guy and Petersson, 2016; Kathe and Kathpalia, 2017). This work will

simulate the aerosol administration using an airbrush technique and will be used to

evaluate the properties of the film-forming agents in different formulations.

In this chapter, we evaluate the film properties of ABIL T Quat 60 and Eudragit

E100, in terms of the washability, film drying time and stickiness, characterisation

and average molecular weight. In order to simulate the aerosol administration, an

airbrush technique was used in the in vivo study after being optimised by studying its

spray pattern. To ensure the film-forming formulations are safe for topical application

without interfering the skin barrier function, the in vitro toxicity assay and in vivo

acceptability study will be examined.
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5.2 Materials and Methods

5.2.1 Chemical reagents

Minimal salts agar (pH 5.4) made up of ammonium phosphate monobasic (50 mM)

(99.0%; Sigma-Aldrich), potassium phosphate dibasic (5.75 mM) (ACS reagent; Sigma-

Aldrich) and potassium phosphate monobasic (3.4 mM) (ACS reagent; Sigma-Aldrich)

composed of 1.5% agar (Agar No. 1; Oxoid, Hants, UK).

5.2.2 Film-forming formulation

ABIL® T Quat 60 (Silicone Quaternium-22) was kindly provided as a sample by Evonik

Nutrition & Care GmbH (Essen, Germany), and formulated in solutions in different

concentrations with ethanol (absolute, VWR, Fontenay-sous-Bois, France) plus 5%

Milli-Q water. Eudragit® E100, in granule, was received as a sample from Evonik

Röhm GmbH (Darmstadt, Germany), and formulated by dissolving the polymer and

the plasticiser triethyl citrate (20% w/w of the dry polymer; ≥98.0%; Sigma-Aldrich,

St. Louis, M.O., USA) in 95% ethanol. Both film-forming formulations were stirred

for 24 hours until clear solutions were formed.

5.2.3 Washability test

The bioadhesive properties of ABIL T Quat 60 on porcine skin was determined through

the amount of polymer lost by rinsing with phosphate-buffered saline (PBS), measured

by colloidal titration, as described by Maldonado et al. (2012), with minor modification.

Fig 5-1A shows the schematic diagram of the design of the experiment. To prepare the

polymer film on the skin, 4 µL of a series of solutions containing 20% ABIL T Quat 60

was added on the surface of the healthy porcine skin section (1 cm2) and then left on the

minimal salts agar for 2 hours until the solvent evaporated completely. The polymer-

coated porcine skin was rinsed in 5 mL PBS containing 13.5 µM of toluidine blue-O

(OTB; Technical grade; Sigma-Aldrich) for 5 seconds, then the rinsing solution was

collected and a titrating solution 1.24 mM of poly (vinyl sulfate) potassium salt (PVSK;

average Mw 170,000; Sigma-Aldrich) solution was added until reaching the endpoint

(colour changed from blue to purple-pink). The calibration curve was prepared by

adding 1 – 5 µL of 20% ABIL T Quat 60 directly to 5 mL of PBS containing 13.5 µM

of OTB, followed by colloidal titration with PVSK.
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Figure 5-1: Schematic diagram and reactions of equilibrium of colloidal titration. (A)
The schematic shows the design of the colloidal titration to quantify ABIL T Quat
60 film lost by rinsing. The ABIL T Quat 60 was pipetted on porcine skin and left
to dry. The porcine skin with the film was then transferred to PBS containing 13.5
µM of OTB and rinsed for 5 seconds. After that, the porcine skin was removed and
1.24 mM of PVSK was added until reaching the endpoint. (B) Anionic polyelectrolyte
PVSK reacts with blue cationic indicator dye OTB to form pink PVS-OTB complex.
Equation I shows the complexation between the cationic polymer and anionic PVSK.
The excess anionic PVSK will react with the blue cationic blue OTB to form pink
PVS-OTB complex (Equation II), until the purple-pink endpoint.

5.2.4 Film drying time

The drying time of films formed after application of formulations was described by

Zurdo Schroeder et al. (2007), with modification. In brief, 20 µL of different film-

forming formulations containing ABIL T Quat 60 or Eudragit E100 was pipetted on

the epidermal surface of porcine skin (1 cm2) that was placed directly on a dry block

laboratory heater (DB-3A; Techne, Stone, UK) that was maintained at 30°C. The

drying time was recorded as the shortest time at which no product transfer to a glass

slide placed on the film without pressure was visible.
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5.2.5 Film Stickiness

The stickiness of film formed after application of formulations was measured using the

methods described by Zurdo Schroeder et al. (2007), with modifications. In brief, 20

µL of different film-forming formulations containing ABIL T Quat 60 or Eudragit E100

were pipetted on the epidermal surface of porcine skin (1 cm2) placed directly on the

dry block laboratory heater (DB-3A; Techne) maintained at 30°C, until the polymer

film was dried. Cotton wool was pressed gently on the film, and the stickiness assessed

by observing the cotton fibres retained by the film after 3 minutes.

5.2.6 Scanning electron cryomicroscopy

The surface characterisation of ABIL T Quat 60 and Eudragit E100 on the skin was

visualised by cryo-SEM. 40 µL of different film-forming formulations containing ABIL

T Quat 60 or Eudragit E100 was pipetted on the epidermal surface of porcine skin (1

cm2) placed on minimal salts agar and left for 2 hours to allow the film-forming agents

to form a film.

The porcine skin specimens were directly mounted on SEM pin stubs with PELCO

conductive silver paint (Ted Pella, Redding, C.A., USA), then frozen immediately in

liquid nitrogen. The specimens were coated in a sputter coater, then imaged by Quanta

200 FEG SEM (FEI, Hillsboro, O.R., USA).

5.2.7 EDX analysis

The cross-sectional characterisation of ABIL T Quat 60 on the skin was visualised by

EDX analysis. To prepare the polymer film on the skin, a healthy porcine skin section

was covered with 40 µL of 20% ABIL T Quat 60 by pipetting and left on the minimal

salts agar for 2 hours until the polymer film dried out completely. The samples were

subsequently dehydrated by freeze-drying, cut by a blade and mounted onto an SEM

plug. The chemical analysis of a cross-section of the porcine skin section was studied

by EDX system connected with the scanning electron microscope. After the EDX

analysis, the sample was coated by chromium and imaged by FESEM (JSM 6301F,

JEOL, Tokyo, Japan).

5.2.8 MALDI-TOF MS

The repeat unit and average molecular weight of ABIL T Quat 60 were determined by

MALDI-TOF MS. The sample preparation for poly(dimethyl siloxane) was described by

Yan et al. (2002). Briefly, 1 µL of the matrix solution (0.3% of 2,5-Dihydroxybenzoic
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acid (Sigma-Aldrich) in tetrahydrofuran (GPC grade; Fisher Scientific)) was loaded

onto MTP target frame III (Bruker) and air-dried at room temperature. 0.5 µL of

the polymer solution (1 mg/mL of ABIL T Quat 60 in chloroform (GPC grade; Fisher

Scientific)) was deposited on the top of the dry matrix and air-dried completely before

MALDI-TOF MS measurement.

The mass spectra were obtained on a Bruker Autoflex speed MALDI-TOF Mass Spec-

trometer equipped with a 2 kHz SmartBeam-II laser. The optimal spectra were ana-

lysed in linear positive modes and obtained by adjusting laser power (79%), detector

voltage gain (30x) and pulsed ion extraction (350 ns). All spectra were obtained at an

average of 500 laser shots. The spectra were analysed via Autoflex analysis software,

followed by PolyTools software to achieve the information of repeat unit and average

molecular weight.

5.2.9 Spray pattern and spraying conditions

The optimum distance between the nozzle and surface and the application time of ap-

plying film-forming agents using an airbrush was determined by examining the spray

pattern, as described by Paradkar et al. (2015), with minor modifications. To simulate

aerosol spray, an airbrush kit with gravity feed (AB9321; Sealey, Bury St Edmunds,

UK) with 0.2 mm nozzle was coupled to a mini airbrush compressor (AB900; Sealey)

(Fig. 5-2). 20% of ABIL T Quat 60 with 10% v/v of red food colouring (antho-

cyanins) in 95% ethanol was airbrushed on white chromatography paper (3MM Chr,

thickness = 0.34 mm; Whatman, Maidstone, UK) in different nozzle-paper distances

and application times, at 40 psi with a spray angle of 90°.

5.2.10 Dry weight of the film

The amount of film-forming agents sprayed by the airbrush was measured by the dry

weight via a gravimetric method. In brief, white chromatography paper was cut into

2.5 Ö 2.5 cm2 sections that were weighed using an analytical balance. Different con-

centrations of ABIL T Quat 60 or Eudragit E100 in 95% ethanol were applied on the

paper by either the airbrush technique (application time = 2 seconds, distance = 5 cm)

or directly with a pipette (100 µL), respectively. The ensemble (paper + formulation)

was then dried in a laminar flow cabinet for 30 minutes and weighed in the analytical

balance. The value of dry weight was presented as mass per area (mg/cm2).
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Figure 5-2: Spray delivery equipment and non-invasive skin probes used in the in vivo
study. The transepidermal water loss (TEWL) and the skin colour were measured with
a Bi-Ox evaporimeter (A) and Minolta colourimeter (B) respectively. (C) Airbrush
setup for simulating the topical spray for applying film-forming formulations on the
skin.

5.2.11 In vitro toxicity and haemolytic activity assay

The toxicity of different film-forming formulations containing ABIL T Quat 60 or Eu-

dragit E100 was measured by haemolytic activity assay. To prepare the polymer film, 40

µL of different concentration of ABIL T Quat 60, Eudragit E100 or 95% ethanol without

film-forming agents (control) was added to 24 well plates and left overnight. The eryth-

rocyte solution was prepared using defibrinated sheep blood (SR0051B; Oxoid, Basing-

stoke, UK). The blood was washed with sterile Dulbecco’s phosphate-buffered saline

(Gibco, Paisley, UK) by centrifugation at 300Ög at 4°C for 10 minutes three times, and

then the final concentration of the erythrocytes was adjusted to 8%. The erythrocyte

suspension was loaded into polymer coated 24 well plates and incubated at 37°C for

one hour. The solution was collected and was centrifuged at 170Ög for 10 minutes,

and the absorbance of the supernatant was measured at a wavelength of 414 nm using

a multiplate UV/vis spectrometer. The control was treated with 0.1% Triton X-100

(for molecular biology; Sigma-Aldrich).
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Table 5.1: Inclusion criteria for participants.

Healthy; aged between 18 and 72 years old

Lack of any skin disease

Male and female of any ethnic background

Willingness to provide basic information (i.e. age, gender, and health status)

Provide written informed consent before initiation of any of the study procedures

Agree not to participate in another trial during the study period

Able to communicate well with the investigators

Able and willing to adhere to the study restrictions and experiment schedule

5.2.12 In vivo acceptability study

The protocol was approved by the Research Ethics Approval Committee for Health

at the University of Bath (EP 17/18 241) (Appendix C). This in vivo study aimed

to investigate properties and film permanence on the skin surface. A total of seven

healthy adult human volunteers who met the inclusion criteria (Table 5.1) particip-

ated: one male and one female in the pilot study and three males and two females

in the pivotal study. All participants provided signed informed consent form. At the

start, both forearms were washed and dried, Mefix adhesive fabric dressing (Mölnlycke

Health Care, Göteborg, Sweden) was placed on the volar side of the forearm to delimit

the skin application sites (2.5 Ö 2.5 cm2) (Fig. 5-3), so each formulation was only

applied to a designated location. After that, the baseline reading of the skin colour

and the transepidermal water loss (TWEL) were measured on all sites. Then, different

concentrations of ABIL T Quat 60 and Eudragit E100 were applied by airbrush (ap-

plication time = 2 seconds, distance = 10 cm) and pipette (100 µL) in duplicate. Since

both forearms have been used for examining different films, controls with 95% ethanol

were set up and pipetted on both arms.

The skin redness or irritation was quantified by the skin colour change, using a chroma-

meter (CM-2600d, Konica Minolta, Osaka). The a* value was recorded, which is the

unit in the scale measuring colour transition from range of green to red. The poten-

tial occlusive properties were assessed by measuring the TEWL, via an evaporimeter

(AquaFlux AF 200, BioX, London, UK). The values of skin redness and TEWL were

obtained at 15-, 45-, 75- and 120-minutes post-treatment.
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Figure 5-3: Schematic diagram of the pilot (A) and pivotal (B) test on the forearm.
(C) shows the usage of Mefix adhesive fabric dressing to delimit the skin sites on the
forearm (pilot test). Control (95% ethanol only): A0A, A0B, E0A & E0B; Pilot
test: ABIL T Quat 60 (20%): A1A, A1B, A1C & A1D; ABIL T Quat 60 (25%):
A2A, A2B, A2C & A2D; Eudragit E100 (20%): E1A, E1B, E1C & E1D; Eudragit
E100 (25%): E2A, E2B, E2C & E2D. Pivotal test: ABIL T Quat 60 (15%): A1A
& A1B; ABIL T Quat 60 (20%): A2A & A2B; ABIL T Quat 60 (25%): A3A & A3B;
Eudragit E100 (20%): E1A & E2B; Eudragit E100 (25%): E2A & E2B.

At the end of the study, the acceptability of films was assessed using a questionnaire.

The positive or negative response to a statement was measured by a five-point Likert

scale.

5.2.13 Data analysis and statistics

The a* variation was calculated by subtracting the baseline reading (a*0) from the value

after film application (a*formulation) subtracting (Equ. 5.1), while the TEWL variation

was the value after film application (TEWLformulation) divided by the baseline reading

(TEWL0) (Equ. 5.2)

a∗variation = a∗formulation − a∗0 (5.1)

TEWL variation =
TEWL formulation

TEWL 0
(5.2)

The results were represented as the mean ± standard deviation (SD). The statistically

significant difference between two sets of data was determined by Student’s t-test,

while more than two sets were compared by one-way analysis of variance (AVOVA).

The mean differences between two groups of data with two factors were analysed by

two-way ANOVA. The data were approved for statistical significance when p-value is

less than 0.05.
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5.3 Results

5.3.1 Washability test of ABIL T Quat 60

Colloid titration is an indirect method to quantify the concentration of cationic polyelec-

trolytes. The figure 5-1B shows the reaction of equilibrium of colloidal titration. The

cationic compounds forms a complex with anionic PVSK, then the excess PVSK re-

acts with cationic metachromatic dye which changes the colour from blue to pink at

the endpoint. The competing equilibria between PVSK and ABIL T Quat 60 were

determined by the equivalence point (colour of OTB changed from blue to pink) and

plotted as a calibration curve in a volume range for 1 – 5 µL of 20% ABIL T Quat

60 vs. volume of PVSK (Fig. 5-4A). The curve shows a good correlation between the

complexation between the OTB and the anionic PVSK with the increase of cationic

ABIL T Quat 60. In the control, 2.87 ± 0.16 mL of PVSK was added to the 5 mL

of PBS containing 13.5 µM of OTB and 4 µL of 20% ABIL T Quat 60 to obtain the

equivalence point, whereas 1.33 ± 0.16 mL of PVSK was required when the ABIL T

Quat 60 film was formed on a porcine skin. Based on the calibration equation, 1.33 µL

of the 20% ABIL T Quat 60 was dissolved into the PBS, showing that 69% of the film

formed by 4 µL of 20% ABIL T Quat 60 remained on the skin after washing with PBS

(Fig 5-4B).

Eudragit E100 has also been examined for its washability. However, once the colour of

the rinsing solution changed from blue to pink and reached to the neutralisation point,

the colour of the solution would shift back to blue immediately. The porcine skin and

the 95% ethanol have been tested without effects to the colloidal titration.

5.3.2 Film drying time and stickiness

The drying time for films with different film-forming formulations containing ABIL

T Quat 60/ Eudragit E100 has been tabulated in Table 5.2. Eudragit E100 has an

average drying time (128-142 seconds) which was more than twice that of ABIL T

Quat 60 (60-63 seconds). Both polymers formed films with low stickiness as no cotton

fibres adhered on the surface after 5 minutes of drying time.

5.3.3 Surface and cross-sectional characterisation of the film

The surface and cross-sectional characterisation of films on the skin were visualised by

the cryo-SEM and EDX analysis with SEM. Fig 5-5 shows the surface characterisation

of different film-forming formulations containing ABIL T Quat 60 or Eudragit E100

on the porcine skin surface. For ABIL T Quat 60, it covered the skin surface with a
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Figure 5-4: Washability test of 20% ABIL T Quat 60 by PVSK titration. (A) Cal-
ibration curve of the volume of 20% ABIL T Quat 60 vs volume of PVSK required to
induce the colour change from blue to purple. (B) Amount of film formed 20% ABIL
T Quat 60 that was measured in the PBS solution. Control: ABIL T Quat 60 was
added directly into the PBS solution without skin; Non-adhered: PBS solution after
rinsing with the skin coated with ABIL T Quat 60 (Student’s t-test; ****p < 0.0001;
n = 3/group).

Table 5.2: Drying time and stickiness of ABIL T Quat 60 and Eudragit E100 based
films following application to porcine skin using a pipette (n = 3/group; mean ± SD).

Concentration (w/v) Drying time (sec) Stickiness

ABIL T Quat 60

15% 60 ± 2 Low

20% 61 ± 3 Low

50% 63 ± 1 Low

Eudragit E100
20% 128 ± 3 Low

25% 142 ± 3 Low

smooth and uniform film. There was a crack showing on the film containing 20% ABIL

T Quat 60, and the microstructure of the film was present on the film with 25% ABIL

T Quat 60. As for Eudragit E100, both films containing 20% and 25% Eudragit E100

appeared rough with microcracks. The width of cracks on both films formed by ABIL

T Quat 60 and Eudragit E100 were about 2 µm.

Since ABIL T Quat 60 is a polysiloxane, EDX can be used to analyse and map the
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Figure 5-5: Cryo-SEM images of ABIL T Quat 60 (15-25%) and Eudragit E100 (20-
25%) on the porcine skin. ABIL T Quat 60 was shown as a smooth and uniform surface
covering the skin. Some microstructure of ABIL T Quat 60 at 25% was observed, and
microcracks are observed on Eudragit E100 samples.

distribution of silicon in the polymer. 20% of ABIL T Quat 60 was applied on the

dermatomed porcine skin and freeze-dried for EDX analysis with SEM. Fig 5-6 A and

B show, respectively, the SEM micrograph and the EDX mapping analysis of silicon of

the cross-section of the specimen. The thickness of the area containing silicon is about

131



Figure 5-6: SEM micrograph (A) and EDX mapping analysis (B) of silicon in ABIL
T Quat 60. FESEM micrograph of the same piece of specimens used for EDX mapping
analysis (C). FESEM micrograph of the whole cross-sectional skin and the white box
was the site that was used for EDX analysis. A-B: scale bar = 80 µm.

20 µm, measured by ImageJ. Figure 5-6C shows the FESEM micrograph of the same

specimen used for the EDX mapping analysis, and the white box shows the section

where the EDX mapping was done.

5.3.4 Repeat unit and average molecular weight of ABIL T Quat 60

MALDI-TOF MS was used to estimate the mass of the repeating unit and the average

molecular weight of ABIL T Quat 60. The MALDI spectrum is shown in Fig 5-7,

and the molecular weight was analysed by PolyTools. The average molecular weight

(Mn)1 and weight average molecular weight (Mw)2 of ABIL T Quat 60 were 1972.66

and 1979.87 respectively. The polydispersity (D)3 was 1.004 and the degree of polymer-

isation is 13.6935. The mass of the repeating unit and the residual mass were 144.058

and 114.677 respectively.

5.3.5 Spray pattern of airbrush

The spray pattern and the polymer distribution delivered by the airbrush vary signi-

ficantly with the nozzle size, application time, application distance, application angle

1Mn – the mass average with respect to the number of each mass fraction.
2Mw – the mass average with respect to the weight of each mass fraction.
3D – the ratio of Mw to Mn
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Figure 5-7: MALDI spectrum of ABIL T Quat 60 with the narrow and unimodal
distribution.

and air pressure. After preliminary trials, here, the nozzle size, application angle and

air pressure were adjusted to 0.2 mm, 90° and 40 psi respectively and kept constant.

The application distance and application time were analysed in a range of 5 – 15 cm

and 1 – 5 seconds, respectively (Fig 5-8). An ideal airbrush pattern should be ho-

mogeneous and even. With regards to the application time, a 1 second spray did not

provide enough material on the surface, whilst 5 seconds of spraying resulted in too

much materials accumulated at the centre of the substrate. As for the application dis-

tance, spraying within 5 cm of distance resulted in accumulating too much dye at the

centre of the pattern, while the pattern produced with 15 cm distance was too spread

out. Therefore, 2 seconds and 10 cm were selected as the optimal application time

and distance for airbrushing the film-forming formulations in the in vivo acceptability

study. Compared with the ABIL T Quat 60, Eudragit E100 has a high viscosity when

used at a concentration above 20%, which did not work well for forming a film by

airbrush. Thus, even though it might result in a less homogeneous film, Eudragit E100

was therefore applied with a pipette instead of an airbrush.

5.3.6 Dry weight of the film

The dry weights and the dry weight per cm2 of the films formed by the different ABIL

T Quat 60 and Eudragit E100 film-forming formulations have been tabulated in Table
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Figure 5-8: Spray patterns following airbrushing of 20% of ABIL T Quat 60 containing
10% of food colouring (anthocyanins) in 95% ethanol for different application times
and nozzle-substrate distance. Based on the patterns, 2 seconds and 10 cm were the
optimum application time and distance for polymer spraying. Scale bar = 1 cm.

5.3. ABIL T Quat 60 and Eudragit E100 were applied by the airbrush and a pipette,

respectively, within a substrate of limited area (2.5 Ö 2.5 cm2). The dry weights ranged

from 15.43 ± 0.42 mg to 22.83 ± 1.57 mg for the ABIL T Quat 60 15, 20, 25% film-

forming formulations. For the 20% and 25% Eudragit E100 film-forming formulations,

the dry weights were 22.83 ± 1.57 mg and 23.37 ± 0.02 mg respectively. There were

no statistically significant differences between the dry weights determined for ABIL T

Quat 60 and Eudragit E100 in formulations of 20% and 25% at all (Student’s t-test;

ns; n = 3/group).
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Table 5.3: Dry weight of ABIL T Quat 60 and Eudragit E100 based films following an
application by airbrush (ABIL T Quat 60) or pipette (Eudragit E100) to a paper (n
= 3/group; mean ± SD).

Concentration (w/v) Weight (mg) Weight per cm2 (mg/cm2)

ABIL T
Quat 60

15% 15.43 ± 0.42 2.47 ± 0.07

20% 17.97 ± 0.67 2.87 ± 0.11

50% 22.83 ± 1.57 3.65 ± 0.25

Eudragit
E100

20% 17.70 ± 0.00 2.83 ± 0.00

25% 23.37 ± 0.02 3.74 ± 0.00

Figure 5-9: In vivo toxicity study of ABIL T Quat 60 and Eudragit E100 by haemolytic
assay. Haemolysis was induced by films containing a higher concentration of ABIL T
Quat 60, while no haemolysis induced by Eudragit E100 (n = 3/group).

5.3.7 In vitro toxicity of the film-forming polymers

To analyse the in vitro toxicity of films formed by different formulations, it was deter-

mined whether the polymers could disrupt membranes. To this purpose, films contain-

ing ABIL T Quat 60 and Eudragit E100 (5 – 30%) were prepared in 24 well plates

and then tested with an assay to analyse the film activity against red blood cells. As

shown in Fig 5-9, there was dose-dependent haemolysis in the presence of ABIL T Quat

60, with the highest concentration (30%) leading to about 25% of lysis of RBCs. In

contrast, no haemolysis was observed with Eudragit E100.
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5.3.8 In vivo acceptability study

The in vivo study performed in 7 healthy volunteers followed two different study proto-

cols, involving 2 and 5 subjects for the pilot and pivotal, respectively. In the pilot study,

the skin redness and TEWL were measured on different sites at each of four sampling

times, allowing only 4 formulations to be compared. In the pivotal study, skin redness

and TEWL were measured repeated times on the same skin sites, and this design en-

abled comparison of more formulations in the same subject. The pilot study ensured

that the pivotal study protocol could be undertaken at the same skin site without dam-

aging the film. Skin redness and TEWL were measured after the application of films,

followed by gathering the patient’s acceptability using a questionnaire.

Pilot test

The TEWL and skin redness were measured at different skin sites following application

(15-120 minutes post-treatment) of the 20 and 25% of ABIL T Quat 60 sprays and

Eudragit E100, and the control (95% ethanol). The TEWL measurements at sites

treated with ABIL T Quat 60 (Fig 5-10A), and Eudragit E100 (Fig 5-10C) formulations

had no significant difference between the control and two different concentrations. With

regards to the skin colour measurements, the a* variation indicates a transition to red

from green. Although there were no significant differences between the control and any

of the film-forming formulations (Fig 5-10B & D), the skin redness tended to increase

at the control for ABIL T Quat 60.

Pivotal test

As different from the pilot test, this study enabled comparing more formulations by

measuring TEWL and skin redness at the same site in duplicate. The TEWL and

skin redness were quantified on the sites applied with 15, 20 and 25% ABIL T Quat

60, 20-25% of Eudragit E100, and the control in 95% ethanol between 15 and 120

minutes. Fig 5-11 shows the a* variation after application of ABIL T Quat 60 and

Eudragit E100, and there were no significant differences between the control and any

of the film-forming formulations. The skin redness in the site applied with 15% ABIL T

Quat 60 at 75 minutes was slightly higher than the control and the other formulations,

but there was no statistically significant difference. The reasons for the skin redness

difference between the control and the time point at 75 minutes were investigated from

the data of individual volunteers. The a* variations at the sites treated with 15%

ABIL T Quat 60 were relatively higher than the control and other formulations over

the period between 15 and 120 minutes in participant II (Fig 5-13B) and participant
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Figure 5-10: The measurement of TEWL and skin redness (a* variation) at skin sites
following application of ABIL T Quat 60 (A-B) and Eudragit E100 (C-D) (Pilot
test), between 15-120 minutes. There is no significant difference in the redness and the
TEWL between control (95% ethanol) and different concentration of two film-forming
agents.

III (Fig. 5-13C). Participant III was also sensitive to the second formulation (Eudragit

E100) tested with relatively high a* variations (Fig. 5-13H).

The TEWL measurements between all formulations of ABIL T Quat 60 and Eudragit

E100 were not significantly different when compared to the control (Fig 5-12). It is

interesting that the TEWL of the control and different concentrations of Eudragit E100

was about 10% lower than the blank. For the data of individual volunteers, the TEWL

measurements on the control sites in participant V in both forearms were different.

However, these differences did not reach the level of significance (Fig 5-14E & J).

Acceptability of films

At the end of the subject’s participation in the in vivo study, a questionnaire was

provided to gather information about the acceptability of the film-forming formulations

using the 5-points Likert scale. Concerning the tolerability and convenience of use,

the volunteers were asked five questions about the film to rank the odour, cosmetic

appearance, integrity, speed of film formation and feeling on the skin. The general
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Figure 5-11: The measurement of skin redness (a* variation) at skin sites following
application of ABIL T Quat 60 (A) and Eudragit E100 (B) (Pivotal study). No
significant difference in the redness between control (95% ethanol) and different con-
centration of two film-forming agents (A-B: Two-way RM ANOVA – ns; subjects =
5).

Figure 5-12: The measurement of TEWL at skin sites following application of ABIL T
Quat 60 (A) and Eudragit E100 (B) (Pivotal study). No significant difference in the
redness between control (95% ethanol) and different concentration of two film-forming
agents (A-B: Two-way RM ANOVA – ns; subjects = 5).

performance of ABIL T Quat 60 was positive with only one participant considering

the film to have an unpleasant odour and to feel uncomfortable on the skin (Fig 5-15).

As for the Eudragit E100, the response was overall positive, apart from the cosmetic

appearance, over 70% of the participants considered the film to look rough or wrinkled.

Also, one participant felt an unpleasant odour and perceived cracks/ flakes of the film

(Fig 5-15). One participant declared to feel uncomfortable when the Eudragit E100 film

was formed on hairy skin sites and suggested that Eudragit E100 based films should

only be applied to the less hairy sites. Overall, there was a preference for the ABIL T

Quat 60.
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Figure 5-13: The measurement of and skin redness (a* variation) with individual
volunteers (pivotal study) at skin sites following application of ABIL T Quat 60 (A-E)
and Eudragit E100 (F-J). Participant III treated with 20% of Eudragit E100 has shown
an increase of a* value, suggesting redness occurred.
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Figure 5-14: The measurement of TEWL at skin sites with individual volunteers
(pivotal study) following application of ABIL T Quat 60 (A-E) and Eudragit E100
(F-J).
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Figure 5-15: Acceptability of the films-based ABIL T Quat 60 and Eudragit E100
according to a panel of seven subjects. After measuring the redness and TWEL, a
questionnaire was introduced to gather the acceptability of the films (i.e. how they feel
on the skin) in five different questions using the Likert scale. Most of the responses
were positive, apart from the cosmetic appearance of Eudragit E100 (subjects = 7).
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5.4 Discussion

Topical use of antifungal films provides an alternative approach to prevent and treat

fungal skin infections. In order to achieve effective activity on the skin, the film-forming

agents need to have suitable properties which depend on their characteristics. Based on

the evaluation parameters, we have examined the washability, drying time, stickiness,

irritation, toxicology and patients-friendly features.

5.4.1 Evaluation of the films

In order to provide long-lasting skin retention ability, the film needs to be water-

insoluble or remain on the skin after being in contact with water, for instance, when

the skin is washed or during swimming. The washability test of film-forming agents

was examined by colloid titration to identify whether the polymers washed off from

the porcine skin specimen. Colloid titration is a back-titration method to measure the

charge demand of colloidal materials, polyelectrolytes, in an aqueous solution. It has

been used to quantify cationic polymers, such as polyDADMAC and polyhexanide, in

aqueous solution (Masadome et al., 2008; Maldonado, Terán and Guzmán, 2012). The

results suggested that the ABIL T Quat 60 has a good adhesive and binding property

to the skin. However, there is a lack of relevant references because bioadhesion on

porcine skin is not widely studied by colloid titration. As for Eudragit E100, the

failure of examining its washability test might cause by the PVS-OTB complex was

broken down into free OTB in blue and PVSK. The reason is unknown, but it could

be due to a change in pH or interaction between the Eudragit E100 and the PVS-OTB

complex.

The films drying time and the stickiness were measured in different film-forming for-

mulations of ABIL T Quat 60 and Eudragit E100. There is no universal requirement

of these evaluation parameters, but it is obvious that as suggested previously that

film-forming agents should result in films that dry quickly and are non-sticky (Kathe

and Kathpalia, 2017). Unlike the published procedures in which this was determined

on glass surfaces (Kathe and Kathpalia, 2017), our measurements were made more

relevant to a practical use by examining these parameters on ex vivo porcine skin spe-

cimens that were maintained at 30°C, which is close to the superficial skin temperature

of humans (Liu et al., 2013). The results showed a positive correlation between the

concentration of polymers in the film and the drying time. Films with Eudragit E100

doubled the drying times compared with ABIL T Quat 60, probably because of the

higher viscosity of the solutions (Jamrozowicz, Zych and Snopkiewicz, 2013). With

regards to stickiness, both ABIL T Quat 60 and Eudragit E100 films met the require-
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ment of not sticking to cotton as soon as a 5 minutes drying time. This suggests that

the application of both films will not contaminate the clothes of patients.

The morphology of the polymer provides information of the ability to form uniform

films that cover the entire skin, to allow the films to be developed as a physical barrier

and prevent fungi adhering to the skin through gaps of the film. All formulations of

ABIL T Quat 60 formed uniform films on the surface of the porcine skin, while the

formulations of Eudragit E100 also formed uniform films but contained some small

micrometre scale cracks. The observations are also reflected by the chemical properties

of both film-forming agents. ABIL T Quat 60 is a type of polysiloxane, with high

flexibility of the polymer chains that provides advantages in the contact of polymer

and the skin surface, whereas the Eudragit E100 is a dimethylaminoethyl methacrylate

that is mechanically weak and relatively brittle (Chen et al., 2013). However, some of

the cracks in films both formed by ABIL T Quat 60 and Eudragit E100 were found,

at size about 2 µm, which is similar to the size of a conidium. It should be noted,

however, that there were far more cracks with Eudragit E100 as compared to ABIL T

Quat 60, and it should also be pointed out that the cracks observed might be caused by

the sample preparation for cryo-SEM. The sudden freezing using liquid nitrogen might

cause these, and it is conceivable that these are not formed at normal temperatures.

In addition to the surface characterisation of ABIL T Quat 60 on the skin, a cross-

sectional characterisation was performed by EDX analysis. It is a chemical analysis that

works together with SEM elemental identification and mapping (Arnoult et al., 2010).

Although there are no previous studies of polymer films cross-section on the skin via

EDX analysis, it has been used to identify the elemental composition and distribution

on the surface of polymers, such as polyHIPE and PDMS (Prajapati, Kansara and

Singh, 2016; Khodabandeh et al., 2017). The thickness of the area containing silicon

was about 20 µm, suggesting it may be the thickness of the film formed by 20% ABIL

T Quat 60 covered the skin surface. Since the line between silicon-rich area and the

superficial layer of the skin was blurred, the average molecular weight of ABIL T Quat

60 was measured by MALDI-TOF MS to confirm whether it might diffuse through

the skin. Based on the patent of the ABIL T Quat 60, the range of the molecular

weight is between 4000 g/mol and above 10000 g/mol (Dahl et al., 2015), while the

molecular weight of ABIL T Quat 60 is about 1980 Da in our measurement. Both

of the molecular weight is larger than 500 Dalton, suggesting ABIL T Quat 60 could

not pass the corneal layer of the skin and the blur might cause by low resolution or

contamination during when the cross-section was made (Bos and Meinardi, 2000).
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5.4.2 Efficiency of the airbrushing process

An airbrush provides an alternative method to study the film-forming systems applied

in an aerosol form (spray). Compared to aerosol manufacturing, airbrushing is very

cost-efficient to prepare small batches for basic research purposes and proof-of-concept

studies. In order to simulate the aerosol sprays used for drug delivery, the nozzle size

and the pressure of the compressed gas of the airbrush were set as 0.2 mm and 40 psi

respectively, which is similar to the setting in aerosol spray canisters (Alexander, 2009;

Gradoń and Marijnissen, 2003). The gravity-feed airbrush was selected because it is

more stable when working with low air pressure and enable paintings fine lines with

the smaller nozzle size used in this work (Davidson, 2014). In addition to the airbrush

settings above, the characteristics, appearance of the resultant sprayed films can be

affected by the application angle, application time and application distance (Paradkar

et al., 2015). Although the previous study suggested the spray angle that less than 85°

can provide a maximum surface area, the application angle was fixed at 90° because

it is easy to adjust (Paradkar et al., 2015). By fixing the application angle at 90°,

the effects of the application time and nozzle-paper distance were studied by observing

their spray patterns. The results identified the optimum application time and distance

of 2 seconds and 10 cm respectively for the airbrush to deliver the polymer on the

surface. In the in vivo study, only ABIL T Quat 60 was applied via the airbrush due

to its low viscosity, while the formulations of Eudragit E100 above the 15% is high in

viscosity which precluded forming adequate aerosols through small nozzle size.

5.4.3 In vitro toxicity

Apart from the skin irritation, eye irritation and systemic toxicity must be determined

against any possibility of adverse effects. Haemolytic assay has not only been used

to determine the systemic toxicity, but also becomes a standard test for eye irritation

(Vinardell and Mitjans, 2008; da Nóbrega et al., 2012). Based on the haemolytic assay,

ABIL T Quat 60 had an increased toxic effect with increasing concentration, while

Eudragit E100 did not induce any haemolysis. According to the safety data sheet of

ABIL T Quat 60, it has toxicity (oral) with an LD50 larger than 2 mg/kg in rat, and a

slight irritant effect on the eye (Evonik Industries, 2013). As for Eudragit E100, it has

been list in the FDA Inactive Ingredients Guide (oral capsules and tablets), suggesting

it is relatively safe without toxicity (Patra et al., 2017). However, it should be noted the

in vitro toxicity results were used for reference, as they cannot be extrapolated directly

to potential toxicity in a topical application in which the polymer only contacts the

stratum corneum.
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5.4.4 In vivo study

Chapter 4 studied the antifungal activities of ABIL T Quat 60 and Eudragit E100 on

ex vivo fungal skin infection model and the mechanism of action via in vitro tests.

This enabled establishing the activity of these polymers in solution (in vitro studies)

and when formulated as the film (ex vivo study). This in vivo current aimed to study

whether these film-forming formulations can form acceptable films when sprayed to

healthy human skin. The dry weights of ABIL T Quat 60 and Eudragit E100 films

were compared and were showed that the amount of film-forming agents applied on the

skin surface were independently of the application method. The study was undertaken

in two different protocols, pilot and pivotal, and the similar trends of skin redness and

TEWL measured for two studies indicated that repeated measurements with the two

probes could be done at the same skin site without damaging the film. The pivotal

study did not show any significant differences in the evolution of skin redness and

TEWL following application of the control and film-forming formulations.

Concerning the skin redness, the chromameter is a spectrophotometer that measures

the colours of surfaces and has been used to quantify the skin redness as an indirect

sign of skin irritation and/or vasodilation. Previous studies have shown the increase of

the a* variation is directly linked to the irritation response (Clarys et al., 2000). In our

study, although the ABIL T Quat 60 and Eudragit E100 are reported do not cause any

skin irritation (Vijaya and Ruckmani, 2011; Evonik Industries, 2013), two participants

for ABIL T Quat 60 and one participant for Eudragit E100 have responded in redness

with positive a* variation. However, compared to the increase of a* variation in other

studies, the magnitude in this study was relatively small within 3 (Trichard et al.,

2008). Apart from stimulating by chemicals, the increase of the skin redness during

this study might cause by surrounding temperature where experiments were done and

the vasodilation of the skin (Anbar, Eid and Anbar, 2019).

The TEWL is the water that evaporates through the epidermis from inside a body and

is used to evaluate the skin barrier function. Chemical agents including penetration

enhancers, such as dimethyl sulfoxide and natural terpenes can increase the TEWL

several fold compared with the control, while occlusive agents, such as petrolatum, can

reduce the TEWL by preventing evaporation of water (Kanikkannan and Singh, 2002;

Draelos, 2012; Chen et al., 2016). Our results suggested that none of the film-forming

formulations increased TEWL or caused skin occlusion. This breathability is important

as it allows water and vapour to be transmitted to and from the body, which is more

comfortable for patients.
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The acceptability of films was evaluated across five aspects: (1) the odour of the film,

(2) cosmetic appearance, (3) integrity of the film, (4) speed of film formation and (5)

feeling on the skin. In general, the feedback for both polymer-based films was generally

positive apart from the cosmetic appearance of Eudragit E100. ABIL T Quat 60 formed

a smooth, oily-like film on the skin, whereas Eudragit E100 formed a rough and wrinkled

film. The film formed by Eudragit E100 also stretched the skin around and stuck to the

hair, which some participants found uncomfortable. Overall, the participants’ feedback

identified that the films based on ABIL T Quat 60 are more acceptable which should

be considered for the future development of these spray products.

5.5 Conclusion

This study evaluated the ability of ABIL T Quat 60 and Eudragit E100 to form ac-

ceptable films when sprayed on the skin surface. The ABIL T Quat 60 formulations

provide excellent washability against rinsing by water, and the films were non-sticky

and non-occlusive with fast drying times. Also, they did not appear to cause skin ir-

ritation based on TEWL and skin redness measurements. A panel of healthy subjects

suggested the films to have high acceptability, with a smooth and pleasant appearance

and a flexible feeling on the skin. Eudragit E100 based-films, were very similar to ABIL

T Quat 60, being non-occlusive, non-sticky and did not cause skin irritation. However,

they required longer drying times and volunteers found the film to be uncomfortable

as it could stretch the skin, in particular when sticking to hairs.

5.6 Future work

Whilst the data suggests good tolerability for these films, consistently with their ap-

proved used as pharmaceutical and cosmetic ingredients, further studies with more

volunteers are needed to, for example, investigate effects of multiple applications at

the same skin site. It should also be investigated what the relationship is between

the viscosity of the film-forming agents and their formulations. The formulation with

Eudragit E100 can be improved and be made more acceptable for patient by addition

of surfactant to reduce the viscosity. Also, the further optimisation of the drying time

and the development of a user-friendly spray device adapted for practical use should

be considered.
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Chapter 6

Polymer Activity against Biofilm

Formation

6.1 Introduction

The skin is a protective barrier that prevents the invasion and growth of pathogenic

bacteria. It does, however, host resident bacteria, such as Staphylococcus, Micrococ-

cus and Corynebacterium species, which have developed commensalism and mutualism

with humans. Staphylococcus aureus is one such Gram-positive human commensal that

colonise asymptomatically over 30% of healthy people (Chiller, Selkin and Murakawa,

2001; Ryu et al., 2014). On the other hand, it is an opportunistic pathogen that

becomes pathogenic when encountering other host tissues, such as due to tissue in-

juries. S. aureus is often associated with wound infections, and as it has developed

resistance to multiple drug resistance there has been an increased risk of contamina-

tion in open wounds made by surgery and catheters in hospitals (Chambers, 2001).

Methicillin-resistant Staphylococcus aureus (MRSA) is a S. aureus strain that is resist-

ant to beta-lactam antibiotics and causes severe skin infections (Liu, 2009; Boldock et

al., 2018). Since 2005, the number of deaths from MRSA was higher than that from

HIV/AIDS in the USA. Also, hospital costs of infections associated with MRSA are

about 2 times higher compared to other infections (Klevens et al., 2007; Sutton and

Steiner, 2016). The difficult treatment of MRSA increases the cost of hospitalisation

due to the cost of patient care, the length of hospital stays and the mortality rate. An-

other important opportunistic pathogen, Pseudomonas aeruginosa, is a Gram-negative

bacterium that can cause severe surgical and burn wound infections. Although it is

not a common resident in humans, the low 0-2% of colonisation rate on the skin may
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surge up to 50% during hospitalisation (Lister, Wolter and Hanson, 2009). Recently,

P. aeruginosa has been classified as a serious threat to public health by the World

Health Organisation, due to the increasing trend of the multidrug resistance. In 2017,

over 2,700 out of 32,600 hospitalised patients in the USA infected with multidrug-

resistant P. aeruginosa died and the associated healthcare cost were over USD$ 767

million in healthcare costs (Centers for Disease Control and Prevention, 2019). Thus,

antimicrobial resistance is a global healthcare threat and causes high morbidity and

mortality rate. There has been no new approved class of antibiotic drug introduced

since 1980, thus the challenge in preventing and treating wound infections is greater

due to delayed effective antimicrobial therapy. Each year in USA, over 2.8 million of

antibiotic-resistant infections have been reported with more than 35,000 people dying

as a result. This number of fatalities was significantly increased compared with the

23,000 deaths in the 2013 report (Centers for Disease Control and Prevention, 2019).

Therefore, new strategies of limiting antimicrobial resistance are urgently needed. In

the recent years, a new class of antimicrobial, cationic compounds, has been investi-

gated, and among them, cationic polymers have been later developed as antimicrobials

(Muñoz-Bonilla and Fernández-Garćıa, 2012; Yang et al., 2018).

Several cationic antimicrobial polymers have been investigated to reduce the devel-

opment of antimicrobial resistance. Comparing to the common classes of antibiotics

that are designed to interfere with metabolic processes in bacteria, cationic antimi-

crobial polymers kill bacteria via physical interactions between the negatively charged

bacterial outer membrane and the positively charged groups, such as quaternary am-

monium (Sandt et al., 2007; Xue, Xiao and Zhang, 2015; Xie et al., 2018). Cationic

antimicrobial polymers have been widely used in wound management to control contam-

ination by bacteria. For example, polyhexamethylene biguanide (PHMB) is a cationic

disinfectant that effectively prevents skin infections and suppresses biofilm formation

on wounds infected with MRSA and P. aeruginosa (Werthén et al., 2004; Moore and

Gray, 2007; Butcher, 2012; Kamaruzzaman, Firdessa and Good, 2016). It has been

suggested that its effective antibacterial actions, based on the destabilisation of the

bacterial membrane and bacterial chromosome condensation, reduces the development

of antimicrobial resistance (Kamaruzzaman et al., 2019).

Previous chapters have shown the effectiveness of two cationic polymers, ABIL T

Quat 60 and Eudragit E100, against fungal skin infections. In this preliminary study,

their antibacterial activity against biofilm formation by Gram-positive (S. aureus) and

Gram-negative (P. aeruginosa and Escherichia coli) bacteria was characterised via

crystal violet assays, followed by confocal laser scanning microscopy (CLSM) imaging
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to visualise the viability of S. aureus in the presence of ABIL T Quat 60.

6.2 Materials and Methods

6.2.1 Film-forming formulation

ABIL® T Quat 60 (Silicone Quaternium-22) was kindly provided as a sample by Evonik

Nutrition & Care GmbH (Essen, Germany), and formulated in solutions in different

concentrations with ethanol (absolute, VWR, Fontenay-sous-Bois, France) plus 5%

Milli-Q water. Eudragit® EPO, in powder, was received as a sample from Evonik

Röhm GmbH (Darmstadt, Germany), and formulated by dissolving the polymer and

the plasticiser triethyl citrate (20% w/w of the dry polymer; ≥98.0%; Sigma-Aldrich,

St. Louis, M.O., USA) in 95% ethanol. Both film-forming formulations were stirred

for 24 hours until clear solutions were formed.

6.2.2 Bacterial strain and growth conditions

The reference methicillin-sensitive Staphylococcus aureus strain (MSSA; NCTC 6571),

methicillin-resistant Staphylococcus aureus strain (MRSA 252; hospital-acquired, epi-

demic strain)(Holden et al., 2004), Escherichia coli (NCTC 86) (Méric et al., 2016) and

wild-type chloramphenicol resistant strain Pseudomonas aeruginosa (PAO-1), were re-

ceived as a gift from Dr Albert Bolhuis (University of Bath, Bath, UK). All strains

were aerobically cultured in tryptone soya broth (TSB) medium (Oxoid, Basingstoke,

UK) overnight in a shaking incubator at 37°C.

6.2.3 Biofilm formation assay

To study the antibacterial activity of ABIL T Quat 60 and Eudragit EPO against

MSSA, MRSA, E. coli and P. aeruginosa, 10 µL of ABIL T Quat 60/ Eudragit EPO

in different concentrations or only 95% ethanol (control) was added to wells on a 96-

well flat-bottom microtitration plates (Costar; Corning, N.Y., USA) and left overnight

to dry.

To induce biofilm growth, 200 µL of TSB with 0.5% of D-glucose (analytical reagent

grade; Fisher Scientific, Loughborough, UK) were added to each well with bacteria at

an optical density of 600 nm wavelength of 0.05. After that, the plate was sealed with

parafilm and incubated for 24 hours on a microplate shaker (150 rpm; IKA Works MS

3; IKA, Staufen, Germany) at 37°C.
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6.2.4 Quantification of biofilm (crystal violet staining)

The inhibition of MSSA (NCTC 6571), MRSA 252, E. coli (NCTC 86) and P. aeru-

ginosa (PAO-1) biofilm formation by ABIL T Quat 60 and Eudragit EPO was quanti-

fied by crystal violet staining. Briefly, after the biofilm formation in 96-well plates, the

solution from each well was removed, the biofilm at the bottom of each well was washed

twice with PBS, and then the plate was dried in an oven for 20 minutes at 60°C. The

biofilm in each well was then stained for 5 minutes with 150 µL of 0.1% crystal violet

solution. The solution was carefully removed, and wells were submerged three times in

trays with cold tap water to remove excess stain. After that, 200 µL of 95% ethanol was

added to each well to dissolve the crystal violet. After mixing thoroughly, the solution

was transferred to a new microtitration plate and read in a UV/Vis multiplate reader

(FLUOstar OPTIMA; BMG Labtech, Aylesbury, UK) at a wavelength of 595 nm.

6.2.5 Confocal laser scanning microscopy

The viability of MSSA (NCTC 6571) against different concentration of ABIL T Quat

60 was determined by CLSM. To form the polymer, 40 µL of ABIL T Quat 60 in

different concentrations/ 95% ethanol (control) was added to the well on the Lab-Tek

chamber slide (8 well; Nunc, Rochester, N.Y., USA), and left for overnight to dry out.

MSSA was prepared in TSB with OD600 = 0.05. 400 µL of solution was added to each

well and incubated for 24 hours at 37°C on a microplate shaker (100 rpm; IKA Works

MS 3; IKA).

After the incubation, 10 µL of Calcofluor white M2R stain (CW; 1 mM; for microbio-

logy, Sigma-Aldrich), 0.4 µL of SYTO 9 cell stain (10 mM; Invitrogen, Carlsbad, C.A.,

USA) and 0.4 µL of NucFix Red (Biotium, Fremont, C.A., USA) were added to each

well, mixed thoroughly on a microplate shaker and incubated for 30 minutes at 30°C in

the dark. The solution and the chamber were subsequently removed and covered with a

coverslip. The CLSM images were acquired as Z-stack 3D projections by Zeiss LSM880

with Airyscan laser confocal laser scanning microscope, and the Z-stack images were

displayed the as 2D maximum intensity projection processed by ZEN 2.6 software.

6.2.6 Calculation and statistical analysis

The results were represented as the mean ± standard deviation (SD). Statistical signi-

ficance of more than two sets of data was assessed by analysis of the variance (ANOVA),

and their comparisons were determined by Dunnett’s post-hoc test. Statistical signific-

ance criteria were fixed for p-values less than 0.05.
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Figure 6-1: Crystal violet assays studying the inhibition of biofilm formation by MSSA
(A), MRSA (B), E. coli (C) and P. aeruginosa (D) by ABIL T Quat 60 (15-25%) and
Eudragit EPO (20-25%). ABIL T Quat 60 showed a significant inhibition of biofilm
formation by MSSA, MRSA and E. coli. However, both film-forming agents enhanced
the biofilm formation by P. aeruginosa (A-C: Control vs. Eudragit EPO: one-way
ANOVA – p < 0.05; n = 3/group; Dunnett’s post-hoc test: *p < 0.05 vs. control).

6.3 Results

6.3.1 Quantification of biofilm

Crystal violet assay was used to identify the ability of ABIL T Quat 60 and Eudragit

EPO inhibiting the biofilm formation of MSSA, MRSA, E. coli and P. aeruginosa. In

Fig 6-1, ABIL T Quat 60 strongly inhibited to biofilm formation by MSSA, MRSA and

E. coli, and conversely, it enhanced the biofilm formation of P. aeruginosa (Fig 6-1D).

Regarding Eudragit EPO, this polymer did not inhibit biofilm formation by MSSA,

and only slightly inhibited the process for MRSA. However, it slightly increased biofilm

formation by E. coli and doubled it in the case of P. aeruginosa.
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Figure 6-2: In vitro CLSM images of MSSA exposed to ABIL T Quat 60 (15-25%), and
stained by calcofluor white (CW), Syto 9 and NucFix Red stain. MSSA biofilm was
formed in the control. After treatment of ABIL T Quat 60, some of the bacteria showed
in yellow/ red (death) (dot arrows). The CW stain was absorbed by the film-forming
agent, illustrating the location of the polymer in samples.

6.3.2 CLSM images of MSSA

CLSM imaging combined with SYTO 9 and NucFix Red staining was used to classify

ABIL T Quat 60 as bacteriostatic or bactericidal. SYTO 9 is a green-fluorescent

nucleic acid stain that is able to enter all the cells, while NucFix Red is a fixable

red-fluorescent nucleic acid cannot permeate the cell membrane unless the latter is

compromised. Therefore, bacteria highlighted as green are living cells, while the red

represents dead cells. In addition to the live/death staining, CW was added to show

the polymer film as purple-blue due to absorption of the dye. Fig 6-2A shows the viable

biofilm formed by MSSA in the control. After treatment with 15-25% of ABIL T Quat

60 (Fig 6-2B-D), the number of MSSA was significantly reduced, and about one-third

to half of bacteria were highlighted as yellow-red.
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Figure 6-3: Representative CLSM ortho-image of Z- stacks of MSSA exposed to 15%
ABIL T Quat 60, stained by calcofluor white (CW), Syto 9 and NucFix Red stain (A).
Bacteria that were close to the bottom (C), or top surface of the polymeric layer are
showed as red (dead) (dot arrows). The upper level of the Z- stacks contains more live
bacteria (green) (arrows) (B).

Instead of viewing in the 2D maximum intensity projection, the MSSA in the presence

of 15% ABIL T Quat 60 is showed in 3D CLSM ortho-image in Z-stack (Fig 6-3A).

Most of the live bacteria highlighted as green are on the top (Fig 6-3B), but the bacteria

closely located to the polymer film at the bottom presented in red colour.

6.4 Discussion

In wound care, biofilm formation by bacteria is a huge challenge that delays the wound

healing and increases the tolerance to antibiotics. Biofilms are defined as complex mi-

crobial communities forming aggregates on the tissue/ material surface and embedded

themselves in a protective extracellular polymeric matrix, containing exopolysaccha-

rides, DNA, proteins, and glycoproteins (Percival, McCarty and Lipsky, 2015). The
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biofilm plays an essential role in development of chronic wound infection, being in over

90% of chronic wounds and 6% of acute wounds (Attinger and Wolcott, 2012). The

activity against microbial biofilm formation of cationic antimicrobial polymers, such as

PHMB, amino-methacrylate and chitosan, have previously been discovered (Butcher,

2012; Muñoz-Bonilla and Fernández-Garćıa, 2012; Borisova et al., 2018; Kamaruzza-

man et al., 2019) and these are therefore of interest to study.

Here, ABIL T Quat 60 was shown to have an effective antibacterial activity regarding

biofilm formation in vitro against the Gram-positive bacteria MSSA and MRSA, and

Gram-negative E. coli, but there was a significant increase of biofilm formation by the

Gram-negative P. aeruginosa. These observations are not well understood but could

be caused by the compositions of the bacterial cell wall and biofilms.

Gram-positive bacteria contain thick layers of peptidoglycan, while the Gram-negative

combine a thin layer of peptidoglycan and an additional outer membrane containing

lipopolysaccharides. The cell wall of Gram-negative bacteria increases their resistance

against many antibiotics due to this presence of the additional membrane. However,

cationic polymers may interact with the negatively charged lipopolysaccharide of gram-

negative bacteria, which is followed by disruption of the bacterial membrane (Friedrich

et al., 2000; Lei et al., 2019). In addition, because of the unexpected results observed

with P. aeruginosa, E. coli was used to explore whether the lack of antibacterial activity

was caused by the outer membrane of gram-negative bacteria. E. coli is a gram-

negative bacterium commonly found in the gastrointestinal tract. Although it is a

faecal coliform bacterium, previous reports have isolated it from surgical and traumatic

wounds, probably due to the faecal contamination (Bowler, Duerden and Armstrong,

2001; Ki and Rotstein, 2008; Petkovšek et al., 2009; Sunder et al., 2012). It was shown

that, ABIL T Quat 60 also inhibited biofilm formation by E. coli, suggesting that the

composition of biofilms of different bacteria might be one of the factors to explain the

observation.

The composition of biofilms of different bacteria is influenced by the bacterial species

and the nutrient acquisition from the environment (Otto, 2008; Dufour, Leung and

Lévesque, 2010; Rasamiravaka et al., 2015). For example, aggregative polysaccharides,

such as polysaccharide intercellular adhesin (PIA), Psl and Pel, play an important role

in protecting bacteria from the human innate immune system and antibiotics (Limoli,

Jones and Wozniak, 2015). PIA is a polysaccharide that was found in the biofilm

of Staphylococcus species, and protects them from the human innate immune system

against cationic and from anionic human antimicrobial peptides (Vuong et al., 2004;

Al Laham et al., 2007; Otto, 2008; Arciola et al., 2015). It has been observed that
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it can block the transport of cationic surfactant cetylpyridinium chloride composed

of quaternary ammonium compound through the biofilm developed by S. epidermidis

(Ganeshnarayan et al., 2009). In our study, the cationic surfactant ABIL T Quat

60 inhibited biofilm formation by S. aureus. Considering the composition of biofilms

of Staphylococcus species, MSSA usually produce polysaccharide-based biofilm that is

rich in PIA (Arciola et al., 2015), while MRSA produce protein-based biofilm (Speziale

et al., 2014). These biofilm characteristics of the strains we used in this study has

been confirmed in our lab (unpublished data from Bolhuis). This suggests that the

PIA might not protect the MSSA against ABIL T Quat 60. P. aeruginosa biofilm also

contains aggregative polysaccharides, such as cationic Psl and Pel, involve in protection

from cationic antimicrobial peptides (Billings et al., 2013; Periasamy et al., 2015).

There are no previous studies on how Psl and Pel could protect the bacteria from

cationic surfactants, but they might reduce the binding between the cationic ABIL

T Quat 60 to the negatively charged outer membrane of P. aeruginosa covered with

cationic polysaccharides. Previous findings found no direct correlation between the

type (inhibition/ stimulation) of antibiofilm activity and the chemical structure of a

surfactant (Piecuch et al., 2016), in order words, a same surfactant could inhibited P.

aeruginosa but stimulated S. epidermidis biofilm formation. On the other hand, the

biofilm formation by P. aeruginosa was stimulated by ABIL T Quat 60. Something

similar has been observed in S. epidermidis in the presence of dicephalic surfactants

(Piecuch et al., 2016), but the mechanism of action was not well understood, and it

was suggested that it could probably involve in a defence mechanism against stress

(Periasamy et al., 2015).

In order to classify whether ABIL T Quat 60 is bactericidal or bacteriostatic, CLSM

imaging was used to study the viability of MSSA. The imaging showed that ABIL T

Quat 60 inhibited biofilm formation by S. aureus without proliferation. In addition,

the bacteria that are closely located, perhaps bound to the polymer, were highlighted

as red, suggesting the need for a physical interaction between the polymer and the

bacteria for the latter to be killed. Previous studies suggested the cationic polymers

can interact with the negatively charged bacterial outer membrane, disrupting their

membrane and causing cell lysis (Sandt et al., 2007; Xue, Xiao and Zhang, 2015; Xie

et al., 2018). These results suggested that cationic ABIL T Quat 60 is bactericidal and

whilst it could act in similar manner, further experiments are required to confirm its

mechanism of action on bacteria.

In the case of Eudragit EPO, no inhibition to biofilm formation by any of the bac-

teria tested was observed. The only reports involving Eudragit E and bacteria are
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drug delivery studies in which it was used to formulate antibiotics. For example, Eu-

dragit E100 was used to coat liposomes containing ampicillin to treat S. aureus with

different degrees of antibiotic resistance (Arévalo et al., 2019), and the control experi-

ment showed Eudragit E100 (as part of the placebo formulation) had no antimicrobial

activity, which is consistent with our study. However, other studies reported that

Eudragit E100 enhanced the bactericidal activity of ofloxacin against P. aeruginosa

via disorganising the outer membrane and enhancing the permeability of antibiotics

(Romero et al., 2012). In our study, we demonstrated that Eudragit EPO had no anti-

biofilm activity by itself against P. aeruginosa. Considering the stimulation of biofilm

formation in Gram-negative bacteria, similar finding has been documented regarding

poly(methacrylate), which is the same type of polymer as Eudragit EPO. The P. aeru-

ginosa AK1 can produce significantly larger amounts of extracellular polysaccharides

than E. coli O2K2, to create a barrier between its cell surface and the cationic poly-

mers (Gottenbos et al., 2003). Overall, Eudragit EPO could be used as an excipient

to improve the effectiveness of antibiotics, rather than being an active antibacterial

ingredient itself.

6.5 Conclusion

In summary, ABIL T Quat 60 inhibited the biofilm formation by MSSA, MRSA, and

E. coli, but simulated biofilm formation by P. aeruginosa. Only bacteria in direct

physical contact were killed. As for Eudragit EPO, it had no antibiofilm activity but

might improve the effectiveness of antibiotics by disorganising the outer membrane of

bacteria.
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Chapter 7

The Role of Excipients as

Antifungal Agents

7.1 Introduction

In medication or personal care products, inactive ingredients/ excipients are usually

formulated alongside the active ingredient to enhance their performance and function-

alities. Considering film-forming products, different types of additives, e.g. plasti-

cisers, antioxidants, antistatic, are used to improve the functional and film formation

properties of polymers. Although preservatives may not be commonly formulated in

film-forming products, they are potential ingredients to provide antimicrobial activit-

ies against fungal skin infection. Among different types of antimicrobial preservatives,

chelators and surfactants are common multifunctional ingredients that actively or pass-

ively prevent microbial contamination (Halla et al., 2018). In this study, a chelator,

ethylenediaminetetraacetic acid (EDTA), as well as two surfactants, cetrimonium chlor-

ide and polyoxyethylene (10) tridecyl ether will be examined in vitro to identify their

potential of inhibiting the growth of dermatophytes.

Metal ions, such as iron, copper and zinc, play important roles in the metabolic pro-

cesses of fungi. For example, iron is an essential ion in fungi required for virulence pro-

cesses and cellular homeostasis (Gerwien et al., 2018). Chelators are chemical agents

that can bind to metal ions, selectively or non-selectively, interfering the metal ion ac-

quisition and bioavailability for biological reactions. Apart from chelating iron, EDTA

can also bind to calcium, which is a divalent cation that is important in connecting cell

wall components in bacteria, e.g. lipopolysaccharides, results in membrane instability
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(Vaara, 1992; Santos et al., 2012; Siegert, 2014). EDTA has also been studied as an

adjunct antifungal agent for invasive pulmonary aspergillosis (Hachem et al., 2006).

The study suggested that EDTA suppresses the fungal growth and causes fungal death

by chelating the iron and calcium ions that are required for biological processes.

Surfactants are surface-active agents that reduce the surface tension of a liquid. Surfact-

ants have many applications, including general detergents and specific biocides. They

can be classified as cationic, anionic, zwitterionic, or non-ionic. The use of cationic

surfactants is growing fast in cosmetics and pharmaceutical markets. They have been

widely used as disinfectants to prevent contamination of cosmetic products and as

antiseptic formulations for home and industrial cleaning, and the most well-known

compounds are quaternary ammonium compounds (QACs) (Wieczorek et al., 2014;

Fait et al., 2019). These compounds bind to negatively charged microbial surfaces and

cause cell lysis, or preventing microbes to adhere to the host cell surface, then inhibit

the biofilm formation (Fait et al., 2019). Cetrimonium chloride, or cetyltrimethylam-

monium chloride (CTAC) is a quaternary ammonium cation used as topical antiseptic

and surfactant. Another cetrimonium salt, cetrimonium bromide has been studied for

its antimicrobial activity against Escherichia coli (Nakata, Tsuchido and Matsumura,

2011). Compared with cetrimonium bromide, cetrimonium chloride is more widely used

in cosmetic products. Previous studies found no obvious difference in the antimicrobial

properties of cetrimonium between two counter anions1, chloride and bromide (Xue,

Xiao and Zhang, 2015). Non-ionic surfactants are compounds that are not charged.

They are commonly found in cleaning and laundry detergents due to their low toxicity.

One such surfactant is polyoxyethylene (10) tridecyl ether, also named as trideceth-10,

which is a non-ionic polyether surfactant as a common ingredient of silicone emulsions

for shampoo (Wacker Chemie AG, 2019a, 2019b).

In order to study the antifungal activity of additives against dermatophytes, we have

developed a new microtiter plate-based method using phenol red. Unlike the neutral

pH in existing antimicrobial susceptibility assays, the phenol red assay provides mildly

acidic environment optimised for dermatophyte growth (Ho, Delgado-Charro and Bol-

huis, 2019). In addition, we also developed a method to study the minimal fungicidal

concentration (MFC). The most common method to the MFCs is to identify the 99.9%

reduction of the CFU per millilitre (Pujol et al., 2000; Pfaller, Sheehan and Rex, 2004;

Lass-Flör et al., 2008). However, viable counts of filamentous fungi are inaccurate

because of their morphological characteristics. Within several hours, fungi start to ger-

minate and elongate, until finishing the life cycle by production of spores. Therefore,

1Counter anions: Ions to maintain the molecule neutral.
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CFU does not always represent inhibition of fungal growth by antifungals, and a new

method is required. In order to validate the method developed, the dose-response re-

lationship of a polyene antifungal, nystatin, was studied. This drug binds to ergosterol

in the fungal cell membrane, altering the membrane integrity by forming pores that

lead to leakage of electrolytes and metabolites, resulting in death of the fungus (Pare,

2004). Also, it is widely used to treat candidiasis in the mouth and the skin.

7.2 Materials and Methods

7.2.1 Fungal strain and growth conditions

Trichophyton rubrum (ATCC 28188, human lesion isolate) was used in this study. The

conidia were isolated by culturing the strains on potato dextrose agar (Sigma-Aldrich,

St. Louis, M.O., USA) for 15 days at 30°C to induce full sporulation. Then, spores

were harvested with sterile 1% Tween-20, filtered through a 40 µm cell strainer and

resuspended in sterile Milli-Q water. The conidia were stored at -20°C and used within

two weeks.

7.2.2 Determination of fungal MICs

The fungal MICs of T. rubrum against antifungal additives were determined using

phenol red viability assay (Ho, Delgado-Charro and Bolhuis, 2019). In brief, the as-

say was performed by dispensing Sabouraud dextrose broth (SDB) with phenol red

(0.002%) in each well in 96-well flat-bottom microtitration plates (Costar, Corning,

N.Y., USA), containing T. rubrum microconidia with a final concentration of 1 Ö 106

CFU ml-1 and different concentration of EDTA (analytical reagent; Sigma-Aldrich),

nystatin (Fisher BioReagents; Fisher scientific, Pittsburgh, P.A., USA), cetyltrimethyl-

ammonium chloride (cetrimonium chloride; 25 wt. % in H2O; Sigma-Aldrich) and

polyoxyethylene 10 lauryl ether (POE(10); Sigma-Aldrich). The plate was sealed with

parafilm and incubated for 72 hours on a microplate shaker (150 rpm; IKA Works

MS 3; IKA, Staufen, Germany) at 30°C. The solution was subsequently transferred to

a new plate and the absorbance at a wavelength of 560 nm was determined using a

multiplate UV/vis spectrometer (CLARIOstar; BMG Labtech, Aylesbury, UK).

7.2.3 Identification of fungicidal concentration

To determine the fungicidal concentration of EDTA, nystatin, cetrimonium chloride

and POE(10), 10 µL of T. rubrum microconidia (1 Ö 106 CFU ml-1) was pipetted on

sterile cyclopore track etched membrane (CYCLPR PC BLK 25MM 0.2µm; Whatman,
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Florham Park, N.J., USA) on Sabouraud dextrose agar containing different concentra-

tions of EDTA, nystatin, cetrimonium chloride and POE(10) for 5 days. The diameter

of the fungal colonies was measured, and then the membranes were transferred to a

new Sabouraud dextrose agar without antifungal additives. The diameter of the fungal

colonies was measured again after 3 days.

7.2.4 Calculation and statistical analysis

The results were represented as the mean ± standard deviation (SD). The growth

inhibition rate estimated from the antifungal susceptibility test was calculated by the

equation below (Eq. 7.1), and the data were plotted against concentrations of the

antifungal agents. The minimum inhibitory concentration (MIC) is defined as the

lowest concentration that gives at least 90% growth inhibition as measured using the

phenol red assay.

% growth inhibition =

[
1 − (SampleA560 − BlankA560)

ControlA560

]
× 100% (7.1)

7.3 Results

7.3.1 Determination of fungal MICs

The phenol red assay generated sigmoidal dose-response curves reflecting the relation-

ship between the concentration of additives and nystatin and the growth inhibition of

T. rubrum observed after 72 hours incubation, thus provided information to determine

MICs. EDTA is a chelator that inhibits the growth of T. rubrum in SDB with a MIC

at 48 µg/mL (Fig 7-1A). Nystatin is a polyene that is considered as a fungicidal anti-

fungal agent used to treat fungal skin infection. The dose-response curve of nystatin

showed a sharp increase and enabled estimating a with MIC of 3 µg/mL (Fig 7-1B).

Cetrimonium chloride is an antiseptic that inhibits the T. rubrum growth at a very

low concentration of 0.003% (Fig 7-1C). Fig 7.1E shows the colour change to red in

the control samples compared with the observed yellow that indicates no growth in the

wells. POE(10) is a surfactant and detergent and inhibited T. rubrum growth at 0.03%.

Curiously, a negative percentage in growth inhibition was observed at the concentration

of POE(10) between 0.001 and 0.003% (Fig 7-1D), and the deeper intensities of red

colour were observed (Fig 7-1F). These results suggest that, at very low concentrations,

POE(10) might enhance fungal growth.
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Figure 7-1: Dose-response curves illustrating the antifungal susceptibility activities
of EDTA (A), nystatin (B), cetrimonium chloride (C) and POE(10) (D) against T.
rubrum using the phenol red viability assay after 72 hours of incubation. Antifungal
susceptibility test of cetrimonium chloride (0.001-10%) (E) and polyoxyethylene (10)
tridecyl ether (0.001-10%) (F) using the phenol red viability assay on 96-well microtiter
microplate.

7.3.2 Identification of fungicidal concentration

After determining the MICs for T. rubrum, three concentrations were selected to study

whether the additives and nystatin are fungicidal or fungistatic. The fungi were grown

on a polycarbonate membrane for 5 days with/ without additives or nystatin, then the

membrane was transferred to a plate with SDA only. After an extra 3 days incubation,

the diameter of the colonies was measured and compared with the values before the

transfer. There was no mycelium growth on SDA containing 48 µg/mL of EDTA,

which is consistent with the MIC determined by phenol red assay. However, fungal

colonies appeared after transferring to the SDA without EDTA, suggesting EDTA is a

fungistatic agent (Fig 7-2B). In the case of nystatin, there was no inhibition of fungal

growth at 10 and 24 µg/mL of nystatin on SDA (Fig 7-2B). This suggests that the MIC

of nystatin depends on the growth conditions and is higher when fungi are growing in

plates as compared to liquid medium. Cetrimonium chloride showed a fungicidal effect
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Figure 7-2: Identification of fungicidal concentration of EDTA (A), nystatin (B),
cetrimonium chloride (C) and POE(10) (D) against T. rubrum. T. rubrum was grown
on polycarbonate membrane on Sabouraud agar containing different concentration of
additives for 5 days, then transferred to new Sabouraud dextrose agar without additives
for 3 days. The diameter of the fungal colonies was measured, suggesting EDTA,
nystatin and polyoxyethylene (10) tridecyl ether are fungistatic, while cetrimonium
chloride is fungicidal.

to T. rubrum and required higher concentrations to inhibit the fungal growth and

estimate a MFC of 0.1% (Fig 7-2C). POE(10) inhibited the fungal growth at 0.1% and

fungal colonies appeared after transferring to the SDA without POE(10), suggesting

POE(10) is a fungistatic agent (Fig 7-2D).

7.4 Discussion

Previous chapters have studied film-forming agents as active ingredients to prevent and

to treat fungal skin infections, However, final products might include other, inactive

ingredients with other functions in the formulation, such as enhancing stability and

flexibility, may also exhibit antifungal activities against dermatophytes. In this chapter,
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we identified some potential antimicrobial preservatives that can inhibit dermatophytes

growth via phenol red, followed by classifying their antifungal activities by fungicidal

assays.

The antifungal susceptibility test using phenol red was used to study the inhibitory

effect of potential additives, EDTA, cetrimonium chloride, POE(10), and nystatin on

the growth of T. rubrum. The sigmoidal dose-response curves were established after 72

hours incubation to determine the MIC values of antifungals against T. rubrum. There

are no previous studies of the MIC for EDTA, cetrimonium chloride and POE(10)

against T. rubrum, but the MIC for nystatin was the same as found in a study using

SDB slant cultures (Agbulu, Iwodi and Onekutu, 2015).

EDTA is a chelating compound that suppresses T. rubrum growth, but the fungus

can regrow after removal, suggesting EDTA is fungistatic. This compound chelates

metal ions and thereby interferes with biological processes (Santos et al., 2012). Also,

a previous study suggested that EDTA acts as a metalloprotease inhibitor to suppress

T. rubrum growth (Sen, 1964). Thus, addition of EDTA can enhance the efficacy of

antifungal agents against candidiasis and aspergillosis via weakening the membrane of

the fungi and inhibition of biofilm formation (Hachem et al., 2006; Raad et al., 2008;

Santos et al., 2012; Siegert, 2014; Casalinuovo et al., 2017). EDTA also improves the

antibacterial activity of QACs against Pseudomonas aeruginosa infection (Lambert,

Hanlon and Denyer, 2004). However, because it is insoluble in organic solvents, or-

ganic derivatives such as ammonium salts of EDTA are also included as an ingredient

alongside our antifungal polymers (Scott and Kyffin, 1978).

Regarding surfactants, cetrimonium chloride is a quaternary ammonium cation (Fig

7-3) that binds to the natively charged fungal surfaces to cause membrane instability.

There is a lack of studies using cetrimonium chloride against fungi, whereas cetri-

monium bromide against fungi has been widely studied. The bromide salt increases

the membrane-surface folding and cell shrinkage, and causes cell lysis at high concentra-

tions (Posadas et al., 2012; Fait et al., 2019). Cetrimonium bromide has antibacterial

activity against E. coli by generating superoxide and increasing superoxide stress in

the cells (Nakata, Tsuchido and Matsumura, 2011). The mechanism of action under-

lying the fungicidal activity of cetrimonium chloride is not well understood, however

it is expected to be same for cetrimonium bromide given that both share the same

active functional group. Apart from causing cell lysis, cetrimonium chloride may act

like other QACs (Sandt et al., 2007), and irreversibly bind to the fungi to prevent their

germination, therefore no growth observed after transferring the membrane contained

fungi to the SDA without antifungals.
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Figure 7-3: Chemical structures of EDTA, nystatin, cetrimonium chloride and
POE(10).

POE(10) has shown a fungistatic activity against T. rubrum. Polyoxyethylene is also

known as polyethylene glycol. Previous studies have shown that polyethylene glycol

300, 400, 1000 have antibacterial activity against P. aeruginosa, E. coli and Staphyl-

ococcus aureus by altering the membrane permeability (Chirife et al., 1983; Moore,

1997). POE(10) is an non-ionic detergent composed of a hydrophilic head and a long

hydrophobic carbon tails (Fig 7.3), and therefore it may cause cell lysis and impedes

lipid-lipid and lipid-protein interactions (Brown and Audet, 2008).

Nystatin is a polyene antifungal that can alter membrane permeability. Based on their

mechanism of action, polyenes are considered to be fungicidal. Interestingly, whilst

the MIC of nystatin is 10 µg/mL according to the phenol red assay, no inhibition of

fungal growth has been observed, even at higher concentration of nystatin on SDA. The

differences between the agar dilution and broth dilution approaches for determining

the MIC of antimicrobial agents have been reviewed in numerous studies. In general,

there is no difference in MIC between the two dilution methods (Wiegand, Hilpert and

Hancock, 2008; Balouiri, Sadiki and Ibnsouda, 2016). Previous research on nystatin

suggested that it is a fungistatic at low concentration, and becomes fungicidal at higher

concentration (about 3-4 folds of MIC) on Aspergillus species (Stanley and English,

1965). This suggests that its lack of activity in the fungicidal assay may be due to

either the concentration not being high enough to be fungicidal, or that assay is not
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optimised or sensitive enough to detect the MFC.

The results of the fungicidal tests suggested that this test provides an alternative

method from viable counts to identify the MFC of antifungals. The suppression of

fungal growth for 5 days relieved after transferring the membrane to the new SDA

without antifungals, suggesting this method could identify whether the antifungal agent

is fungistatic. The incubation time was restricted to 8 days in total to ensure fungal

colonies were grown within the cyclopore membrane, otherwise the fungal growth went

beyond the membrane. However, this method required further validation with different

fungistatic and fungicidal antifungals, as well as a proper validation method such as

live/dead staining of the fungi on the membrane.

7.5 Conclusion

The phenol red and the fungicidal tests could measure the antifungal susceptibility of

dermatophytes and thus could be used as preliminary screening assay to identify the

potential additives that can improve the efficacy of antifungal products. The MICs of

EDTA, nystatin, cetrimonium chloride and POE(10) were determined as 48 µg/mL,

10 µg/mL, 0.003% and 0.3% respectively. The fungicidal tests suggested the former

three antifungals are fungistatic, while cetrimonium chloride is fungicidal against T.

rubrum. Future steps are required to establish the compatibility between these potential

additives and antifungal polymers, as well as the efficacy against fungal skin infection

when present as part of a complex formulation.
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A B S T R A C T

Dermatophytosis is one of the most common superficial fungal infections, which is mainly caused by filamentous fungi such as Trichophyton species. A challenging
aspect in dermatophyte research is the lack of a straightforward method to measure the rate of growth, in particular when growing dermatophytes in small volumes
such as in microtitre plates. However, one characteristic of dermatophytes is their ability to produce compounds such as ammonia that make the growth medium
more alkaline. The objective of this study was to test whether the change in pH in a liquid medium, colourimetrically established using the indicator phenol red, was
linearly and directly proportional to the growth rate for Trichophyton rubrum and Trichophyton interdigitale. The changes in the colour determined by the phenol-red
based assay showed a good correlation with the amount of fungal biomass over an incubation period of 24–120 h. The functionality of the phenol red assay was also
validated in experiments on the growth of T. rubrum in the presence of antifungals. The changes in colour showed a clear dose-response relationship compounds and
enabled determination of the minimum inhibitory concentration. The phenol red assay is thus a simple and straightforward assay to monitor the rate of growth of
Trichophyton spp. and test antifungal activity.

1. Introduction

Dermatophytosis is one of the most common fungal infections of
keratinised tissues such as nails, hair and skin, with about 20 to 25% of
the world population being infected (Havlickova et al., 2008). They are
most commonly caused by dermatophytes, which are fungi that can
degrade keratin. Trichophyton rubrum and Trichophyton interdigitale are
the two most common causative agents, causing over 90% of derma-
tophyte infections in 2005 in the UK (Borman et al., 2007).

With bacteria, growth in liquid cultures can be monitored easily
using, for instance, the optical density (OD) of cultures. This technique
does not work well for moulds due to their filamentous and hetero-
geneous morphology in liquid cultures. For such fungi, one could
measure radial growth on agar plates, and for liquid medium, a tradi-
tional method would be determining the mycelium dry weight.
However, the latter method is time-consuming due to the relatively
slow growth rate of most filamentous fungi. Furthermore, it is also
challenging to implement in the case of multi-replicate assays and when
growing fungi in small volumes such as in microtitre plates (Arima and
Uozumi, 1967; Granade et al., 1985; Matcham et al., 1984; Taniwaki
et al., 2006). An alternative to dry weight measurements is by staining
the fungal biomass with a dye such as crystal violet, and then measure
the absorbance of the dye, but this is still fairly laborious and involves
several steps (Costa-Orlandi et al., 2014).

An alternative approach to measuring fungal biomass is to use

colourimetric assays that monitor metabolic activity, such as those
based on resazurin or the tetrazolium salts 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) and these
have been applied to, for instance, antifungal susceptibility testing with
Aspergillus species (Jahn et al., 1996; Meletiadis et al., 2002; Monteiro
et al., 2012). However, dermatophytes prefer a mildly acidic environ-
ment for the initial stages of infection, as a number of important viru-
lence factors such as proteases have optimal activity at the pH that
matches that of the skin (pH 5.5) and nail (pH 5.2) (Martinez-Rossi
et al., 2012; Matousek and Campbell, 2002; Murdan et al., 2016).
During growth of dermatophytes, degradation of keratin or other pro-
teins leads to release of ammonia, resulting in a shift towards an al-
kaline pH (Mercer and Stewart, 2019). The initial low pH reduces the
adequacy of the MTT and XTT cell viability assays that require a neutral
pH (pH 7.4). Indeed, it was shown that the acidic environment shifts the
absorbance and reduces the activity of formazan-producing enzymes
(Grela et al., 2018; Johno et al., 2010; Plumb et al., 1989). Moreover,
the resazurin assay monitors not only cell viability but also functions as
a pH indicator (Lancaster and Fields, 1996), and false negative results
may therefore result from the shift towards alkaline pH. Therefore,
better and easier assays to monitor growth and viability of dermato-
phytes are desirable and would be useful to study e.g. antifungal sus-
ceptibility.

The ability of dermatophytes to producing ammonia has been
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exploited to develop a simple and rapid dermatophyte test medium
(DTM) to diagnose the presence of dermatophytosis by incorporating
the pH indicator phenol red, which changes colour from yellow to red
under alkaline conditions (Taplin et al., 1969). This colour change is
characteristic for dermatophytes such as T. rubrum and T. interdigitale
and aids in their identification It should be noted, however, that some
non-dermatophytes may also cause a colour change in DTM, leading to
the introduction of an improved Dermatophyte Identification Medium
(Salkin et al., 1997; Mesquita et al., 2016; Gromadzki et al., 2003). Here
we developed a simple method that uses phenol red to measure the rate
of fungal growth in liquid culture media, and also demonstrate its
usefulness to study antifungal susceptibility of dermatophytes. The
phenol red assay was validated by comparison with quantification of
the biomass, as determined using crystal violet (Costa-Orlandi et al.,
2014). Compared with other fungal growth and viability assays, this
assay is inexpensive and straightforward, with minimal post-processing
that avoids artefacts.

2. Materials and methods

2.1. Strains and culture conditions

Trichophyton species used in this study were T. interdigitale (ATCC
9533) and T. rubrum (ATCC 28188), obtained from Fisher Scientific
(Loughborough, UK). To isolate microconidia, strains were cultured on
potato dextrose agar (Sigma-Aldrich, St. Louis, MO, USA) for 15 days at
30 °C to induce full sporulation. Conidia were harvested with sterile 1%
Tween-20 (Fisher Scientific), filtered through a sterile cell strainer
(40 μm) and resuspended in sterile Milli-Q water. The conidia were
aliquoted and stored at −20 °C and aliquots were used within two
weeks, during which no significant reduction in viability was observed.

2.2. Fungal growth assay

The fungal growth assay was performed by dispensing 200 μL of
Sabouraud dextrose broth (SDB) with phenol red (0.002%) in 96-well
flat-bottom microtitration plates (Costar, Corning, N.Y., USA) and
adding microconidia to each well with a final concentration of
1× 106 CFUml−1. The plate was then sealed with parafilm and in-
cubated for 24–120 h on a microplate shaker (150 rpm) at 30 °C.
Finally, the liquid from each well was transferred into a new micro-
titration plate and then read in UV/vis multiplate reader (CLARIOstar
Plus, BMG Labtech, Aylesbury, UK) at a wavelength of 560 nm.

2.3. Quantification of biomass by crystal violet staining

Trichophyton spp. biomass quantification was done by crystal violet
staining, as described by Costa-Orlandi et al. (2014), with some slight
modifications. Briefly, after growth of the fungi in 96-well plates in
SDB, the solution from each well was removed, the fungal biomass at
the bottom of each well was washed twice with PBS, and then the plate
was dried in an oven for 20min at 60 °C. The biomass in each well was
then stained for 5min with 150 μL of 0.1% crystal violet solution. The
solution was carefully removed, and wells were submerged three times
in trays with cold tap water to remove excess stain. After that, 200 μL of
95% ethanol was added to each well to dissolve the crystal violet. After
mixing thoroughly, the solution was transferred to a new microtitration
plate and read in a UV/Vis multiplate reader at a wavelength of
595 nm.

2.4. Antifungal susceptibility test

The potential of an antifungal susceptibility test based on the phenol
red assay was tested with nystatin and EDTA. 200 μL of SDB with
phenol red (0.002%) and different concentrations of EDTA or nystatin
(0.1–256 μg/mL) was dispensed in 96-well plates, followed by adding T.

rubrum conidia to each well at a final concentration of
1× 106 CFUml−1. The plate was incubated for 72 h on a microplate
shaker (150 rpm) at 30 °C, after which the solutions from each well
were transferred to a new plate and the absorbance at a wavelength of
560 nm was determined using a multiplate UV/vis spectrometer.

To apply the phenol red assay by addition after growth, cells were
grown as above in SDB (without phenol red) in the presence of anti-
fungal compounds (nystatin, cycloheximide, terbinafine hydrochloride
or clotrimazole). After 72 h the supernatant was transferred to a new
plate containing 2 μl 0.2% phenol red (in DMSO) in each well.

2.5. Calculation and statistical analysis

The results were presented as the mean ± standard deviation.
Since the response of absorbance is different in each assay, the results
from the phenol red and crystal violet biomass assays were expressed
using the following equation (Eq.1) and plotted against incubation
times.

=
−

−
×%percentage change

(Sample at 120 hrs Blank )
(Sample Blank )

100%Abs Abs

Abs Abs (1)

The slope and intercept of these linear regressions were compared
by analysis of covariance (ANCOVA), performed by GraphPad Prism
software. Statistical significance was considered for p-values < .05.

The growth inhibition rate of antifungal susceptibility test was
calculated by the equation below (Eq.2), and the data were plotted
against concentrations of the antifungal agents. The minimum in-
hibitory concentration (MIC) is defined as the lowest concentration that
gives at least 90% growth inhibition as measured using the phenol red
assay.

= ⎡
⎣⎢

−
− ⎤

⎦⎥
×%growth inhibition 1

(Sample Blank )
Control

100%A560 A560

A560 (2)

3. Results

3.1. Correlation between the phenol red growth assay and biomass
quantification

The pH of Trichophyton cultures grown in Sabouraud broth shifted
from 5.5 to 8.0 throughout 120 h (data not shown). The indicator
phenol red has an absorption peak at 430 nm at low pH, whereas the
absorption maximum shifts to 560 nm between pH 6.8–8.2, which re-
sults in the change from yellow to red in the culture medium. We ex-
amined whether this colour change could be used to measure the
growth of T. rubrum and T. interdigitale by following the absorbance of
the culture supernatant containing phenol red at 560 nm in the period
24–120 h after inoculation. Incubation times shorter than 24 h showed
no change in the colour of phenol red, while with longer periods of time
there was so much biomass that it became difficult to extract the liquid
from the wells. The results from the phenol red assay were compared
with the data on biomass formed as determined using crystal violet
staining. As shown in Fig. 1A and B, the two assays show very similar
results, with no significant difference found between the slopes or in-
tercepts of the two linear regressions as determined by ANCOVA. Very
similar results were also obtained when comparing the phenol red assay
with release of protein and DNA after treatment in lysis buffer (data not
shown). However, complete lysis was difficult to achieve; as it was
unclear whether the level of lysis was similar in all stages of growth,
these results were less conclusive.

3.2. Application of phenol red assay to antifungal susceptibility testing

To further test the usefulness of the phenol red assay, the growth of
T. rubrum was determined in the presence of antifungal compounds.
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Two known growth inhibitors, the antifungal nystatin and the chelator
EDTA, were used to evaluate the susceptibility test. As shown in Fig. 2,
the growth inhibition effect was reflected in the results of the assay, and
a clear dose-response relationship between the growth and the con-
centration of inhibitors was observed. The curves in Fig. 2 were used to
determine the MIC for nystatin and EDTA, which were 3 μg/mL and
48 μg/mL, respectively.

We also tested whether the susceptibility testing can be done by
adding a stock solution of phenol red after fungal growth. As shown in
Fig. 3, we could visualise inhibition of T. rubrum growth in the presence
of terbinafine (inhibition at< 0.01 μg/mL), clotrimazole (< 0.1 μg/mL
and nystatin (< 10 μg/mL), whereas no inhibition was observed with
cycloheximide. The latter antifungal is used in DTM as it inhibits sa-
prophytic fungi whereas dermatophytes are resistant to cycloheximide.

4. Discussion

Given their relevance to human health, improved techniques to
study the antifungal drug therapies are required. Due to the hetero-
logous morphology of filamentous fungi, the typical measurements of
microbial growth and viability such as optical density and colony
counting cannot be used. Instead, mycelium dry weight is the most
common method to measure the filamentous fungal growth. However,
this is time-consuming, and it is difficult to process multi-replicate as-
says, in particular when working with small volumes (Arima and

Uozumi, 1967; Granade et al., 1985; Matcham et al., 1984; Taniwaki
et al., 2006).

Phenol red is a commonly used pH indicator to monitor the pH of
the cell culture media, based on a gradual transition in colour following
pH shifts from acidic to alkaline, and vice versa. Based on this, DTM
(containing phenol red) was developed to differentiate dermatophytes
from other fungi as the only the former cause an alkaline shift on the pH
of the medium to 8–9, by deaminating amino acids to form ammonia as
a by-product (Kunert, 2000; Monod, 2008; Taplin et al., 1969). In this
study, we expand the usage of phenol red so it can be used as an assay
to measure fungal growth and to determine antifungal activity in liquid
cultures. The phenol red growth assay was validated by measuring the
fungal growth of T. rubrum and T. interdigitale in SDB based on the
biomass between 24 and 120 h of growth. Thus, alkalinisation of the
medium as a result of utilising nitrogen sources is directly correlated to
fungal growth, demonstrating that the phenol red assay is a reliable and
easy method to measure growth of Trichophyton spp.. It should be noted
that some non-dermatophytic fungi such as Hisptoplasma capsulatum
and Blastomyces dermatitidis also cause a similar change of colour in
media containing phenol red (Salkin, 1973). It is thus conceivable that
the method developed here may be employed for a number of these
fungi, but we have not tested this.

The phenol red growth assay can overcome the disadvantages of
various methods used to measure fungal growth. Apart from traditional
methods such as dry weight measurements, crystal violet staining has

Fig. 1. Measurement of fungal growth of T. rubrum (A) and T. interdigitale (B) in SDB between 24 and 120 h via crystal violet biomass staining. Each assay was
completed with the phenol red viability assay, and their rate of the percentage change versus the incubation times are did not show a significant difference (ANCOVA
– A-B, ns, n=3).

Fig. 2. Dose-response curves illustrating the antifungal susceptibility activities of nystatin (A) and EDTA (B) against T. rubrum in SDB using the phenol red growth
assay after 72 h of incubation (A: R2=0.9955; B: R2=0.9731; n=3).

Fig. 3. Antifungal susceptibility testing by adding phenol red after growth. The
antifungals used were terbinafine (Te), clotrimazole (Cl); cycloheximide (Cy),
and nystatin (Ny), with the concentrations used indicated above the panels.
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been used to study biofilm formation of T. rubrum (Costa-Orlandi et al.,
2014) and the MIC of various antifungal compounds on filamentous
biomass (Kvasničková et al., 2016; Mowat et al., 2007). However, the
crystal violet staining requires fungi to adhere to the surface of the
culture plates, and the biomass of some filamentous fungi may be re-
moved easily during the washing steps. The phenol red growth assay
involves a simple procedure and does not require any washing steps.
We also showed that a phenol red stock solution can be added after
growth and can be used to visualise inhibition of several antifungal
agents. The values obtained corroborated earlier studies that de-
termined the MIC for these antifungal agents (Gupta and Kohli, 2003;
Shadomy, 1971; Adimi et al., 2013; Agbulu et al., 2015).

The antifungal susceptibility using phenol red was demonstrated by
studying the inhibitory effect of nystatin, a polyene antifungal agent,
and EDTA, a chelating agent and metalloprotease inhibitor to T. rubrum
(Sen, 1964). Notably, the MIC for nystatin was the same as found in a
study that determined this using SDB slant cultures (Agbulu et al.,
2015). The sigmoidal dose-response curves were established after 72 h
incubation, a time point is commonly used in studying the fungal
growth of dermatophytes, and provides an optimum response of the
susceptibility (Costa-Orlandi et al., 2014; Smijs et al., 2008). Further-
more, at 72 h it was still easy to extract liquid from the wells, which
became more difficult with longer incubation times. Thus, the phenol
red assay provides an alternative method to determine MIC values. The
method does not replace existing standardised methods to determine
antifungal activity of filamentous fungi (Johnson, 2008), as the phenol
red assay is limited to dermatophytes only, but it is nevertheless a
useful addition because of its ease and simplicity. In conclusion, the
phenol red growth assay provides a reproducible and cheap method
that simplifies the study of dermatophytes and enables antifungal sus-
ceptibility testing.
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Chapter 9

Conclusion and Future Work

9.1 Conclusion

Fungal skin infections are one of the most common human diseases that are caused

by dermatophytes or yeasts (e.g. Candida species). The incidence of antifungal resist-

ance has considerably increased over the past decades, thus new strategies to manage

and control the fungal skin infection are needed. The work described in this thesis

aimed to develop the use of film-forming agents that provide a barrier on the skin

to prevent and treat fungal skin infections, so as to avoid antifungal resistance and

cross-contamination.

Summarising the results of the thesis, we have first developed an ex vivo porcine skin

infection model for Trichophyton rubrum to study the early stages in the fungal in-

fection process (Chapter 3). Sterilisation of the porcine skin using chlorine gas was

optimised to prevent contamination. To characterise the model, ex vivo porcine skin

and in vitro HaCaT adherence assays were used to examine the adherence rate of T.

rubrum conidia to skin cells. The rate of adherence was shown to be time-dependent

with maximum adherence observed after about 2 hours. The pathophysiology of T.

rubrum was illustrated on the ex vivo model by scanning electron microscopy (SEM)

and histology, showing morphological changes of conidia that develop into hyphae,

penetrating and invading the epidermis.

The ex vivo model provides a novel approach to susceptibility testing for antimicrobial

compounds to study their ability to prevent and treat fungal skin infections. It was

therefore used to study two cationic polymers, ABIL T Quat 60 and Eudragit E100.

These polymers can form films that were examined for their potential as barriers to
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skin infections caused by T. rubrum, Trichophyton interdigitale and Candida albicans

(Chapter 4). Through ex vivo tests, in vitro viability assays, CLSM and SEM imaging,

both polymers were classified as fungistatic agents that inhibited fungal growth by

binding to the negatively charged fungal outer cell membrane. The mechanisms of

action of ABIL T Quat 60 were further investigated, and the results suggested that

binding of the polymer might hinder the acquisition of crucial nutrients such as essential

metal ions and carbohydrates. The mechanism of action of Eudragit E100 is less

clear, but an interesting observation was that it has higher antifungal activity in a low

pH environment, suggesting that the polymer dissolution in acidic conditions might

increase binding to the fungal cell wall.

Apart from studying the antifungal activity, the potential therapeutic use of ABIL T

Quat 60 and Eudragit E100 was examined through their film properties on the skin and

the acceptability by patients (Chapter 5). The washability, drying time, stickiness, and

the in vivo measurement of transepidermal water loss and skin redness were evaluated,

showing both polymers were non-occlusive, non-sticky and did not cause skin irritation.

However, volunteers felt the Eudragit E100 to be somewhat uncomfortable, and there

was a clear preference for ABIL T Quat 60 with regards to acceptability on applying

polymers to skin.

Not only the antifungal activities, but also the antibacterial activity of ABIL T Quat 60

and Eudragit E against methicillin-sensitive/-resistant Staphylococcus aureus, Pseudo-

monas aeruginosa and Escherichia coli were studied (Chapter 6). ABIL T Quat 60

effectively inhibited biofilm formation of S. aureus and E. coli. It might provide bac-

tericidal effect by physical interaction with the cell envelope of bacteria. In contrast,

Eudragit E did not have antibiofilm activity against the bacteria.

In addition to the two polymers, the antifungal activities against T. rubrum of three

excipients, ethylenediaminetetraacetic acid (EDTA), cetrimonium chloride and poly-

oxyethylene (10) tridecyl ether, were examined through a novel phenol red viability

assay, subsequently identifying whether they were fungistatic or fungicidal (Chapter

7). Their MICs were determined to be 48 µg/mL, 0.003% (w/v) and 0.3% (v/v),

respectively. As it was a novel method of testing antifungal activity, the antifungal

agent nystatin was used for validation, which showed that the phenol red viability as-

say compared well with other established methods. Further details about this method

are available in Chapter 8 (see below). Concluding the fungicidal assay, cetrimonium

chloride was identified as fungicidal with MFC at 0.1%, while that EDTA and poly-

oxyethylene (10) tridecyl ether were fungistatic. However, the fungicidal assay was not

been optimised to determine whether the antifungal activity of nystatin was fungistatic
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or fungicidal. Therefore, further development of that assay is required.

Finally, a simple and straightforward viability assay using the phenol red was developed

to monitor the rate of growth of dermatophytes and test antifungal activity. Compared

with other viability assay, phenol red assay provides a mildly acidic environment op-

timised for dermatophytes growth. Also, the method allows the phenol red to be added

after growth, which could resolve technical challenges caused by the absorption of stains

by polymers.

9.2 Future work

This thesis has shown the successful use of film-forming agents to prevent and treat

fungal skin infections. However, there are several areas that do require further adapt-

ations and experiments. The following ideas could be examined:

1. The improvement of ex vivo porcine skin model: Due to the absence of an immune

system, prolonged incubation of ex vivo porcine skin model leads to luxurious

growth and invasion of the dermis. Therefore, in order to reduce the gap between

ex vivo and in vivo infection model, replacing the model with a liquid medium

supplementing immune cells can be considered (Kühbacher et al., 2017) 1. Also,

instead of using the frozen porcine skin, fresh skin that retains cell viability can

be considered. In addition, the culture medium of the model can be replaced by

liquid medium and the formulation improved to simulate the nutrient supply in

the skin.

2. Clarification of the results in ex vivo fungal infection studies against polymers:

The ex vivo porcine skin infection model has shown the ability to study the film-

forming agents to prevent and treat fungal skin infection. However, clarification

is required to explain the better inhibition of fungal growth at low concentration

of polymers in the treatment model compared with the prevention model. Since

the sample preparation for transmission electron microscopy and cryosectioning

can remove the polymer, transmission electron cryomicroscopy may be considered

to study cross-sections of the infected-skin treated with polymers. On the other

hand, more organisms, such as C. albicans, should be studied to assess the effects

of polymers.

1Kühbacher, A. et al. (2017) ‘Immune Cell-Supplemented Human Skin Model for Studying Fungal
Infections’, in Lion, T. (ed.) Human Fungal Pathogen Identification. New York: Humana Press, pp.
439–449.
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3. Clarification of the mechanism of action of ABIL T Quat 60: Our study has extra-

polated the mechanism of action of ABIL T Quat 60 to inhibit the fungal growth

by blocking the acquisition of essential metal ions and carbohydrates. However,

these experiments were done in vitro by NMR, ICP-OES and QTOF-LCMS,

without usage of biological samples. Therefore, future experiments are required

to provide evidence to show the chelation and binding to carbohydrates directly

cause the inhibition of fungal growth. Also, since the morphological change of

fungal cell wall in the presence of ABIL T Quat 60 has been observed by the SEM,

the effect of the polymer to the surface of the cell wall should be investigated by

analysing the potential morphological changes using flow cytometry.

4. Clarification of the mechanism of action of Eudragit E100: In chapter 4, Eudra-

git E100 has shown the ability of preventing and treating fungal skin infection.

However, due to time restrictions, there is a lack of experiments to prove the

mechanism of action of the polymer. In future experiments with Eudragit E, the

effect of pH in an environment, should be examined. Also, the chelating activity

and the binding of carbohydrates of the polymer can be tested.

5. Improvement of the formulation of Eudragit E100 to meet acceptability criteria

for patients: Regarding the film properties of Eudragit E100, it has a relatively

high viscosity and was not suitable for spraying with the airbrush system we

used. Also, it has a low acceptability due to the unconformable feeling on the

skin. Therefore, improvement of the formulation of Eudragit E100, such as the

addition of excipients such as surfactants or plasticisers, should be considered to

enhance the sprayability and acceptability.

6. Clinical trials of polymers: Although both polymers have been approved for phar-

maceutical and cosmetic use, clinical trials can be conducted to address clinical

questions, in particular when used for the treatment of fungal skin infections

to confirm their efficacy in patients, the safety and optimum dosing for the ap-

plication on the skin, and the best application time with respect to a potential

exposure if used for prevention of fungal skin infection.
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Abstract Dermatophytosis is a fungal infection of

skin, hair and nails, and the most frequently found

causative agent is Trichophyton rubrum. The disease

is very common and often recurring, and it is therefore

difficult to eradicate. To develop and test novel

treatments, infection models that are representative

of the infection process are desirable. Several infection

models have been developed, including the use of

cultured cells, isolated corneocytes, explanted human

skin or reconstituted human epidermis. However,

these have various disadvantages, ranging from not

being an accurate reflection of the site of infection, as

is the case with, for example, cultured cells, to being

difficult to scale up or having ethical issues (e.g.,

explanted human skin). We therefore sought to

develop an infection model using explanted porcine

skin, which is low cost and ethically neutral. We show

that in our model, fungal growth is dependent on the

presence of skin, and adherence of conidia is time-

dependent with maximum adherence observed after

* 2 h. Scanning electron microscopy suggested the

production of fibril-like material that links conidia to

each other and to skin. Prolonged incubation of

infected skin leads to luxurious growth and invasion

of the dermis, which is not surprising as the skin is not

maintained in conditions to keep the tissue alive, and

therefore is likely to lack an active immune system

that would limit fungal growth. Therefore, the model

developed seems useful to study the early stages of

infection. Furthermore, we demonstrate that the model

can be used to test novel treatment regimens for tinea

infections.

Keywords Dermatophytes � Trichophyton rubrum �
Explanted porcine skin � Skin infection model �
Antifungals

Introduction

Dermatophytosis is a highly prevalent superficial

fungal infection that can affect skin, nails and hair. It

affects an estimated 20–25% of the world’s population

[1], and the worldwide expenditure on antifungal

agents to treat dermatophytosis is estimated at 2.5

billion USD. Risk factors include participation in

sports activities, type 2 diabetes and ageing [2], and

because of the latter two, the prevalence of dermato-

phytosis is expected increase further. The disease is
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generally mild, but it does impact the quality of life.

However, in diabetics it contributes to the severity of

the diabetic foot [3] and in immunocompromised

patients the disease can be more severe and even life-

threatening [4].

Worldwide, the most common causative agent of

dermatophytosis is the anthropophilic fungus Tri-

chophyton rubrum [5]. This organism and other

dermatophytes are able to invade keratinised tissues

where they obtain nutrients by degrading the keratin, a

main component of hair, the stratum corneum of the

skin and the nail plate. The disease is normally

transmitted by contact with infected dead skin, nail or

hair particles containing hyphae or spores called

arthroconidia [6]. In vitro, Trichophyton spp. often

form microconidia, which are small pyriform spores

that form along the sides of hyphae. These spores are

not observed in vivo, but both arthro- and microconi-

dia from related Trichophyton spp. (T. interdigitale

and T. mentagrophytes) are infective and show similar

levels of adherence to corneocytes [7, 8].

To study the infection process of skin, a number of

infection models have been developed. These include

the use of isolated corneocytes [7, 8], explanted human

skin [9–12], cell cultures using Chinese hamster ovary

(CHO) cells [13] or immortal human keratinocytes

(HaCaT cells) [14], and reconstituted human epider-

mis (RHE) [15]. With some of these models, such as

those based on cell cultures, it is unclear how relevant

they are to the initial stages of infection as there is no

skin structure and a lack of the stratum corneum. This

problem is partially solved by using RHE grown on

polycarbonate culture inserts, but RHE still lacks an

integrated dermis and has a significantly higher

permeability compared to human skin [16, 17].

Explanted human skin does not have these issues,

but sourcing human tissue can be challenging and

costly and is complicated by ethical issues. Our aim in

this study was to evaluate the feasibility of using an

explanted porcine skin model, which is relatively

simple and affordable. We have previously used a

porcine skin model for bacterial infections [18], and an

important advantage of this model is that it is ethically

neutral as the tissue can be obtained from the abattoir

as surplus material from pigs that go into the food

chain. Also, porcine skin is a well-established model

for transdermal and topical delivery of drugs and has

proved to be very useful in preclinical stages of

research as it is very similar to human skin with similar

thickness and hair density [19]. Here, we show that

porcine skin is useful to study the early stages of

infection and can be used to evaluate the treatment

with antifungals.

Materials and Methods

Cultures and Growth Conditions

Trichophyton rubrum ATCC 28188, obtained from

Fisher Scientific (Loughborough, UK) was routinely

grown on potato dextrose agar (Sigma-Aldrich, St.

Louis, MO, USA) for 15 days at 30 �C to induce full

sporulation. Microconidia were harvested with sterile

water containing 1% Tween-20 (Fisher Scientific),

washed and resuspended in sterile water and stored at

- 20 �C until use. The freezing process does not lead

to a significant reduction in viability of conidia but

longer storage does [20], and to ensure consistent

viability of inocula, aliquots were used within 2 weeks

of freezing.

Extracellular Protease Activity

Keratin was isolated from human hair (obtained from a

local hairdresser) as described [21] and after dialysis

against water was adjusted to a concentration of

20 mg/mL keratin. This was diluted tenfold in potato

dextrose broth (PDB) or minimal salts medium

(50 mM NH4H2PO4, 5.75 mM K2HPO4, 3.4 mM

KH2PO4, 2 mM CaCl2 and 0.25% glucose; pH 5.2),

which was then inoculated with T. rubrum conidia to a

final concentration of 5 9 102 conidia/mL. Cultures

(1.5 mL each) were then grown for 10 days in 24-well

plates at 30 �C. Mycelium was removed by centrifu-

gation, and the supernatant retained for protease

activity assays using azocasein as described [22].

Porcine Skin Sterilisation

Porcine skin was sourced from a local abattoir. The

skin was obtained from 3-month-old gilts (female,

approximately 60 kg) of the Large White breed. Skin

from two animals was used; results on skin obtained

from one animal were similar to those from the second

animal. Full thickness skin was obtained, and the skin

was then stored at 4 �C. The next day, the skin was

dermatomed to a thickness of 750 lm and stored
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frozen until use. To avoid damage to the skin, it was

not submitted to any cleansing process at the abattoir

such as scalding with hot water to remove hair, neither

before nor following harvesting it from the animal,

and was simply rinsed with water at the laboratory

before being dermatomed. On the day of the exper-

iment, dorsal skin samples were defrosted at room

temperature and cut in approximately 1 cm2 square

pieces. The hair on the skin was removed with

scissors, and the skin was washed three times in

sterile phosphate-buffered saline (PBS). Next, the

porcine skin was sterilised with chlorine gas as

described [23] with minor modifications. Briefly, the

skin pieces were placed in a Petri dish, which was then

put in a chamber with chlorine gas that was generated

bymixing 20 mL glacial acetic acid (VWR, Fontenay-

sous-Bois, France) and 10 mL sodium hypochlorite

solution (10–15%, Sigma-Aldrich) in a beaker. The

skin was sterilised with chlorine gas at room temper-

ature for 15 min on an orbital platform shaker at

15 rpm, after which the skin was turned around and

incubated for a further 15 min in the chlorine gas.

After the treatment, the skin was rinsed twice with

sterile PBS, followed by washing by being placed in a

tube with 10 mL sterile PBS for 30 min on a shaker at

200 rpm. The skin pieces were then transferred onto

minimal salts agar plates (50 mM NH4H2PO4,

5.75 mM K2HPO4, 3.4 mM KH2PO4, 2 mM CaCl2
and 0.25% glucose; pH 5.2) for 30 min before

experiments were continued.

Adherence to Porcine Skin

Time-dependent adherence of T. rubrum to the stratum

corneum (SC) of porcine skin was determined by

measuring the number of conidia that did or did not

adhere. To this purpose, 10 lL of T. rubrum conidia

(1 9 104 colony-forming units (CFU)/mL) was pipet-

ted on the top of sterilised porcine skin that was placed

on minimal salts agar, followed by incubation for

0–24 h at 30 �C. After incubation, the skin pieces

were washed with 1 mL sterile PBS and the number of

conidia that did not adhere to the skin was measured by

a viable plate count of the wash on Sabouraud dextrose

agar (SDA). To measure the number of conidia that

adhered to the skin, washed skin pieces were incubated

with Trypsin–EDTA (0.25%) (Gibco, Paisley, UK) for

15 min at 37 �C on shaker at 220 rpm, followed by

viable plate counting.

Adherence to HaCaT Cells

HaCaT cells [24] were plated at a density of 1 9 105

cells per well in 24-well tissue culture plates, cultured

in 1 mL Dulbecco’s Modified Eagle Medium

(DMEM; Sigma-Aldrich)) supplemented with 10%

foetal bovine serum and penicillin–streptomycin

(10,000 U/mL). The HaCaT cells were incubated at

37 �C and 5%CO2 for 3 days to reach confluence. The

medium was replaced by DMEM, without foetal

bovine serum and antibiotics, the night before inoc-

ulation. 5 lL of T. rubrum conidia (1 9 105 CFU/

mL) was added into each well and incubated for

0–24 h at 37 �C and 5% CO2.

To measure the number of conidia not adhered to

the HaCaT cells, the supernatant was collected and the

CFU of T. rubrum were determined on SDA. To

measure the number of conidia adhered to the HaCaT

cells, the DMEM solution in the well was removed and

the wells were washed three times in PBS. 0.5 mL of

Trypsin–EDTA (0.25%) was added followed by

incubation for 5 to 10 min at 37 �C. Once the cells

detached, 0.5 mL of DMEM solution was added to the

well and cells were resuspended. The solution was

transferred to SDA plates for a viable cell count.

Histology Staining

To study the effect of chlorine gas to the structure of

the skin after sterilising, specimens were fixed over-

night at 4 �C in 10% neutral-buffered formalin. To

cryoprotect the tissues, specimens were immersed in

30% sucrose (Sigma-Aldrich) in PBS until the tissue

sank, followed by freezing the sample in optimal

cutting temperature compound (OCT; CellPath,

Powys, UK) using dry ice methanol slurry. Samples

were then cryosectioned and stained using haema-

toxylin (Gill No. 3; Sigma-Aldrich) and eosin (BDH,

Poole, UK), then mounted with DPX Mountant

(Sigma-Aldrich) and imaged using light microscopy

(Zeiss Axioscope).

To visualise the infection process, sterilised porcine

skin was placed on minimal salts agar and inoculated

with 10 lL of T. rubrum conidia (1 9 105 CFU/mL),

followed by incubation for 0–72 h at 30 �C. The skin
was fixed with 10% neutral-buffered formalin over-

night at 4 �C; then, the fixed specimens were dehy-

drated, embedded in paraffin and sectioned. The

sections were deparaffinised and then stained using a
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periodic acid–Schiff–diastase (PAS-D) staining kit

(Sigma-Aldrich) following the manufacturer’s

instructions, and the samples were observed using

light microscopy.

Field-Emission Scanning Electron Microscopy

All specimens were treated with the same procedures

as outlined in histopathology section. After the

treatment, the specimens were fixed in 2.5% glu-

taraldehyde in 0.1 M sodium cacodylate buffer (pH

7.3) overnight, followed by postfixing with 1%

osmium tetroxide for 2 h. This was followed by

rinsing three times in sodium cacodylate buffer (pH

7.3) for 10 min. The specimens were dehydrated in a

graded acetone series (10, 30, 50, 70, 80, 90, 95 and

100%) for 15 min per change. After that, the speci-

mens were mounted onto a SEM plug and coated with

chromium. The samples were then imaged using

FESEM (JSM 6301F, JEOL, Tokyo, Japan).

Antifungal Susceptibility Testing

Explanted porcine skin was sterilised and infected

with conidia as above, with the porcine skin placed on

mineral salts agar. This was incubated for 3 days at

30 �C to induce fungal skin infection. The infected

skin was then treated topically using clinically used

antifungal creams, being 1% clotrimazole (Bayer,

Reading, UK) or 1% terbinafine hydrochloride

(GlaxoSmithKline, Brentford, UK). Both were applied

as directed in the patient information leaflets. In brief,

the creams were applied thinly on the skin (using a

sterile swab) once per day (terbinafine) or twice per

day (clotrimazole), for a period of 7 days. The

explanted skin was kept at 30 �C for the duration of

the experiment and was rinsed once per day with

sterile PBS to simulate washing. Control specimens

were treated the same but were wiped with a sterile

swab dipped in sterile water instead of with antifungal

cream. After 1 week, all specimens were washed with

sterile PBS and gently dried with sterile tissue paper.

The specimens were then transferred to fresh mineral

salts agar and incubated for a further 7 days at 30 �C.

Statistical Analysis

The results were represented as the mean ± standard

deviation (SD). The mean differences between two

groups of data were analysed by a repeated measures

analysis of the variance (ANOVA). The data were

considered statistically significant with a p value of

less than 0.05.

Results

Keratinases are important virulence factors for der-

matophytes, as these degrade the keratin in skin, nail

or hair that these organisms thrive on [25]. We firstly

sought to identify conditions in which these enzymes

are secreted by T. rubrum. In a nutritionally rich

medium (PDB), production of extracellular protease

activity was very low, also when it was supplemented

with keratin. In contrast, significantly more proteolytic

activity was found in culture supernatant when T.

rubrum was grown in minimal salts medium contain-

ing keratin (Supplementary Figure 1). There was no

fungal growth in the absence of keratin (not shown),

demonstrating that in these conditions the growth of T.

rubrum is dependent on the keratin. This medium was

therefore used in the porcine skin infection model.

When testing fungal growth on porcine skin, it

became clear that it was important to sterilise the skin

first, as otherwise there was a lot of bacterial growth.

Initially, we tested surface disinfection with 70%

ethanol, but that did not stop bacterial growth (not

shown). Also, ethanol can be damaging to skin as it

selectively extracts lipids from the stratum corneum

[26, 27]. However, sterilisation with chlorine gas did

not damage skin as described before [23] and observed

by histology staining (Supplementary Figure 2), while

this treatment was sufficient to prevent bacterial

growth on the porcine skin.

A schematic of the infection model, in which

dermatomed porcine skin, on a polycarbonate mem-

brane, is placed on top of minimal salts agar, is shown

in Fig. 1a. When conidia were inoculated on the

porcine skin, growth of T. rubrum was observed after

several days of growth at 30 �C (Fig. 1b). Similar to

the growth in liquid medium, this was dependent on

the presence of skin, as the fungi were unable to grow

on minimal salts agar without porcine skin (Fig. 1c).

The adherence of conidia observed in this explanted

porcine skin was compared to a previously established

in vitro model using HaCaT cells, an immortal line of

keratinocytes [24]. Using these two approaches, we

measured the number of conidia that adhered to skin
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(Fig. 2a). With porcine skin, maximum adherence was

reached within 2 h, while that took* 3 h with HaCaT

cells. A repeated measures ANOVA on those first 3 h

showed that these differences were not significant. The

adherence of conidia was mirrored by the number of

non-adherent conidia (Fig. 2b). However, the number

Fig. 1 Explanted porcine skin infection model. a Schematic of the set-up used for the infection model. b Fungal growth on explanted

porcine skin, 7 days after inoculation with conidia. No growth is observed in the absence of porcine skin (c)

Fig. 2 Measurement of T. rubrum conidia bound (a) and

unbound (b) to porcine skin and HaCaT cells between 0 and

24 h. There is a reverse relationship between bound and

unbound conidia in both models, as they showed an increase

in conidial adherence with a decrease in non-adherent conidia

(data derived from 2 to 3 independent experiments, with 3–6

repeats per experiment)
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of non-adherent conidia continued to drop to less than

5%, while the number of adherent conidia did not

increase beyond 60% of the number of conidia initially

applied.

To visualise the infection process, we performed

histology analysis of infected porcine skin. These are

shown in Fig. 3, with examples of the features

described below indicated with arrows. Also, the

position of the stratum corneum, epidermis and dermis

is indicated in Fig. 3a. After 3-h incubation (Fig. 3a),

conidia can be observed above the stratum corneum,

while after 6 h (Fig. 3b) some conidia appear to be

embedded in the stratum corneum. Development of

germ tubes, the first step in the formation of a

mycelium, can be observed after 9 h (Fig. 3c). Upon

longer incubation of the infected skin samples,

mycelium can be observed after 24 h, and hyphae

can be seen in the stratum corneum (Fig. 3d), while

after 48 h the stratum corneum was damaged and

sometimes absent (Fig. 3e). After 72 h (Fig. 3e), the

epidermis also appeared damaged and degraded, and

there was clearly invasion of the dermis by T. rubrum.

To get a more detailed view at the infection process,

samples were prepared for SEM imaging. In these

images, microconidia were easily recognised with

their characteristic piriform shape. Sometimes after

3 h (Fig. 4a), but more frequently after 6 h (Fig. 4b),

fibril-like material that appeared to connect the conidia

was observed. Longer incubation, at 9–12 h (Fig. 4c,

d), showed conidia also connecting to the skin. After

24 h, conidia could be observed that appeared com-

pletely embedded in the skin with a fibrous film

(Fig. 4e), while hyphae were also present (Fig. 4f, g).

After 48 h (Fig. 4h), the skin was mostly covered in

mycelium. It should be noted that some of the images

show that the conidial preparation does contain some

hyphal fragments as shown in Fig. 4a and b, but in all

experiments the percentage of microconidia was at

least 90%.

The porcine skin model was further tested using

antifungal creams that are commonly used for the

Fig. 3 Histopathological analysis of infected porcine skin.

Explanted porcine skin was infected with T. rubrum conidia,

incubated for 3 h (a), 6 h (b), 9 h (c), 24 h (d), 48 h (e) and 72 h

(f). After incubation, samples were prepared for PAS-D staining

and visualised using light microscopy. Features described in the

main text are indicated with arrows. In a, the position of the

stratum corneum (SC), epidermis (e) and dermis (d) is indicated.
Scale bar = 20 lm
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topical treatment of tinea infections. These were 1%

terbinafine hydrochloride and 1% clotrimazole, which

were both used as directed in the patient information

leaflet on infected porcine skin. The skin was rinsed

once per day—to mimic washing—and kept at 30 �C
for the duration of the experiment, a temperature that

closely matches that of skin in feet and hands [28, 29].

After treatment for a week, the explanted skin was

washed, dried and incubated for a further 7 days at

30 �C. As shown in Fig. 5, the control (without

antifungal) was fully covered with mycelium, whereas

no T. rubrum was visible on the skin that was treated

with the antifungal creams, showing successful treat-

ment of the infected skin with the topical products.

Discussion

As we have shown here, explanted porcine skin is a

useful model system to monitor the infection process

by dermatophytes such as T. rubrum. Porcine skin was

chosen, as its structure is very similar to that of human

skin, including a similar thickness of the stratum

corneum, epidermis and dermis, and a comparable hair

density [19, 30]. A difference is a thicker layer of

subcutaneous layer of fat in pigs and possibly differ-

ences in the immune system [30], but here only

dermatomed skin was used. Because of these similar-

ities, pig skin is considered a suitable model for, for

example, wound healing, toxicology and dermal

Fig. 4 Electron microscopy analysis of infected porcine skin.

Explanted porcine skin was infected with T. rubrum conidia,

incubated for 3 h (a), 6 h (b), 9 h (c), 12 h (d), 24 h (e–g) and
48 h (h), followed by visualisation using FESEM. Different

magnifications were used depending on the features that were

visualised. Scale bars shown are 2 lm, except for b (5 lm),

f (10 lm) and g (5 lm)
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delivery of drugs, also since the flux of drugs through

porcine skin is within the same order of magnitude as

that for human skin [17]. In contrast, skin from, for

example, rodents is very different, with significantly

higher hair density, a much thinner epidermis and

dermis, and higher permeability of drugs [17, 30].

Domestic pigs do not suffer often from dermatophy-

tosis, but they are sometimes infected with the

zoonotic species Trichophyton mentagrophytes [31].

Furthermore, while the related species T. rubrum is

considered anthropophilic, it occasionally causes

infections in animals such as dogs [32], while the

species has also been used in rodent models of

infection [33]. Thus, even though there are no reported

cases of pigs being infected with T. rubrum, the above

does suggest that porcine skin is a suitable model to

study infections with this species.

In dermatophytes, extracellular proteases have

important roles in nutrient acquisition, invasion [25]

and, for some specific proteases, adherence [11].

While we have not tested which specific proteases are

expressed, we have shown that proteolytic activity can

be detected in vitro in minimal salts medium contain-

ing keratin, while this activity is absent in a rich

medium containing keratin. Similarly, we showed that

fungal growth on plates with minimal salts agar only

occurs when porcine skin is present. This minimal

salts medium does contain a carbon source (glucose),

but no nitrogen source, and fungal growth on porcine

skin is therefore likely to be dependent on the release

of nitrogen-containing compounds that are obtained

by proteolytic degradation of the keratin in skin.

Previous studies have also shown that these proteases

are expressed when nutrients are limiting and proteins

such as keratin are present [34].

Maximum adherence to the porcine skin was

achieved within 2 h, which compared well to a

previously published in vitro model using ker-

atinocytes [14], for which we found maximum adher-

ence within 3 h. We did not make a comparison with

other models as it was not our aim to comprehensively

contrast and compare these with the porcine skin

model. Moreover, the keratinocyte model using

HaCaT cells is a very simple epidermal model, but it

was nevertheless useful to make this comparison as,

firstly, this model has been used previously as a model

for T. rubrum infection [14] and, secondly, HaCaT

cells are very frequently used in skin research.

Adherence has also been measured using corneo-

cytes, which are terminally differentiated ker-

atinocytes that form most of the stratum corneum.

Zurita and Hay [8] showed that maximum adherence

of Trichophyton interdigitale to corneocytes occurred

within 3–4 h. Similarly, Aljabre et al. [7] showed

time-dependent increase in adherence of conidia to

corneocytes of both T. interdigitale and T. mentagro-

phytes over a 6-hour period. It should, however, be

noted that in the studies with keratinocytes or isolated

corneocytes, adherence was measured with cells

immersed in liquid, rather than on intact skin exposed

to air. Furthermore, those models lack a stratum

corneum and other skin structures, although it is

unclear whether that would affect the adherence.

It was noted that the number of conidia that adhered

did not rise above * 50–60% of the number of

conidia applied with both models, while the number of

Fig. 5 Topical treatment of infected porcine skin. Explanted

porcine skin was infected with T. rubrum conidia and incubated

for 3 days at 30 �C. After this, the skin, which was kept at 30 �C
on minimal salts agar, was treated daily for a period of 7 days

with water (control, a), 1% clotrimazole (b), or 1% terbinafine

hydrochloride (c). Treatment was as directed in the patient

information leaflet, and the skin was also rinsed daily to simulate

washing. After treatment, the skin was washed and incubated for

a further 7 days at 30 �C
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non-adherent conidia continued to decrease over at

least a 6-h period. This suggests that either the conidia

lose their viability, or that the conidia adhere so

strongly that they can no longer be removed. The latter

may indeed be the case, as SEM revealed formation of

fibril-like material between adjacent conidia within

6 h and between conidia and the stratum corneum in

9 h. After 24 h, some conidia appeared completely

embedded in the stratum corneum, and it is conceiv-

able that this leads to a strong interaction, making

them difficult to remove. Similar fibrils have also been

observed with T. mentagrophytes microconidia [10]

and arthroconidia [12] when grown on explanted

human skin, and both of these studies found indeed a

strong adherence of the conidia to the skin. Our results

for T. rubrum are consistent with these previous

findings. The fibril-like material could consist of the

same material as the extracellular matrix (ECM) of T.

rubrum biofilms, which was shown to be rich in

polysaccharides [35], but at present the nature of the

fibril-like material is unknown and their role in

attachment is purely speculative.

Adherence of conidia is followed by invasion of the

skin, in which formation of germ tubes plays an

important role. We observed germ tubes within 9 h,

which is similar to what has been observed in vitro

[36]. Penetration of hyphae into the skin was observed

with histology staining and light microscopy after

24 h. This penetration was not observed with SEM,

but this technique will only visualise the surface which

will make it more difficult to identify hyphae that

penetrate into the skin. Development of mycelium

occurred after 24 h, while longer incubation (48–72 h)

resulted in the skin being completely covered by a

fungal mat, damage of the epidermis and invasion of

the dermis. Such luxuriant growth and invasion are not

observed in vivo, but deeper tissues can be affected in

immunocompromised patients [37–39]. Indeed, the

immune system has an important role in restricting the

growth of dermatophytes to dead keratinised tissue

only [40]. However, the skin used in this study is not

kept alive after harvesting and is simply stored dry at

4 �C, dermatomed the next day and then stored at

- 20 �C. Although we have not tested this, it is

unlikely to contain an active immune system, thus

explaining the invasion of the epidermis and dermis.

We also do not observe lesions as observed in vivo or

with a human skin infection model in which the skin is

kept alive [41], which again may be a consequence of

using porcine skin that is not kept viable.

In summary, we have tested the feasibility of a

porcine skin infection model to study dermatophytosis

and treatment strategies. The successful treatment

with creams commonly used for fungal skin infections

demonstrates that the model is also suitable to test

novel strategies for prevention and treatment of fungal

skin infections. The infection model is relatively

simple, cheap and ethically neutral as the porcine skin

is obtained from slaughterhouse material. When

compared to other models such as cultured ker-

atinocytes, the model also has the advantage that it

contains a complete skin structure comprising stratum

corneum, epidermis and dermis. Reconstituted human

epidermis does contain a stratum corneum but lacks a

dermis and is more permeable to drugs as compared to

intact skin [16]. This might suggest that also fungal

invasion would be influenced, but there is no evidence

for this at present. Furthermore, we have only made a

comparison with the keratinocyte model and have not

determined which model is a better reflection of a

fungal skin infection. While explanted human skin has

been used in other studies [9–12, 41], sourcing human

skin can be costly and complicated by ethical issues. It

is important to note that porcine skin is very similar to

human skin, with a similar thickness and hair density,

and even when stored frozen the barrier function of the

stratum corneum is well preserved [17, 19]. Impor-

tantly, it behaves similarly to human skin with respect

to penetration of drugs, and porcine skin is therefore

an important model to study dermal delivery or drugs.

Indeed, as shown here the porcine model can also be

used to analyse topical treatment with antifungals,

albeit that in this case the data are only qualitative as

we did not test different dosages. A limitation of our

model is the lack of an immune system, resulting in

invasion of the dermis and more luxuriant growth than

would be observed in vivo. Therefore, late stages of

infection as well as chronic infections cannot be

modelled well with this approach. However, we

believe the model is very useful to study in particular

the early stages of infection, and we are currently

planning to identify virulence factors involved. More-

over, the model can be used to test novel regimes to

prevent or treat fungal skin infections.
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Appendix B

Fungal Growth Scoring Tests

The fungal growth scoring test was assessed as an online questionnaire, created by

GoogleForms. These are the raw data was scored by the volunteers.

196



Score test of fungi on pig skin - 1
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

40. 40 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Powered by



Score test of fungi on pig skin - 2
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

40. 40 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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Score test of fungi on pig skin - 3
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

40. 40 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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Score test of fungi on pig skin - 4
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

40. 40 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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Score test of fungi on pig skin - 5
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



Score test of fungi on pig skin - 6
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



Score test of fungi on pig skin - 7
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth
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38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



Score test of fungi on pig skin - 8
Please score the growth rate of the fungi on the pig skin. 
The scoring rate is based on the percentage surface coverage by observation.
0 - No growth
1 - <5% of mycelium covering the porcine skin surface
2 - <20% of mycelium covering the porcine skin surface
3 - <35% of mycelium covering the porcine skin surface
4 - <50% of mycelium covering the porcine skin surface
5 - >50% of mycelium covering the porcine skin surface

Below, there is an example of the control that fungi are fully grown with a score of 5.

*Required

1. 1 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Positive control

2. 2 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

3. 3 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

4. 4 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

5. 5 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

6. 6 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

7. 7 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

8. 8 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

9. 9 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

10. 10 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



11. 11 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

12. 12 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

13. 13 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

14. 14 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

15. 15 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

16. 16 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

17. 17 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

18. 18 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

19. 19 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

20. 20 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

21. 21 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

22. 22 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



23. 23 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

24. 24 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

25. 25 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

26. 26 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

27. 27 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

28. 28 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

29. 29 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

30. 30 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

31. 31 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

32. 32 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

33. 33 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

34. 34 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



35. 35 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

36. 36 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

37. 37 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

Powered by

38. 38 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth

39. 39 *

Mark only one oval.

0 1 2 3 4 5

No growth Fully growth



Appendix C

REACH Documents

1. Annex One (Checklist)

2. Annex Two (Ethical implications of postgraduate research project)

3. Annex Four (Application form for full submission for research ethics approval)

4. Participant information sheet

5. Consent form

6. Questionnaire A (Participant screening)

7. Questionnaire B (Acceptability of the films)

8. Data management plan

9. Advertisement
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ANNEX ONE                           Department for Health 

Checklist for all researchers        Research Ethics Approval Committee for Health 
 

The Department for Health requires all members of staff and students who are planning research or 
consultancy projects to consider the ethical implications of the work which they undertake. This is 
important in all research and consultancy projects, but is essential in those projects which involve 
human participants. 
 
The Department has agreed on an ethical review process which has a fast track for those projects 
which either do not have ethical implications and thus do not require full scrutiny, or where scrutiny 
will be given by another body (in particular an NHS Research Ethics Committee [REC]).   
Projects that fall outside of these categories will need to make a full submission to the 
Research Ethics Approval Committee for Health.  
 

 
SECTION ONE 

 

 

Name (PI or  
           Student and Supervisor) 

Mr. KH Ho 
Dr. M.B. Delgado-Charro 
Dr. A. Bolhuis 

Project 
Title 

Film-forming Agents as Potential Barriers to Fungal Skin Infections 

  
Please tick the description that applies to your project 
 

Externally funded research project   Consultancy  PhD/PD/RPD/MD/MRes/MSc 
research project 

✓ 

Unfunded research project 
 

 
KTP    

 
 

 
SECTION TWO 

 
Determining the nature of your research and  

the route for ethical approval you need to follow 
 

 
Described below are 4 routes for ethical approval (A-D) with corresponding research project 
features. Please read through all and tick the description that applies to your project.  
Provide the completed and signed documents as detailed in the corresponding grey box to the 
REACH Secretary. If you have any queries as to which option to select, please contact the REACH 
Secretary for guidance. 
 
A. SUBMISSION OF EIRA1 FOR NOTING AT REACH 
 

1 My proposal is currently at the stage of application for funding           

2 My research project does not involve the use of human subjects or data from human 
subjects 

 

3 I intend to request the University act as Sponsor for my research. Apply for University 
Sponsorship.  N.B. subsequent Option D pathway below will be required once 
University Sponsorship and NHS REC approval have been granted.                                                                                                                                

 

• this Annex One  

• EIRA1 (Annex Two or Three) 

PTO 



B. SUBMISSION OF EIRA1 AND EVIDENCE OF APPROVAL FROM OTHER UNIVERSITY OF 
BATH ETHICS COMMITTEE FOR REVIEW BY REACH  

 

4 My research has received approval from another ethics committee within the University 
of Bath, e.g. SSREC for ESRC funded projects, Psychology Ethics Committee 

 

• this Annex One  

• EIRA1 (Annex Two or Three)  

• Application and Approval letter from other University of Bath Ethics Committee 
N.B.  Annex Four is not required (as detailed in section C) 

 
 
C. FULL CONSIDERATION IS REQUIRED BY REACH 

 

5 My research involves human subjects and does not take place in an NHS context ✓ 

6 My research involves the collection human tissue that will be destroyed within a 
matter of hours or days and certainly no longer than a week. 

 

7 My research project involves analysis of secondary data originating from human 
subjects        

 

8 My research involves human subjects and takes place outside of the UK, and for 
which particular consideration needs to be given 

 

9 My research involves working with children and/or vulnerable adults   

10 My research has received approval from another UK University ethics committee  

11 My project takes place in an NHS context but has been categorised by NHS local 
R&D as a service evaluation, clinical audit, surveillance or usual practice.  

 

• this Annex One  

• EIRA1 (Annex Two or Three) 

• Annex Four & attachments (Annex Four is not required if approval from another ethics 
committee within the University of Bath has been received, see category  B. above) 

• Annex Five (Option 6 only) 

• Where available, evidence of consent to use secondary data for the purpose of the 
proposed project (Option 7 only) 

• Confirmation the University Child Protection and Safeguarding Policy will be followed 
(Option 9 only) 

• Application and Approval letter from other University Ethics Committee and details of Bath 
staff/student specific role and responsibilities (Option 10 only) 

• Confirmation of approval that study can be conducted at a specific NHS site (Option 11) 

 
 

D. FULL NHS REC CONSIDERATION IS REQUIRED BY THE APPROPRIATE NHS REC, 
SUBMISSION OF DOCUMENTS FOR NOTING BY REACH  

 

12 My research meets the requirements for submission through the HRA IRAS system, 
that is, includes:  

• access to NHS patients 

• adults lacking capacity 

• collection and storage of human tissue (i.e. human tissue not destroyed 
within a matter of hours or days and certainly no longer than a week).  

• the use of ionising radiation  

• a clinical trial of an investigation medicinal product (CTIMP) 

 

• this Annex One 

• NHS REC approved study protocol, Participant information sheet and Consent form 

• Formal confirmation of NHS REC approval 

• EIRA1 (Annex Two or Three) 

• Annex Five (if study involves collection and storage of human tissue) 

• Details of who is Sponsoring this project 
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ANNEX TWO 
 

Department for Health 
Research Ethics Approval Committee for Health 

 
 
ETHICAL IMPLICATIONS OF POSTGRADUATE RESEARCH PROJECT 
 
This template should accompany the postgraduate research student application for 
candidature form submitted to the Board of Studies. 
(Additional departmental information may be incorporated as appropriate). 
 
Please note that this procedure is intended to help student and supervisor consider ethical implications of the 
proposed research project, and as such is a ‘light-touch’ approach.  Supervisors are responsible for deciding 
whether a more extensive ethical review is necessary (such as submission to an NHS REC). 
 
To be jointly completed by the Student and Supervisor 
 
Title of Project 
 

Film-forming Agents as Potential Barriers to Fungal Skin 
Infections 

Brief Description of 
Project (max 300 words) 

Dermatophytosis is a common and frequently recurrent 
fungal infection of skin, nails or hair. In addition, there are 
concerns about the increasing incidence of antifungal 
resistance over the past decade, probably due to the long 
duration these therapies (several months) leading to 
decreased patient adherence and the several treatments 
used by a patient because of infections recurrence.  
 
The aim of the project is to develop polymer films that can 
prevent the early stages of fungal infection to the skin and 
nails. Because these films do not contain antifungal drugs, we 
hope to avoid development of antifungal resistance. 
 
So far, our research has developed an ex vivo fungal skin 
infection model to study the early stages of infection to identify 
the polymers that could prevent dermatophytosis and inhibit 
the recurrence of the infection. To ensure safety, these 
polymers have been selected among those approved for 
pharmaceutical and cosmetic use. Several film-forming 
polymers have been identified as suitable candidates. Our 
current in vitro work aims to identify how these films polymers 
disrupt the fungal infection and why some polymers are more 
effective than others. However, another important aspect in 
establishing the usefulness of our new approach is the 
behaviour of these films when applied to skin in vivo. This 
study aims to investigate the following:  
 
Do the film-forming formulations lead to films when applied to 
the skin and do they remain in place for at least 2 hours? 
  
Do the films modify: (i) the transepidermal water loss (TEWL) 
i.e., are they occlusive or not?; (ii) the skin colour as marker 
for both cosmetic appeal and potential skin irritation 
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(redness). Also, what is the acceptability of the films (i.e., how 
to they feel on the skin)? 
 
For this, the most promising two polymers (ABIL T Quat 60 
and Eudragit E100) will be dissolved at different 
concentrations (15, 20 and 25%) in 95% ethanol. The 
formulations will be applied to the forearm of healthy 
volunteers and the TEWL and skin colour measured with non-
invasive probes at different times after application.  
 
The data gathered will help: (a) identifying the polymer and 
concentration that should be further studied for potential 
development of a spray product that prevents fungal 
infections and is user-friendly and (b) gather opinion from 
end-users on the acceptability of the approach. N.B. no fungi 
will be applied to the skin of volunteers. 
 

Student name and 
Supervisor name  

Dr A. Bolhuis (Supervisor) 
Dr M.B. Delgado-Charro (Supervisor) 
Mr K.H. Ho (PhD Student) 

Contact email and 
telephone number 

Email: k.ho@bath.ac.uk 
Telephone: +44 (0)1225 383813 

Previous ethical 
approval 

Yes 
 

No  

If YES, please state which body has given approval and 
the date of approval: 
 

SECTION 1: COMPLETION FOR ALL RESEARCH 
 

Are there ethical implications concerned with the following general issues?   
If yes, please provide details below 

1. Data collection, handling and storage  
 (eg Confidentiality – for consultancy projects, please refer 
to the confidentiality clauses within the contractual agreement 
- security, availability, length of storage, etc?) Please review 
information on the Introduction to Research Data 
Management website at: 
http://www.bath.ac.uk/research/data/introduction.html 

All the personal data gathered during the 
participants’ involvement will be kept 
confidential. 
All published data will be anonymised thus 
participants cannot be identified. 
If pictures are taken (after consent), they will 
only include the treated skin sites (inner 
sides of the forearm) to avoid identification. 
Following the UofBath Research Data policy, 
records will be retained for 10 years from the 
end of the project or the records will be 
retained for five years following the 
publication date of any research findings 
based upon them. According to Data 
Protection regulation , records with personal 
data will not be kept for longer than  years. 

2.  Security Sensitive Reporting 
 (eg Could any of your research material be considered to 
be supporting terrorism?  If so, how have you determined that 
its use is necessary and ethically justifiable?  Such research 
must also be reported to the University Secretary) 

No security sensitive experiments are 
involved. 

3. Freedom to publish the results  
 (eg Are there any restrictions raised by contract terms?) 

There are no ethical issues regarding 
dissemination. 
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The data will be published in international, 
peer-reviewed journals and disseminated 
through conference communications to 
relevant audiences. 

4. Future use of findings 
 (eg are there any ethical issues in how the findings will or 
could be used in the future?) 

No ethical issues expected. 

5.  Risk assessment  
 (eg Have issues been raised in the course of identifying 
and assessing hazards (a substance or situation that might 
cause harm)?  Is there likely to be any damage to / effect on 
the environment?  Please consult the Hazard and Risk 
Management website at: 
http://www.bath.ac.uk/hr/stayingsafewell/hazard-risk-
management/index.html) 

Not applicable. 

6. Conflicts of Interest 
 (eg Are you involved in any other activities/collaborations/ 
relationships that may result in a conflict of interest with this 
research?) 

No conflicts perceived. 

7. Competency to conduct 
research/project. (ie Do you lack any knowledge or 
skills compatible with the demands of the investigation to be 
undertaken?  If yes, indicate how will you address this.) 

K.H. Ho has been trained to use the 
evaporimeter and the colorimeter for 
measuring TEWL and skin colour. 
Dr. M.B. Delgado-Charro has extensive 
experience in the field of human skin barrier 
function. This includes previous studies in 
humans with topical medicines and drugs.  
Dr S. Cordery has run similar studies with 
healthy volunteers and will be readily 
available in the laboratory where the tests 
will take place. 

8.  Compliance with professional body 
Codes of Conduct 
 (ie  Is there anything that would prevent the research 
being conducted in compliance with professional body 
standards?) 

Not applicable. 

9. Location of research 
 (ie Will the research involve lone working or travel to 
areas that may be unsafe or at risk?  In your considerations, 
you may find it helpful to review the Fieldwork website at: 
http://www.bath.ac.uk/hr/stayingsafewell/working-off-
site/fieldwork-placements/index.html) 

The research will be carried out at the 
University of Bath, UK. The laboratories are 
located in 5W 3.22; a small room is 
exclusively used for these in vivo studies 
thus providing some level of privacy. 

 
Demonstration of Ethical Considerations 
Please outline the ethical issues which will need to be managed during the course of the activity.  
Personal information of the participants such as age, gender, general health and skin health 
will be gathered. This ensures that participants fit the inclusion criteria but none of the 
exclusion criteria. The approach taken by the team is to present the interested participants 
with the list of inclusion and exclusion criteria on the information form, so they can choose 
not to participate if they are uncomfortable disclosing these data and feel this to be intrusive. 
In addition, the E-mail address will be gathered through the recruitment for communication 
(sending information sheet, arranging meeting, etc.) purposes, as well as their name for the 
informed consent form. Gathering and storage of personal information needs to comply with 
the Data Protection Act: Personal information will be kept confidential and separate from 
other data from the study. Files with personal, identifiable data will be password protected 
and kept at the University server ( X Drive) and will be exclusively accessed by the research 
team. Only anonymized data will be stored in tablets and laptop devices and used for 
presentations and publications. Consent forms will be kept in locked cabinets in locked 
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offices. Questionnaires and any other experimental data will be anonymised (using code 
names).  
If pictures are taken (after consent), they will only include the treated area (forearm) and will 
avoid any “recognizable clues” (clothing or jewellery items for example) so participants 
cannot be identified.  
According to the UofBath Research Data policy, data will be retained for 10 years from the 
end of the project or 10 years after the publication date of any research findings based upon 
them, after which retention will be reviewed. Records with personal information will not be 
kept longer than 10 years. Hardcopies with personal, identifiable information will be 
discarded ensuring confidentiality (for example, shredded and disposed into confidential 
waste sacks) 
 
The study may require some modifications of the participants' daily routine, e.g. avoiding 
strenuous exercise (jogging, swimming, cycling, etc.). These criteria will be made clear to 
the participant through the information form so that they can be considered before the 
deciding on their participation. 
 
The study involves the application of two film-forming agents (ABIL T Quat 60 and Eudragit 
E100). The ABIL T Quat 60 is a hair-conditioning agent registered in EU, USA and Japan for 
cosmetic use. Eudragit E is a coating material used for oral medicines. In both cases, given 
their current use and based on the safety data sheet, there is a low probability of local and 
small side effects. The polymers will be dissolved in ethanol, which may cause some skin 
irritation. The systemic exposure (through skin absorption into the body) to the polymers and 
to ethanol will be negligible. However, there is always a potential risk for a subject to 
experience more severe local effects than expected, or an allergic reaction. The risk of 
toxicity is minimised by restricting participation to one occasion, using small application 
areas, applying amounts below or comparable to standard use, and excluding subjects with 
history of skin disease or presenting dry-skin, wounds, blemishes, or any sign that could 
suggest a damaged skin barrier as well as those with known (or suspected) allergies to hair 
care products and medicines. 
 
Participants will be advised to consult with their GP or a pharmacist in case of signs of skin 
irritation. The potential risks associated with the study are described in the participants’ 
information form and in the consent form.  
 
The film-forming formulations will be applied on each inner site of the forearm and 
evaporation of ethanol might provoke some “cold feeling”. Whilst transparent, some of the 
films are perceptible which might bother some subjects for aesthetic reasons. The timing 
required for application and measurements may be tedious and result in subject discomfort, 
or daily-routine disruption. The subjects will be informed about the time and restrictions 
involved before they decide on their participation. 
 
The financial inducement (£10) was fixed as an acknowledgement for the participants’ time 
commitment to the study without being coercive. 
 
MPharm and M/BSc Pharmacology undergraduate students at the University of Bath who 
may be taught or supervised by Dr. A. Bolhuis and/or Dr. MB Delgado-Charro are excluded 
from the study to avoid potential conflicts of interest. 
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Specific Issues 
10.  Does the research/project involve human 

participants in any way?  (Please note if you are 
processing personal data you need to tick ‘Yes’.) 

Yes Complete Section 2 

11. Does the research/project involve 
animals in any way?  Please note that this 
includes all creatures (vertebrates and invertebrates) and 
their cells or tissues, whether living or post mortem 

No Complete Section 3 

12. Does the research require ethical 
approval by SSREC, REACH, Psychology 
Ethics Committee or the University Ethics 
Committee Panel? 

Yes Needs approval by REACH 

 

Declarations 
I confirm that the statements in Sections 1-3 describe the ethical issues that will need to be managed during the course 
of this research activity and that consideration has been given to whether further ethical approval is required and how 
this will be sought. 

Principal Investigator/ 
Supervisor/Project Supervisor 

 

 
Dr. A. Bolhuis 

Signature: 
Date: 
Print Name: 
 
 

 
Dr M.B. Delgado-Charro  

Signature:  
Date: 17th October 2018 
Print Name: Dr M.B. Delgado-Charro 

Second reader(PhD/DHealth/ 
MPhil/MD only)(normally external 
to the project team) 

Signature: 
 
 
 
 
 
 
Date: 
Print Name: 

Researcher/Student 
 
Mr K.H. Ho Signature:  

 
 
 
Date: 24th October 2018 
Print Name: Ka Ho Ho 
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Please return this form to the Secretary for the Research Ethics Approval Committee for Health 
(REACH).  (Issues will be monitored for incorporation into an annual departmental report to be 
submitted to the University Ethics Committee.)  
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SECTION 2: FOR COMPLETION IF YOUR RESEARCH INVOLVES 
HUMAN PARTICIPANTS 

 
If any of the answers to these questions are ‘yes’, please confirm in the space below how the ethical issues will be 
managed during the course of the activity. 
 
Compulsory question for consideration by all disciplines: 

 Yes No 
Will the study involve obtaining or processing personal data relating to living 
individuals, (eg involve recording interviews with subjects even if the findings will 
subsequently be made anonymous)?       
Note: If the answer to this question is ‘yes’ you will need to ensure that the provisions of the 
Data Protection Act are complied with. In particular you will need to seek advice to ensure 
that the subjects provide sufficient consent and that the personal data will be properly stored, 
for an appropriate period of time). Information is available from the University Data Protection 
Website  http://www.bath.ac.uk/internal/data-protection/ and dataprotection-
queries@lists.bath.ac.uk       Note: For Consultancy Projects you are encouraged to ask the 
client to arrange/liaise with living individuals and have the data delivered to you for analysis.   

 

 

 
Departments may amend the following list to include topics of particular relevance to their discipline(s). 

 Yes No 
1. Does the study involve participants who are particularly vulnerable or unable 

to give informed consent?  (eg children, people with learning disabilities) 
  

2. Will the study require the co-operation of a gatekeeper for initial access to the 
groups or individuals to be recruited?  (eg students at school, members of 
self-help group, residents of a nursing home) 

 
 

3. Do you require a DBS (Disclosure and Barring Service) check and if so have 
you obtained the necessary documents and approval? 

 
 

4. Will it be necessary for participants to take part in the study without their 
knowledge and consent at the time? (eg covert observation of people in non-
public places) 

 
 

5. Will the study involve discussion of sensitive topics? (eg sexual activity, drug 
use)   

6. Are drugs, placebos or other substances (eg food substances, vitamins) to be 
administered to the study participants and/or will the study involve invasive, 
intrusive or potentially harmful procedures of any kind? 

  

7. Will blood or tissue samples be obtained from participants?  Note: If the answer 
to this question is ‘yes’ you will need to be aware of obligations under the Human Tissue 
Act, see further information at http://www.bath.ac.uk/research/governance/ethics/hta.html   

  

8. Is pain or more than very mild discomfort likely to result from the study?   
9. Could the study induce psychological stress or anxiety or cause harm or 

negative consequences beyond the risks encountered in normal life?   

10. Will the study involve prolonged or repetitive testing?   
11. Will financial inducements (or other expenses and compensation for time) be 

offered to participants?   

12. Will the study involve recruitment of patients or staff through the NHS?    
Note: If the answer to this question is ‘yes’ you will need to submit an application to the 
NHS through IRAS (Integrated Research Application System), see: 
http://www.hra.nhs.uk/research-community/applying-for-approvals/ 
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Section 2:  Demonstration of Ethical Considerations 
Personal information of the participants such as age, gender, general health and skin 
health will be gathered. This ensures that participants fit the inclusion criteria but none 
of the exclusion criteria. The approach taken by the team is to present the interested 
participants with the list of inclusion and exclusion criteria on the information form, so 
they can choose not to participate if they feel this to be intrusive and are uncomfortable 
disclosing these data. In addition, the E-mail address will be gathered through the 
recruitment and for communication (sending information sheet, arranging meeting, etc.) 
purposes as well as the name for the informed consent form. Gathering and storage of 
personal information needs to comply with the Data Protection Act: Personal information 
will be kept confidential and separate from other data from the study. Files with personal, 
identifiable data will be password protected and kept at the University server (X Drive) 
and will be exclusively accessed by the research team. Only anonymized data will be 
stored in tablets and laptop devices and used for presentations and publications. 
Consent forms will be kept in locked cabinets in locked offices. Questionnaires and any 
other experimental data will be anonymized (use code names).  
If pictures are taken (after consent), they will only include the treated area (forearm) and 
will avoid any “recognizable clues” (clothing or jewellery items for example) so 
participants cannot be identified. According to the UofBath Research Data policy, data 
will be retained for 10 years from the end of the project or the publication date of any 
research findings based upon them, after which retention will be reviewed. Records with 
personal information will not be kept longer than 10 years. Hardcopies with personal, 
identifiable information will be discarded ensuring confidentiality (for example, shredded 
and disposed into confidential waste sacks) 
 
The study may require some modifications of the participants' daily routine, e.g. avoiding 
strenuous exercise (jogging, swimming, cycling, etc.). These criteria will be made clear 
to the participant through the information form so that they can be considered before the 
deciding on their participation. 
 
The study involves the application of two film-forming agents (ABIL T Quat 60 and 
Eudragit E100). The ABIL T Quat 60 is a hair-conditioning agent registered in EU, USA 
and Japan for cosmetic use. Eudragit E is a coating material used for oral medicines. In 
both cases, given their current use and based on the safety data sheet, there is a low 
probability of local and small side effects. The polymers will be dissolved in ethanol, 
which may cause some skin irritation. The systemic exposure (through skin absorption 
into the body) to the polymers and to ethanol will be negligible. However, there is always 
a potential risk for a subject to experience more severe local effects than expected, or 
an allergic reaction. The risk of toxicity is minimised by restricting participation to one 
occasion, using small application areas, applying amounts below or comparable to 
standard use, and excluding subjects with history of skin disease or presenting dry-skin, 
wounds, blemishes, or any sign that could suggest a damaged skin barrier.  
 
Participants will be advised to consult with their GP or a pharmacist in case of signs of 
skin irritation. The potential risks associated with the study are described in the 
participants’ information form and in the consent form.  
 
The film-forming formulations will be applied on each inner site of the forearm and 
evaporation of ethanol might provoke some “cold feeling”. Whilst transparent, some of 
the films are perceptible which might bother some subjects for aesthetic reasons. The 
timing required for application and measurements may be tedious and result in subject 
discomfort, or daily-routine disruption. The subjects will be informed about the time and 
restrictions involved before they decide on their participation. 
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The financial inducement (£10) was fixed as an acknowledgement for the participants’ 
time commitment to the study without being coercive. 
 
MPharm and M/BSc Pharmacology undergraduate students at the University of Bath 
who may be taught or supervised by Dr. A. Bolhuis and/or Dr. MB Delgado-Charro are 
excluded from the study to avoid potential conflicts of interest. 
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SECTION 3: FOR COMPLETION IF YOUR RESEARCH INVOLVES ANIMALS 
 

 Yes No In 
progress 

1. Has the project been submitted to and approved by the Animal 
Welfare and Ethical Review Body? 
 
You should contact the Animal Research Liaison Officer (ARLO: 
arlo@bath.ac.uk) to register your project.   All projects involving animals 
must be registered with the ARLO and approved by the local Animal 
Welfare and Ethical Review Body (AWERB). 
 

   

2. If your project is governed by the Animals (Scientific Procedures) Act 
incorporating EU Directive 2010/63/EU [new A(SP)A], have you obtained 
the relevant Home Office licences? 
 
 

   

3.  If your project is not controlled by the new A(SP)A, is it controlled by 
any other UK legislation? If so, please specify 
 

   

4. If the research is not controlled by any of the above legislation, have 
the ethical implications of the project been considered by the Animal 
Welfare and Ethical Review Board? Please complete the Ethical Review 
Form accessible from: 
http://www.bath.ac.uk/research/governance/ethics/  accessed via 
Resources/Forms/Animals – Ethical Review Form 
 
 

   

 
 
Section 3:  Demonstration of Ethical Considerations 
 
This section is available for submission of further details relevant to Section 3. 
 
 
 

 
 
 
 
 
 
 
 
 



ANNEX FOUR – Application form for full submission for research ethics 
approval 
 
 

Department for Health 
Research Ethics Approval Committee for Health 

 
 

Title of study 
 
 

Film-forming Agents as Potential Barriers to Fungal Skin 
Infections 

 
Chief investigator 
 
(for research student projects, 
put research supervisors name 
here) 
 
(for undergraduate 
projects, put project 
supervisors name here) 
 

Name: Dr. A. Bolhuis  
 
e-mail: A.bolhuis@bath.ac.uk 
 
Telephone: 44 1225 383813 
 

Name: Dr. M.B. Delgado-Charro 
 
e-mail: B.Delgado-
Charro@bath.ac.uk 
 
Telephone: 44 1225 383969 
 

Other investigators 
 
(for research student 
projects, put students 
name here) 
 
(for undergraduate 
projects, put student(s) 
name here) 

Name: Mr. K.H. Ho 
 
e-mail: K.ho@bath.ac.uk 
 
Telephone:  

 
 
 

Co-investigator: 
 
Name: Dr. S. Cordery 
 
e-mail: S.Cordery@bath.ac.uk 
 
 

Source of funding for the study 
 

Self-funded PhD student 

Proposed dates of study November 2018 to February 2019 
We estimate that the study can be finished in 2 months after the 
ethical approval and beginning of recruitment. However, the study 
might be prolonged up to 4 months due to low recruitment or low 
completion rates which require additional volunteers to participate. 

Research question Study question: Can pharmaceutical and cosmetic polymers form 
acceptable firms when applied on the skin surface? 
 
Specific questions: 
1. Occlusive properties: What is the transepidermal water-loss 

(TEWL) across the treated skin? 
2. Film uniformity and irritation: Does the film modify the apparent 

skin colour? Does it cause skin redness? 
3. Acceptability: Does the treated skin feel flexible or stiff? Does the 

film feel tight or uncomfortable on the skin? 
4. Permanence on the skin surface: Do the films remain in place for 

the duration of the study? 
5. Do the above properties vary with the polymer concentration? 

Background  
(less than 100 words) 

Dermatophytosis is a common and frequently recurrent fungal 
infection of skin, nails or hair. In addition, there are concerns about 
the increasing incidence of antifungal resistance over the past 
decade, probably due to the long duration these therapies (several 



months) leading to decreased patient adherence and the several 
treatments required by a patient because of infections recurrence.  
 
The aim of the project is to develop polymer films that can prevent 
the early stages of fungal infection to the skin and nails. Because 
these films do not contain antifungal drugs, we hope to avoid 
development of antifungal resistance. 
 
So far, our research has developed an ex vivo fungal skin infection 
model to study the early stages of infection to identify the polymers 
that could prevent dermatophytosis and inhibit the recurrence of the 
infection. To ensure safety, these polymers have been selected 
among those approved for pharmaceutical and cosmetic use. 
Several film-forming polymers have been identified as suitable 
candidates. Our current in vitro work aims to identify how these films 
disrupt the fungal infection and why some polymers are more 
effective than others. However, another important aspect in 
establishing the usefulness of our new approach is the behaviour of 
these films when applied to skin in vivo. This study aims to 
investigate the following:  
 
(a) Do the film-forming formulations result in films when applied to 

the skin and do these film remain in place for at least 2 hours?  
(b) Do the films modify: (i) the transepidermal water loss (TEWL) 

i.e., are they occlusive or not? or (ii) the skin colour (as marker 
for both cosmetic appeal and potential skin irritation (redness) 
and; 

(c) What is the acceptability of the films (i.e., how to they feel on 
the skin)? 

For this, the most promising two polymers A (ABIL T Quat 60) and E 
(Eudragit E100) will be dissolved at different concentrations (15 to 
25%) in 95% ethanol. The formulations will be applied to the forearm 
of healthy volunteers and the TEWL and skin colour will be measured 
with non-invasive probes at different times after application.  
 
The data gathered will help: (a) identifying the polymer and 
concentration that should be further studied for potential 
development of a spray product that prevents fungal infections and 
is user-friendly and (b) gather opinion from end-users on the 
acceptability of the approach. 

Methods  
(less than 300 words) 

1. Interested subjects will contact the research team and will be 
provided with a copy of the information document. The researchers 
will be available to clarify any aspect concerning the study. 
 
2. The subjects will contact the researchers if they decide to 
participate. An investigator will meet with the volunteer to agree the 
schedule, including the specific hours, dates and explained the study 
(pilot or pivotal) protocol, in which the participant is invited to 
participate (information will include number of treated skin sites, 
formulation applied, measurements taken), and completing the 
Participant screening questionnaire A and the consent form. 
 



3. On the day of the study, the forearms will be cleansed with mild 
soap to ensure similar starting skin conditions. The skin will be dried 
with paper tissue and then left for 15 minutes for complete dryness. 
Then the starting (baseline) TEWL and skin colour values will be 
measured at all sites. 
 
4. Two film-forming agents, Polymer A (ABIL T Quat 60) and Polymer 
E (Eudragit E100) will be dissolved in ethanol and applied to the 
subject’s inner forearm by the airbrush (nozzle size: 0.2 mm; 
pressure: 40 psi) and a pipette (100 μL), respectively. The 
concentrations used will be 15, 20 and 25% for Polymer A and 20 
and 25% for Polymer E. Film formulations with Polymer E will include 
4 or 5% of the plasticizer (triethyl citrate) to facilitate film formation.  
   
The maximum number of treated skin sites across both forearms will 
be 20 including at least one “ethanol-treated” blank site and one 
“untreated” control skin site. Depending on the formulation, 2.5-3.5 
mg of film-forming agent per cm2 of skin will be applied. 95% ethanol 
will be applied to the blank skin site. The blank and untreated 
controls will account for ethanol effects and diurnal variations in 
TEWL and skin colour. The sites will be marked with Mefix strips (or 
similar) to facilitate their localisation.  
 

• Pilot study - expected participation 4 (up to 6) subjects: 
Arm A: Maximum 8 formulation-treated sites, 1 control 
(untreated) and 1 blank. Either one or two formulations will 
be applied, each to a maximum of 4 sites. 
Arm B: Maximum 8 treated sites, 1 control (untreated) and 1 
blank. Either one or two formulations will be applied, each to 
a maximum of 4 sites. 
In the pilot study, TEWL and skin colour will be measured on 
different sites at each of the 4 sampling times.  

• Main study - expected participation 6 (up to 8) subjects: 
Arm A: Maximum 4 formulation-treated sites, 1 control 
(untreated) and 1 blank. Normally, two different formulations 
of the same polymer will be tested in duplicate (2 sites). 
Arm B: Maximum 6 formulation-treated sites, 1 control 
(untreated) and 1 blank. Up to three different formulations of 
the same polymer will be tested in duplicate (2 sites). 
In this study, TEWL and skin colour will be measured 
repeated times on the same sites. This allows duplicate 
readings of each formulation. Comparison will the pilot study 
will tell us whether these very thin films are damaged upon 
repeated application of the non-invasive probes 

 
 
5. At different post-application times comprised between 15 minutes 
and 120 minutes (e.g. 15, 45, 75 and 120 minutes), the 
transepidermal water-loss and the skin colour at treated, blank, and 
untreated sites will be measured with non-invasive probes (Bi-Ox 
evaporimeter and Minolta colourimeter) respectively. The sites will 
be inspected for appearance, integrity of the film, and any sign of 
irritation. At the end of the study, any remaining films will be removed 
with gauze imbibed in shampoo (Co-op hair care or similar) or an 



isopropanol wipe depending on the polymer. If the researcher 
notices any sign of irritation, or the participants reports any itching or 
discomfort at the treated sites, the formulations will be immediately 
removed and the participant provided with advice (ex. consult with 
the GP or a pharmacist if the side-effect persists more than one-two 
hours following removal of the products) 
 
6. At the end of the study, the researcher will ask the participant to 
fill an anonymous form (questionnaire B: Acceptability of the films) 
concerning the tolerability and convenience of the approach and the 
participant will be given the compensation money.  

Sample size (or equivalent 
qualitative approach) 
 

We estimate that up to 4 (pilot study) and 6 (pivotal) subjects (i.e., 
per treatment) should be enough to provide robust data. This 
estimation is based on previous work looking into the effects of 
dermatological formulations on skin colour and transepidermal water 
loss. There are no publicly available previous studies based on films 
so a higher than expected variability is possible. A better estimate 
about the required number of subjects will be possible once the 
results from the first few subjects are available. In any case, the 
maximum number of subjects to complete each study/treatment will 
be 6 (pilot study) and 8 (main study).  
We hope to recruit up to 25 subjects to account for subjects that may 
withdraw from the study or provide incomplete results. 

Proposed Analysis 
 

Data treatment and Data interpretation 
• Measurements of TEWL and skin colour after film application: 

Normally, differences with respect to the baseline values at 
respective sites will be calculated and used to determine the 
potential effect of the formulations tested (polymer type and 
concentration) on the occlusive properties of the film and on the 
skin colour. These data will be analysed using repeated 
measures ANOVAs and or Two-Way ANOVAs followed by 
corresponding post-hoc tests. Changes in TEWL will inform 
about the occlusive nature of the films and changes in skin colour 
will inform about the film appearance/aesthetic as well as 
potential very mild irritation (e.g., a redness imperceptible to the 
eye).  

• A 5 points Likert scale will be used in the questionnaire to gather 
the acceptability of the film-form agents. This will be simply 
analysed using simple descriptive statistics and non-parametric 
comparisons. 

Potential risks to volunteers 
 

Potential Risks 
1. The study will only involve healthy subjects to minimise the risks 
and interferences with medical treatments. In addition, healthy 
subjects with signs of damaged or dry forearm skin will be excluded. 
 
2. Potential risks related to the film-forming agents, formulation and 
solvents: 

• ABIL T Quat 60: ABIL T Quat 60 is a hair conditioning agent 
and has been registered in EU, USA and Japan for cosmetic 
use. Based on the safety data sheet, this chemical neither 
causes irritation nor erosion of the skin. We expect a small 
probability of local and mild side effects. 



• Eudragit E: Eudragit E is used as a coating material for oral 
medicines. Based on the safety data sheet, this chemical 
neither causes irritation nor erosion of the skin.  

• 95% Ethanol: Topically applied ethanol does not cause 
acute or systemic toxic effects. Toxic effects of ethanol on the 
skin and immediate local tissues are expected to be low 
unless the skin is damaged. Adverse effects of topically 
applied ethanol may include skin irritation or allergic contact 
dermatitis.  

• Triethyl citrate (TEC): Triethyl citrate is a citric acid-derived 
ingredient that has been approved by U.S. FDA as a food 
additive and for cosmetic purposes This chemical poses a 
low risk for both skin irritation and sensitisation.  

• Potential allergy or irritation due to the cleaning procedure at 
the end of the study with either shampoo or the isopropanol 
wipes, or due to the adhesive used to demarcate the skin 
sites 

 
3. The risk of toxicity is minimized by restricting participation to one 
occasion and the small application areas. 
 
4. The risk of allergies is minimized by excluding participants who 
are (or suspect to be) allergic to hair care products or medicines in 
general. 
 
Adverse Event Management 
If local side effects (e.g. skin irritation and itchiness) appear, the 
participants will be provided with advice (e.g. avoid scratching, apply 
emollient creams) to deal with minor side effects and will be advised 
to consult with their GP (or a pharmacist) in case of any doubt, if the 
minor side effects persist (more than 24 hours for example) or in 
case of more than minor side effects.  
 
If the subject develops any adverse skin reactions, e.g. itchiness and 
rash, the study will be terminated immediately. The polymeric films 
will be removed from all sites with gauze imbibed in shampoo or an 
isopropanol wipe depending on the polymer. Participants will be 
advised to consult with their GP (or with a pharmacist). 
 
All the risk of side effects of both film-forming agents and solvents 
are described in the participants’ information form and in the consent 
form. 

Potential for pain/discomfort 
 

We do not expect the participation to cause pain to the subjects. 
The participant may find that: 
• The restrictions to lifestyle imposed by the protocol are 

unacceptable. 
• Application of the polymer film is uncomfortable or inconvenient; 
• Maintaining a steady posture during the measurement periods is 

uncomfortable or tedious. 
 
If the participant indicates that their discomfort is too great, the 
researcher will stop the measurements and the polymeric films will 
be removed. 
 



We will discontinue the study at any time upon request from the 
research participant for any reason. 
The information document and the time schedule will explain clearly 
the restrictions, time involvement and potential for discomfort so the 
subject can consider them before providing informed consent.  

Benefits to participants 
 

There are no direct benefits to the subjects who participate in this 
study. 
The study will involve healthy subjects and therefore, it will not 
provide any therapeutic benefit to them. 
Indirect benefits include a monetary “acknowledgement” for 
completing the trial. We consider the amount (£10) appropriate to 
compensate for the subject’s time commitment to the study, without 
being coercive.  
Societal benefits would include the development of methodology to 
that prevents skin and nail fungal infections. 

Will the study involve deceiving 
the participants? If so, please 
justify why deception is 
necessary. 

This study does not involve any deception. 

How will participants be 
recruited? 

Recruitment will take place through (a) advertising leaflets 
distributed as hardcopies around the campus at the University of 
Bath and electronically (if needed) through the University of Bath 
website (see copy of advertising material) and (b) word of mouth. 

Exclusion/inclusion criteria 
 

• We aim to recruit at least 40% participants of each gender. 
• There are no recruitment targets in specific ethnicity/race/age 

categories.  
• We expect most participants to be staff and students at the 

University of Bath. 
We will enrol as many up to maximum 25 subjects to ensure 
completion of the study in at least 4 (pilot study) and 6 (pivotal study).  
 
Inclusion Criteria 
Inc. 1. Age: 18-72 years. 
Inc. 2. Male and female of any ethnic background. 
Inc. 3. Willingness to provide basic information (i.e. age, gender, 

and health status). 
Inc. 4. Provide written informed consent before initiation of any of 

the study procedures. 
Inc. 5. Agree not to participate in another trial during the study 

period. 
Inc. 6. Able to communicate well with the investigators. 
Inc. 7. Able and willing to adhere to the study restrictions and 

experiment schedule. 
 
Exclusion Criteria 
Exc. 1. Does not meet all inclusion criteria 
Exc. 2. A medical history either reported by the research 

participants or evident to the investigator of skin infection of 
chronic skin disease (e.g. psoriasis and atopic dermatitis). 

Exc. 3. Hereditary skin disorders or any skin inflammatory 
conditions as reported by the research participant or 
evident to the investigator. 

Exc. 4. MPharm and M/BSc Pharmacology undergraduate 
students at the University of Bath who may be taught or 



supervised by Dr. A. Bolhuis and/or Dr. MB Delgado-
Charro. 

Exc. 5. Concurrent use of any topical drugs or cosmetics at the test 
site area. 

Exc. 6. Strenuous exercise during the study period, e.g. jogging, 
aerobics, swimming, cycling, etc.  

Exc. 7. Any prior skin allergic reaction to ethanol or to the polymers 
used. Allergy to hair care products and to medicines. 

Exc. 8. Inability to attend all time points of data collection. 
Exc. 9. Inability to communicate or co-operate with the 

investigators. 
Exc. 10. Any condition that, in the opinion of the investigator, would 

place the subject at an unacceptable risk of harm/injury 
during the study or render the subject unable to meet the 
requirements of the protocol. 

How will participants consent 
be taken? 

Interested subjects will contact the investigators who will provide a 
copy of the “Subject information” form including a list of the 
inclusion/exclusion criteria.  
The investigators will be available to answer any questions or 
provide further information.  
After a minimum 24 hours for reflection, the subject will contact the 
investigators to communicate his/her interest in participating in the 
study.  
The participant will meet with an investigator to complete a 
questionnaire (see attached document, Questionnaire A: Participant 
screening) and, if appropriate, signed informed consent (see 
attached document) will be obtained. 

How will confidentiality be 
ensured? 

A Participant Report Form (PRF) entry will be completed for each 
subject enrolled in the study. On this PRF, subjects will be identified 
by a number code (e.g. subject 1) and all experimental data for that 
subject will be identified by the subject’s code and not by name. All 
data analysis, research team discussions and research outcomes 
(scientific articles, oral and poster presentations to research group 
and conferences) will only use codes. The coded experimental data 
will be kept apart from files with personal data. 

Personal information: Subject personal data will be kept separately 
from the PRF and will be accessible only to the investigators, either 
as hard-copies under lock in locked offices or electronically at the 
University server with password protection. Only the Principal 
Investigator and/or Study Investigators will have access to this 
information. The participant code will not be linked to this information. 
These records allowing subject identification will be scanned after 
termination of the study and transferred to computer storage 
(University server X drive + password protection) and deleted from 
these computers after 10 years. Hardcopies will be shredded and 
disposed in “confidential waste sacks”. 

Questionnaires and consent forms will be kept either as hard-copies 
under lock cabinets in locked offices or electronically at the 
University server with password protection (long-term storage). 
Hardcopies will be shredded and disposed in “confidential waste 
sacks”. 



If pictures are taken, provided participant consent, this will only 
include the forearms and will exclude details (face, clothing, jewellery 
etc.) that could result in identification. 

 
 
Attach the following (where relevant): 
 
1. Participant information sheet 
2. Consent Form 
3. Health history questionnaire 
4. Poster/promotional material 
5. Copy of questionnaire/ proposed data collection tool (questionnaire; interview 

schedule/ observation chart/ data record sheet/ participant record sheet) 
6.     Data Management plan 
 
 
 
Signed by: Principal Investigator or Student Supervisor 
 

A. Bolhuis____                            Date:_____24th October 2018_ 
 
 

MB Delgado-Charro_       __    _ Date:_____24th October 2018_ 
 
 
 
 
Signed by:  Student or other researchers 
 

Kaho Ho ____        __ __            ___ Date: _    _24th October 2018_ 
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Department of Pharmacy & Pharmacology, 

Claverton Down, Bath, UK BA2 7AY 

 Mr. K.H. Ho 
Email: k.ho@bath.ac.uk 
 

Dr. A. Bolhuis  
Email: a.bolhuis@bath.ac.uk 
 
Dr. M.B. Delgado-Charro 
Email: B.Delgado-Charro@bath.ac.uk 
 

 

Participant information sheet 

Study: “Film-forming Agents as Potential Barriers to Fungal Skin Infections” 

 You are being invited to take part in a research study. 
 Before you decide on your participation, it is important for you to understand why the 

research is being done and what it will involve. Please take time to read the following 
information carefully and discuss it with others if you wish. 

 Please contact us if there is anything that is not clear or if you would like more information. 
Our contact details are at the end of this document and top of this page 

 Take as much time as you want to decide whether you wish to take part in this study. 

 

Thank you for reading this information sheet! 

 

Summary of the Study 
 

 We need healthy adult volunteers with healthy skin. 
 

 We will apply two film-forming formulations containing a polymer dissolved in ethanol 
to several sites on both of your forearms for up to 2 hours. 
 

 After these applications, and at different times we will do the following: 
a) A non-invasive measurement of skin colour and water loss across the skin sites 

where the films have been applied and some control sites. 
b) Ask you to fill a questionnaire regarding to the acceptability of the films; that’s 

is “How did they feel on your skin?” 
 

 Risks: The two polymers are used for preparation of cosmetics (hair conditioning) and 
of oral medicines. They will be dissolved in ethanol which may cause some mild skin 
irritation and redness. Note that NO fungi will be used in the study. 
 

 Your participation involves one pre-study meeting and the study. We estimate the 
study can take up to a maximum 5 hours of your time.  
 

 We will thank you for your participation with £10 
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1. What is the purpose of this study? 

Fungal infections of the skin and nails are very frequent, about 20 to 25% of the world population 
is infected. These infections can be transmitted in humid communal areas (swimming pools and 
changing rooms) and by personal items. Also, they are highly recurrent with about 25 to 40% of 
patients being re-infected after treatment. Unfortunately, resistance to medicines has increased, 
due to the frequent use of antifungal medication to treat recurrent cases and the long duration of 
the treatments.  

Our idea is to prevent, rather than treat, fungal infections and re-infections by creating a physical 
barrier between the fungi and the skin. If our idea works: (a) the fungi would not be able to cause 
infection as this barrier would protect the skin; and (b) less treatments with antifungal medicines 
would be needed, potentially decreasing the frequency of resistance. 

The long term of this project is to develop polymer films that will be sprayed to the skin to prevent 
fungal infection. We have identified two polymers, used for making cosmetics and medicines, 
that can do so in a laboratory model. However, we need also to investigate the practical aspects 
of these films:  how do they feel on the skin? are they visible? do they interfere with the natural 
loss of water across the skin? do they cause irritation or itchiness? would people use them? This 
study aims to answer these questions. 

2. Volunteer requirements  

For your own safety, and for the results of the experiment to be valid, we have established the 
following inclusion and exclusion criteria: 

• All the following “inclusion criteria” must be true for you: 
1. You are 18-72 years old, healthy, male or female of any ethnic background. 
2. You can communicate well with the investigators. 
3. You are willing to provide basic information (i.e. health status, age and gender) so that 

the investigator can verify your compliance with the inclusion and exclusion criteria.  
4. You are able and willing to adhere to the study restrictions and can be present at the 

research site at the times required. 
5. You provide written informed consent before initiation of any of the study procedures. 
6. You agree not to participate in another clinical or cosmetic study during your 

participation. 
 

• On the contrary, you cannot participate in this study if any of the following “exclusion 
criteria” applies to you: 
1. You cannot participate if you are not healthy that is, if you are taking any medication with 

exception of contraceptives in female subjects. 
2. You cannot take part in this research if you suffer from:  

(a) skin infection or chronic skin disease (e.g., eczema, psoriasis, atopic dermatitis);  
(b) hereditary skin disorders or any skin inflammatory conditions as reported by you or 
evident to the investigator;  
(c) excessive pigmentation, tattoos, hair, moles, skin defects, sunburn, or blemishes in 
your forearms.  

3. You are a MPharm or B/MPharmacology undergraduate student at the University of Bath.  
4. If you are taking part, or have recently participated, in any other trial or cosmetic study. 
5. If you are using any cosmetic at the test site area as this could interfere with the results. 
6. If you plan any strenuous exercise during the study period. 
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7. Any prior skin allergic reaction to ethanol or to the polymers used. Allergy to hair care 
products and to medicines. 

8. Inability to attend all time points of data collection. 
9. Inability to communicate or co-operate with the investigators. 
10. Any condition that, in the opinion of the investigator, would place the subject at an 

unacceptable risk of harm/injury during the study or render the subject unable to meet 
the requirements of the protocol. 
 

3. Your participation in the research: 

It is up to you to decide whether or not to take part in this study. If you decide to take part, please 
contact one of the researchers. Then: 

• You will be given a copy of this information sheet to keep for your records. 
• You will be asked to sign a consent form and you will be given a copy of the consent form. 
• If you change your mind, you are free to withdraw at any time and without giving a reason. 

4. Why do we want you to participate? 

We need healthy volunteers with healthy skin to determine the behaviour and appearance of 
these polymeric films once applied to the skin. Individuals suffering from skin disease cannot be 
used for this study because: (a) their condition introduces several factors that make it difficult for 
us to draw useful conclusions and (b) the formulations could worsen the condition of a diseased 
skin.  

This study only aims to study the physical properties of polymeric films and their acceptability 
by potential end-users. Only polymers and ethanol will be applied to your skin, fungi will NOT 
be used in this study. 

5. What will happen if I decide to participate? 

Your participation involves two sessions: One pre-study meeting with the investigator(s) and one 
experimental session that take place over one day (3-4 hours). 

Read carefully this information form to understand well what your participation requires, and 
the potential risks involved. Ask for further clarification if needed before you take a decision. If 
you decide to participate, you will contact the research team and will meet with them to provide 
“written informed consent”. If you decide otherwise, there is no need to contact us or to provide 
any explanation for your decision. 

The experiments will take place in the research laboratories (5 West 3.22) of one of the principal 
investigators (Dr. M.B. Delgado-Charro) in the Department of Pharmacy and Pharmacology at 
the University of Bath. 

6. The step-by-step procedure involves: 

6.1. Pre-study meeting 

At least 48 hours before the study, the investigator will meet with you to explain and agree the 
procedure and schedule (timing) and ask you to complete a questionnaire and consent form. You 
will provide some personal information about your age, gender, general health status (whether 
you are taking medication) and particularly, about your skin condition.  

The researcher will explain to you the specific study (pilot/main) in which you will participate, 



Page 4 of 8 
 

the formulations used, and the timing involved. If after this, you decide to participate we will ask 
you to fill in a sign an “Consent form”, you will get a copy of this form. 

We will ask you not to use any lotions or lubricating creams on your forearms for at least 24 hours 
prior to and throughout the study itself.  

We will request you that you don’t engage in strenuous physical exercise whilst the films are 
applied to your skin as this may interfere with our measurements or modify the films.  

See below two examples of the (pilot and main) study protocol for a participant). These examples 
show the maximum number of treatments and skin sites that could be used. The specific hours 
and dates for your test will be agreed during the Pre-study preparation. The number of treated 
and control sites and the formulations used will be decided by the investigator and are dictated 
by research needs. However, the researcher will inform you about these aspects during the Pre-
Study meeting and will not modify them without your consent.   

6.2. Pilot study 

Start 
time 

End time What will happen? 

09:00 09:30 Wash with mild soap solution and dry both forearms. Then measure the baseline 
skin colour and the skin water loss at all sites (Fig 2). 
 

09:30 09:40 We will delimit up to 20 skin sites (up to 10 on each arm) with a medical adhesive. 
(Fig. 1).  
Wearing gloves, we will apply film-forming formulations in up to 8 sites on each 
arm. These formulations will be some of the following:  
     Polymer A (15, 20 and 25%) in ethanol solution applied with an airbrush 
    Polymer E (20 and 25%) in ethanol solution applied with a pipette.  
Remaining sites will be controls: one untreated skin and one treated with ethanol 
only on each arm.  
If you have agreed to it, the researcher might take pictures of your forearms. 
 

09:45 10:05 The skin colour and the water loss at specific sites will be measured. 
 

10:15 10:35 The skin colour and the water loss at specific sites will be measured. 
 

10:45 11:05 The skin colour and the water loss at specific sites will be measured. 
 

11:30 11:55 The skin colour and the water loss at specific sites will be measured.  
If you have agreed to it, the researcher might take pictures of your forearms. 
The films will be removed either using isopropanol or washing with a shampoo (Co-
op haircare or similar). 

11:55 12:15 You will be invited to fill in an anonymous questionnaire regarding the 
acceptability of the films and you will be given your acknowledgement money 
(£10).  
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Figure 1 – Plan for the pilot study. The 
maximum number of skin sites involved is 20. 
Example of layout: Blank (95% ethanol only): 
A0A and E0A; Untreated site: A0B and E0B; 
Polymer A (20%): A1A, A1B, A1 & A1D; 
Polymer A (25%): A2A, A2B, A2C & A2D; 
Polymer E (20%): E1A, E1B, E1C & E1D; 
Polymer E (25%): E2A, E2B, E2C & E2D. 

 

 

 

 

 

 

 
 
Figure 2 – Illustration of how the skin 
colour and water loss will be 
measured with the Minolta 
colourimeter (left panel) and the Bi-Ox 
Evaporimeter (right panel). 
 

 

 

 

 

Figure 3 – Schematic diagram of the main study. 
The maximum number of skin sites involves is 20. 
Example of layout. Blank (95% ethanol only): A0A 
and E0A; Untreated control: A0B and E0B; Polymer A 
(15%): A1A & A1B; Polymer A (20%): A2A & A2B; 
Polymer A (25%): A3A & A3B; Polymer E (20%): E1A 
& E2B; Polymer E (25%): E2A & E2B 
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6.3. Main study 

Start 
time 

End time What will happen? 

09:00 09:30 Wash and dry both forearms, then measure the baseline reading of the skin 
colour and the water loss at all the sites (Fig.2). 

09:30 09:40 We will delimit up to 14 skin sites (up to 8 on one arm / 6 in the other) with some 
surgical or medical adhesive. (Fig. 3).  
Wearing gloves, we will apply film-forming formulations in up to 6/4 sites on 
each arm. These formulations will be some of the following:  
     Polymer A (15, 20 and 25%) in ethanol solution applied with an airbrush 
    Polymer E (20 and 25%) in ethanol solution applied with a pipette.  
Remaining sites will be controls: one untreated skin and one treated with ethanol 
on each arm.  
If you have agreed to it, the researcher might take pictures of your forearms. 

09:45 10:05 The skin colour and the water loss of all the sites will be measured. 
10:15 10:35 The skin colour and the water loss of all the sites will be measured. 
10:45 11:05 The skin colour and the water loss of all the sites will be measured. 
11:30 11:55 The skin colour and the water loss of all the sites will be measured. 

If you have agreed to it, the researcher might take pictures of your forearms. 
The films will be removed either using isopropanol or washing with a shampoo 
(Co-op haircare or similar). 

11:55 12:15 You will be invited to fill in an anonymous questionnaire regarding the 
acceptability of the films and you will be given your acknowledgement money 
(£10). 

7. Are there any side-effects?

We do not expect this study to cause any pain. 

However, you may find that: 

• The restrictions to lifestyle and daily routine are unacceptable.
• Application of the polymer film is uncomfortable or inconvenient. For example, ethanol will

cause a “cold feeling” as it evaporates upon application
• Maintaining a steady posture during the measurement periods is uncomfortable or tedious.

Note you can withdraw your participation at any time.

Potential risks related to the film-forming agents, formulation and solvents: 

• Polymer A (ABIL T Quat 60) is a hair conditioning agent approved in the EU, USA and Japan
for cosmetic use. It does not cause skin irritation or skin damage and there is only a small
chance of local and small side effects.

• Polymer E (Eudragit E) is a coating material used for oral medicines. It does not cause skin
irritation or skin damage and there is only a small chance of local and small side effects.

• 95% Ethanol when applied on the skin it will not cause acute or systemic toxic effects. Most
of it will evaporate when the films are applied and only a tiny amount will be absorbed
through the skin. Ethanol may cause skin irritation or allergic contact dermatitis.

• Triethyl citrate is approved in the USA as a food additive and for cosmetic purposes. It is
combined with Eudragit E to facilitate formation of films. It has a low risk for skin irritation



Page 7 of 8 
 

and sensitisation.  

It is, however, possible (although unlikely) that you experience allergy, or another serious 
adverse event. 

We have minimized chances of side effects by: (a) excluding non-healthy subjects and those with 
skin disease, with skin redness or dryness, or tattoos or blemishes in the forearm and (b) limiting 
your participation to one (either the main or the pilot) study. 

If you experience any side effects other than mild skin redness or irritation at the treatment sites, 
you may consider contacting your GP (or a pharmacist) for advice. 

At the end of this form, you will find a list of ingredients present in the film-forming formulations. 

8. Can you withdraw from the study at any time? 

Yes. You are free to join the study and you may withdraw at any time or choose not to answer 
certain questions.  

The researchers may ask for permission to take some photographs of your forearms during the 
experiment. You may refuse to this and this will not exclude you from the study. If you gave 
consent for pictures to be taken, you can change your mind during the study and continue your 
participation. 

If you change your mind after completing the study, you can ask the researchers to withdraw 
your data from the study. You can ask (see e-mail in front page) us to do so during the 14 calendar 
days following your study day. For example, if your test was on the 6th November, the last day 
you can ask us to remove your data from the study will be the 20th November. Digital files related 
to your participation will be deleted data and hardcopies with your data will be destroyed. 

9. Will the information in the study be confidential? 

All your personal information will be treated in confidence. The personal information (such as 
age, gender, health status) in hardcopies will be kept in locked cabinets in locked offices and that 
in electronic files will be kept password protected at the University of Bath server. Only the 
research team will have access to your personal data. Storage of data will be done in accordance 
with GDPR and the recorded personal information will not be kept for more than 10 years. 

All data will be anonymized: no names will be mentioned in any internal and public (published 
articles, conference presentations). All data resulting from your participation will be identified 
by a code number.  

If you agree that photographs can be taken, the pictures will only include your treated forearms 
and will exclude items (clothing, jewellery) that could result in your identification.  

10. Results of the study 

The anonymized results of this study may be published in scientific journals and/or presented 
during conferences and/or internal reports. You can get a copy of any published articles upon 
request. 

11. Who will profit from this study? 

There are no direct benefits of your involvement in this study. However, the successful realisation 
of our research will help to develop a new strategy to avoid fungal infections, reducing the rate 
of recurrence and infection transmission, and decrease antifungal resistance. Other researchers 
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may also use the published results in further studies.  

12. Acknowledgement 

A modest financial payment will be provided to recognise the inconvenience to you and for your 
time commitment to the study. You will be paid a total of £10 for completing the study.  

13. What should you do if you have any concerns about taking part? 

If you have any problems, concerns, complaints or other questions about this study, you should 
preferably contact the investigators (see front page or section 15 below for contact details). 

If the investigators are unable to satisfy your concerns or you wish to make a complain, please 
contact the chair of REACH (Research ethics approval committee for Health): 

Dr James Betts 

e-mail: J.Betts@bath.ac.uk   Tel: +44 (0) 1225 38 34 48  

14. Organisation of the research 

This study is preformed at the Department of Pharmacy and Pharmacology, University of Bath. 
The protocol has been reviewed and approved by Research Ethics Committee for Health of the 
University of Bath. Study code: EP 17/18 241. 

15. Contact for further information 

We will be more than happy to answer any questions you have about this research and your 
participation. Please contact any one or more of the principal investigators: 

Mr. K.H. Ho k.ho@bath.ac.uk 
Dr. M.B. Delgado-Charro B.Delgado-Charro@bath.ac.uk 
Dr. A. Bolhuis a.bolhuis@bath.ac.uk 

 

You will be given a copy of this information sheet and a signed consent form to keep. 

Thank you for interest in this study. 

 

Table 2 – Components in the formulations tested 
 Components 
ABIL T Quat 60 (Polymer A) ABIL T Quat 60 

95% Ethanol 
Eudragit E (Polymer E) Eudragit E 

Triethyl citrate 
95% Ethanol 

Blank 95% Ethanol 
 



 

 

Department of Pharmacy & Pharmacology, 

Claverton Down, Bath, UK BA2 7AY 

 
 
 
Participant code: 

Mr. K.H. Ho 
Email: k.ho@bath.ac.uk 
 

Dr. A. Bolhuis  
Email: a.bolhuis@bath.ac.uk 
 
Dr. M.B. Delgado-Charro 
Email: B.Delgado-Charro@bath.ac.uk 
 

 

Consent form 

Study: “Film-forming Agents as Potential Barriers to Fungal Skin Infections” 

 Before you participate in this study you must provide “informed consent”. This form must 
be completed in duplicate. You will get a signed copy for your records and we will keep 
the other. 

 Please complete the whole of this sheet by yourself by answering the questions and sign 
and date at the end. The investigator will then date and sign the form. 

 

 Yes No 
1. I understand the nature and purpose of the procedures involved in this 

project. These have been communicated to me on the information sheet 
accompanying this form. 

○ ○ 

2. Have you had a chance to discuss the study? ○ ○ 
3. Have you had satisfactory answers to all your questions? ○ ○ 
4. Have you been given enough information about the study? ○ ○ 
5. Who has explained the study to you? 

Dr/Mr/Miss/Mrs…………………………………………………………………… 
  

6. Are you being able and willing to adhere to the study restrictions as 
described in the participant information form?  

○ ○ 

7. Are you being able and willing to be at the research site at the times required 
as agreed with the investigator and described in your study schedule? 

○ ○ 

8. Do you understand that you are free to withdraw from the study?   
At any time? ○ ○ 
Without having to give a reason? ○ ○ 

9. Do you give permission for the film-forming formulations to be applied to 
your skin? These formulations will include: polymer ABIL Quat 60 or Eudragit 
E100; ethanol, triethyl citrate. 

○ ○ 

10. Do you give permission for us to measure TEWL (water loss from the skin) 
using non-invasive probes? 

○ ○ 

11. Do you give permission for us to measure changes in the colour of your skin 
using non-invasive probes? 

○ ○ 

12. Do you understand that you may experience some local (skin) side-effects 
during your participation? 

○ ○ 

  



 Yes No 
13. Do you understand that it is possible that you may experience an allergic 

reaction or a serious adverse event not listed in the information form? 
○ ○ 

14. Do you agree that the researchers may take photographs of your forearms 
during the experiment? 

○ ○ 

15. Do you understand how and when you will receive the monetary 
acknowledgement? 

○ ○ 

16. Have you had enough time to come to your decision? ○ ○ 
17. I understand the data I provide will be treated as confidential, and that on 

completion of the project my name or other identifying information will not 
be disclosed in any presentation or publication of the research. 

○ ○ 

18. I understand that I am free to withdraw my data within two weeks of my 
participation. 

○ ○ 

19. I understand that my consent to use the data I provide is conditional upon 
the University complying with its duties and obligations under the Data 
Protection Act. 

○ ○ 

20. Do you agree to take part in the study? ○ ○ 
 

PARTICIPANT          

Signed ……………………………………………………..… Date …………………… 

Name (BLOCK LETTERS) .……………………………………………………………. 

Participant code:  

(to be assigned by investigator) 

 

INVESTIGATOR 

I have explained the study to the above patient and he/she has indicated his/her willingness 
to take part. 

Signed …………………………………………………………Date ………………… 

Name (BLOCK LETTERS) .…………………………………………………………. 

 

 

PARTICIPANT:      Participant code: 

 
I confirm receipt of £……………………….. as an acknowledgment for my participation         

 

Signed: ……………………………………………………………… Date: …………………… 

Name (BLOCK LETTERS) .…………………………………………………………………… 

If you have any concerns or complaints related to your participation in this project please direct them to the 
Chair of the Research Ethics Approval Committee for Health, Dr James Betts (j.betts@bath.ac.uk, 01225 383448) 



 

 

Department of Pharmacy & Pharmacology, 

Claverton Down, Bath, UK BA2 7AY 

 
 
 

 
Participant code: 

Mr. K.H. Ho 
Email: k.ho@bath.ac.uk 
 

Dr. A. Bolhuis  
Email: a.bolhuis@bath.ac.uk 
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Study: “Film-forming Agents as Potential Barriers to Fungal Skin Infections” 

 

Questionnaire A: Participant screening  

➢ For your safety, and for the results of our research to be valid, we must check that you fit some 

criteria before you enter this study. 

➢ Please answer the following questions to the best of your knowledge.  

Age: 
 

Female                             Male                               Other/Prefer not to say:    

 
 
 Yes No 
1. Do you feel that you can communicate well with the investigators? 

 

○ ○ 

2. Are you healthy? 

 

○ ○ 

3. Do you suffer from?   

(a) infections or chronic skin diseases (eczema, psoriasis, atopic dermatitis) ○ ○ 

(b) hereditary skin disorders, allergies or any skin inflammatory conditions? ○ ○ 

(c) have you experienced sunburn recently or got a tattoo on your forearms? 

 

○ ○ 

4. Have you had in the past (or suspect you may have suffered) any adverse or 
allergic reaction to ethanol? 

○ ○ 

5. Have you had in the past (or suspect you may have suffered) any adverse or 

allergic reaction to hair care products or to medicines? 

○ ○ 

6. Are you using any topical drugs on your forearms? 

 

○ ○ 

7. Are you participating, or have recently participated in a clinical or cosmetic study? 

If yes: When? Did it involve use of medicines and/or cosmetics? 

 

○ ○ 

8. Are you a current undergraduate MPharm or B/MPharmacology student at the 

University of Bath? 

○ ○ 
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Study: “Film-forming Agents as Potential Barriers to Fungal Skin Infections” 

 

Questionnaire B: Acceptability of the films 

➢ Thank you for participating in our study!  

➢ We would appreciate it very much if you let us know your opinion about the films applied 

to your skin. We kindly request you to answer the following questions.  

➢ Please rank between 1 to 5 based on the questions or 0 if you are not sure. 

 

  0 1 2 3 4 5 

Odour of the film 

  Unpleasant  Mild  Unnoticeable 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

Cosmetic appearance 

of the film on the skin 

  
Roughed or 

wrinkled 
 Satisfactory  

Imperceptible 

or smooth 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

Integrity of the film at 

the end 

  Cracks or flakes  
Small 

imperfections 
 

Intact and 

even 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

Speed of film 

formation 

  
Too long, 

unpractical 
 Acceptable  Fast, practical 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 



How do the films feel 

on your skin? 

  

Uncomfortable, 

would never 

use them 

 Acceptable  

Comfortable, 

would be 

happy to use 

them 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

If uncomfortable, did 

they feel: 
  Very much  Acceptable  Not at all 

Prickly 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

Stiff 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

Itchy 

Left 

arm 
○ ○ ○ ○ ○ ○ 

Right 

arm 
○ ○ ○ ○ ○ ○ 

 

Which formulations would you prefer to use (if none, say so)? 
 

 
 
 
 
 
 
 

 
Any other comments of the films?  
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Postgraduate Data Management Plan 

1 Overview 

1.1 Project name Film-forming Agents as Potential Barriers to Fungal Skin 
Infections 

1.2 Plan author Mr. K.H. Ho 

1.3 Project description 

Provide two or three sentences summarising your project's research questions and data needs. 

The aim of the project is to develop polymer films that can prevent the early stages of infection 
to the skin and nails, to avoid development of antifungal resistance. Research questions: 
Measuring the transepidermal water-loss (TEWL), flexibility, irritation and acceptability of the 
film-forming agent in different concentration. This study will relate the irritation, water-loss 
and acceptability data gathered for the response of the film-forming agents applied to the skin. 

The data will comprise experimental measurements of TEWL and skin colour, and two 
questionnaires and an informed consent form 

2 Compliance 

2.1 With what legislative, contractual and policy requirements must the project comply? 

Comply with Research Data Policy and with Data Protection. 

Data related to participants in the study: 

• Signed informal consent forms obtained from participants for data with signed receipt of
the acknowledgement money must be kept for 10 years under lock.

• Questionnaire (exclusion/inclusion) must be kept for at least 10 years under lock.
• Forms including confidential personal data must be maintained for 10 years and will be

kept as hard copies under lock.
• Electronic (scanned) copies generated from hard copies of the documents listed above

may will be kept for long-term storage (up to 10 years) once the project is finished. These
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will be kept at the University server (X drive, password protect space allocated to the 
project) 

• Access to the personal data must be restricted to myself (student) and supervisors  
• Any public and internal communication about the project will not identify participants in 

the study and will ensure anonymity. Data will be coded. 
• Confidentiality of personal data must be ensured. 

 

Data generated in the study: 

• The data generated will include: 
1. Transepidermal water loss measurements 
2. Irritation 
3. Acceptability (questionnaire) 
4. Statistical analysis and combined results (tables, graphs) of the data above 
  

 

3 Gathering data 

3.1 What data will the project require? 

• The data and forms below will be gathered from a maximum 20 participants 

• Word files: Consent forms and two questionnaires above (about 1 ring binder). 

• Excel, minitab and PrismGraph files regarding (maximum 200 MB): 

1. Transepidermal water loss measurement  
2. Irritation 
3. Acceptability 
4. Statistical analysis and combined results (tables, graphs) of the data above  

 

3.2 How will these data be gathered? 

• Participants will fill in the consent form and two questionnaires (health and personal data, 
acceptability). 

• Water-loss, and irritation will be directly measured with a non-invasive probe by the 
researcher. 
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• Statistical analysis, graphs and table will be generated by the investigators team using 
anonymised data 

 

3.3 What original software, if any, will the project create? 

• Not applicable 

4 Working with data 

4.1 Where and how will the data be stored? 

• The primary copy will be on the University’s managed data storage (the X Drive), to which 
only the chief investigator has access. The X Drive is backed up daily by Computing 
Services. When working away from a secure and reliable network connection, I will 
synchronise the files I need between the X Drive and my local hard drive beforehand and 
immediately afterwards. 

• Forms including: Signed informed consent forms with signed receipt of the 
acknowledgement money; Questionnaire (exclusion/ inclusion), Questionnaire 
(acceptability), and personal data will be kept in a locked drawer within the PI’s locked 
office. For the purposes of backup, and at the end of the project for long storage; the files 
will be scanned and kept at the X Drive-password protected. 

• A raw copy of the data will be stored temporarily at the facility where experiments are 
run. Once I have finished processing them, my summary data will be transferred securely 
to the X Drive and the data at the facility will be deleted.  

 

4.2 How will access be controlled? 
• Only myself and my co-investigators will have access to my data during the project. We 

will have the only copies of the key to the locked filing cabinet, and access to the storage 
spaced at the University server (X Drive). 

 

4.3 How will the data be organised? 

• All the generated experimental data will be stored in one folder. 

• The document and data will be stored as the structure <experiment>_<date>/<code 
participant>. 
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• Another folder will include summary data and statistical analysis. 

 

4.4 What documentation will accompany the data? 

• There are additional notes may for publishing scientific outputs. These are recorded as 
Word files are achieved in the server space (project site) 

 

5 Archiving data 

5.1 Which data should be retained long-term? Which will be deleted at the end of the 
project? 

• I will keep all of my data, both raw and processed, for 10 years. 

 

5.2 How will retained data be preserved? For how long? 

• My data will be published as supplementary information to support a publication. 

 

5.3 How will any original software be maintained after the project? 

• N/A 

6 Sharing data 

6.1 Will access be restricted to any retained data? Why, and how? 

• All data will not be shared to third parties. 

7 Implementation 

7.1 How will this plan be kept up to date? 
• My supervisor and I will review this plan every 6 months and will agree updates if 

necessary. 
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7.2 What special resources will this plan require, if any? 

• N/A 

 

7.3 What training or further information will you need, if any? 

• I will attend training after identifying needs with the rest of the research team. 

 



Forearm?

Department of 
Pharmacy & Pharmacology 

We are recruiting healthy, 
adult volunteers for the 
study:
Film-Forming Agents as 
a Potential Barriers 
against Fungal Skin 
Infections

If you would like to participate in this study, please 
scan the QR code below/ contact us for more 
information: 

Fritz Ho 

K.ho@bath.ac.uk

Dr. Albert 
Bolhuis 

A.Bolhuis@
bath.ac.uk

Dr. Begoña 
Delgado-Charro 

B.Delgado-Charro@
bath.ac.uk 

(Scan QR code with your phones’ camera!) 

A modest financial 
compensation will be 

offered! 
Study approved by REACH: EP 17/18 241 
From 12/2018 to 3/2019 

No fungi will be used. 

May we borrow your



Details of the QR code: 

People that interested in this study can scan the QR code, that will direct the participant to send an email to the 
investigator (Mr. K.H. Ho: k.ho@bath.ac.uk) with following details: 

To: k.ho@bath.ac.uk 

Subject: Participating the study 

Content: Hi, I’m interested to participate the study of “Film-forming agents as a potential barrier against fungal skin 
infections” 
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