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Oleos essenciais como tratamento alternativo para a candidiase vaginal | RESUMO

A crescente prevaléncia de infecdes fungicas, especialmente causadas por Candida, destaca a
necessidade de terapias mais eficazes e menos tdxicas. Os antiflngicos convencionais apresentam
limitacdes, tais como efeitos colaterais notaveis e eficacia fungicida inadequada, o que contribui para o
aparecimento de espécies resistentes a medicamentos. Nesta perspetiva, surgem os 6leos essenciais
(OE), como alternativas promissoras. Este estudo apresenta dois métodos inovadores de aplicacao de
OEs: fase vapor (FV-OE) e encapsulamento em microcapsulas de queratina (OE-MCQ). Métodos que
visam maximizar o potencial efeito terapéutico dos éleos. Foram avaliados diferentes OEs, incluindo
arvore de cha, niaouli, tomilhos, cajeput e orégao, em espécies de Candida resistentes aos antifungicos
convencionais. Os resultados evidenciaram a eficacia dos OEs na inibicao do crescimento e na prevencao
de biofilmes, confirmando o seu potencial como terapias alternativas. Outro parametro avaliado foi a
variabilidade na eficacia de diferentes OEs que pertencem ao mesmo género, o que destaca a
importancia de considerar as caracteristicas quimicas especificas de cada OE. No contexto do tratamento
da candidiase vulvovaginal (CVV), o foco deste trabalho, os OEs mostraram atividade antifungica
significativa, especialmente na prevencao de biofilmes formados por espécies resistentes relacionadas a
CWV. De modo a mimetizar o ambiente vaginal /7 vitro, foram otimizadas as condicdes experimentais
através da utilizacao de fluido vaginal sintético. Adicionalmente, foi explorado o impacto da VF-OE na
microbiota vaginal, evidenciando a sua eficacia contra Candida sem perturbacdes significativas na
restante microflora, nomeadamente na espécie de Lactobacillus.

0 oleo essencial de orégao (OEQ) destacou-se pela sua notavel eficacia antifungica contra espécies
de Candida resistentes a antifungicos, interferindo com a integridade da membrana e com a atividade
metabolica. No entanto, a sua aplicacao clinica pode ser desencorajada, devido a possivel toxicidade.
Nesta perspetiva, foram apresentadas abordagens seguras para a sua aplicacdo no tratamento da CVV,
como a FV-EQ e 0 EO-MCQ. A aplicacéo intravaginal, /n7 vivo, de OEO-QMC num modelo animal resultou
na diminuicao do crescimento de Candida albicans, nao afetando o crescimento da espécie Lactobacillus
presente. Em conclusdo, esta tese destaca o potencial dos OEs, particularmente o dleo essencial de
orégdo, como terapias alternativas para infecées provocadas pela espécie Candida. Os métodos de
aplicacao propostos, VF-EO e OE-MCQ, oferecem possibilidades promissoras para um tratamento seguro
e eficaz. As caracteristicas naturais dos OE apresentam vantagens como menor custo, facil acesso e

menor impacto negativo na saude da mulher, preservando a saude vaginal.

Palavras-chave: Aplicacdes fitoterapéuticas; Biofilmes de Candida; Especies resistentes de Candliaa,

Fase de vapor dos 6leos essenciais; Microencapsulacao.



Essential oils as an alternative treatment for vaginal candidiasis| ABSTRACT

The increasing prevalence of fungal infections, especially those caused by Candida species,
underscores the need for more effective and less toxic therapies. Conventional antifungals have
limitations such as notable side effects and inadequate fungicidal efficacy, contributing to the emergence
of drug-resistant species. In this perspective, essential oils (EOs) emerge as promising alternatives. This
study introduces two innovative methods of EOs application: vapor-phase (VP-EQ) and encapsulation in
keratin microcapsules (EO-KMP). These methods aim to overcome limitations of EOs, maximizing their
therapeutic potential. Several EOs, including tea tree, niaouli, thyme, cajeput and oregano, were
evaluated against drug-resistant Candlida species. The results demonstrate the effectiveness of these
EOs in inhibiting growth and preventing biofilms, confirming their potential as alternative therapies.
Another investigated parameter was the variability in EO effectiveness within the same genus,
emphasizing the importance of considering the specific chemical characteristics of each EQ.

In the context of vulvovaginal candidiasis (VVC) treatment, the focus of this work, EOs exhibited
significant antifungal activity, especially in preventing biofilms formed by drug-resistant species related
to WC. In order to mimic the /n vifrovaginal environment, experimental conditions were optimized using
synthetic vaginal fluid. Additionally, the impact of VP-EO on the vaginal microbiota was explored,
demonstrating its efficacy against Candida without significant disturbances to the remaining microflora,
such as Lactobacillus species.

Oregano essential oil (OEQ) stood out for its remarkable antifungal efficacy against drug-resistant
Candlida species, interfering with membrane integrity and metabolic activity. However, its clinical
application may be discouraged due to potential toxicity. In this perspective, safe approaches for its
application in WC treatment were presented, VP-EO and EO-KMP. Importantly, /7 vivo intravaginal
application of OEO-KMP resulted in a decrease in the growth of Candlida albicans while maintaining the
presence of Lactobacillus species.

In conclusion, this thesis underscores the potential of EOs, particularly OEO, as alternative
therapies for Candida induced infections. The proposed application methods, VP-EO and EO-KMP, offer
promising possibilities for safe and effective treatment. The natural characteristics of EOs present
advantages such as lower cost, easy accessibility, and fewer negative impacts on women's health,

preserving vaginal health.

KEYWORDS: Candlida biofilms; Microencapsulation; Phytotherapeutic applications; Resistant Candlida

species Vapor-phase of essential oil.

Vi



TABLE OF CONTENTS

IS 0 U =S Xiv
I o) = o LT xxii
List of abbreviations, acronyms and SIMbOIS............cceereireiirie e e XXV
TRESIS OVEIVIEW........c.eeeeieeeeie et ettt st s e e s ea et e s neeae et e e e nne e e e ene e e e sneenesnneans XXviii
R Tole] oSl o) 11T XXiX
AIM OF TNE ThESIS....c.e e bbb XXX
OULINE OF the TESIS. ...t XXXi
Q0110101 £ XXXiii
Chapter |. General INtrodUCHION.............cee et er e s n e e ne e e aeeeaneeas 1
Chapter 1.1 Essential oils as alternative treatment to Candida infection: review...........ccoeeeuueen.... 2

Lo INEFOAUCTION 1t bbb bbbt bbbt bbb 3
2. Candidiasis, Candida species and its characteristiCs..........oovviiiiiiiiiiiiic e, 4
3. Conventional antifungal agents and Mechanism of resistance ........ccccceveiiiiici i, 9
4. Brief overview of alternative therapies for Candida infection............ccccccevviiiiiiiii i, 12
4.1 Alternatives treatments based on natural products..........ccceeeieieieiiiiie e 13
4.1.1 Essential oil antifungal effeCt .........oooeiiiie e 15
4.1.1.1 Melaleuca alternifolia (Tea Tree Essential Oil (TTEQ))......ueeveeeceeieseeseeseesreann, 16
4.1.1.2 Melaleuca quinguenervia (Niaouli ESSENHAl Ol).......cuoeveeeeeeeeeeeeiesieseesiesivesreenn, 17
4.1.1.3 Melaleuca leucadendra (Cajeput ESSENtial Oll) ........oueveeeeeeveeeeeeeieeieaiieeireeennn 18
4.1.1.4  Thymus species (Thyme ESSENHal Oil)..........cuoveeeeeveesieeireesieeseeireeiieeeeaieaivesevanen 19
4.1.1.5  Origanum species (0regano ESSENHal Oil) .......cucuweveeeeeceeiesieesieesieeseesisiseesseesnans 19

4.1.2 Encapsulated essential 0il on Candiada SPECIES.......c..ccvecveceeieiieeieeie e 20

ST 074 ot [0 TS o OO PSSP 25
General Introduction: REfEreNCES..........oov i 27
Chapter II. Effect of essential oils on drugresistant Candida strains.........ccccceeiiirni . 36
Chapter II.1 Essential oils as a good weapon against drug-resistant Candida auris .................... 37

vii



R 1 e To (U Tt o o F T 38

2. Materials and METhOGAS ......c..oiiiiii e 39
2.1 ESSENTAI OIS ... 39
2.2 Microorganisms and culture conditions in this StUAY ........cccooviiie i 39
2.3 Antifungal suSCEeptiDIlity tESHNG .....ccvii i 40

2.3.1 FIUCONAZOIE ... bbbt 40
2.3.2° ESSENHAl OIS ... 40
2.3.2.1  Planktonic antimicrobial SUSCEDIDITES. ............cceeeveeeereeeeeeeeieeereecieeerieeireeeirenaan, 40
2.3.2.2  Biofilms antimicrobial SUSCEDLDINITIES .........cceeeeereeeereeeereeeeeeeerieeereeeereeeirieeisessirennnes 41

A N v 1 1 [or= I T 1Y 42
3. RESUIES @NA DISCUSSION ...ttt bbbttt 42
A CONCIUSIONS. 1.ttt b ekttt bbbt b e bbb e et nneene s 47
Chapter 1.2 Comparing the effect of 7Aymus species essential oils no Candida auris................ 48

Lo INEFOAUCTION .ttt bbbt b e ettt b et b e 49

2. Materials and METNOAS ........oiiiiiiiii bbbt 49
2.1 Microorganisms and culture CONAITIONS ........ccuviiieiiiie e 49
2.2 ESSENTAI OIS ... 50

2.2.1 Chromatographic analysis of essential 0ilS ..........cccoeeviiiiiiiiiiiie e 50

2.3 Agar diSK diffUSION @SSAY ...eeivvieirieeieiee ettt e e e et st et e et eaae e eraeeenes 51
2.4 Antifungal activity of essential 0il from 7AYmILS SPECIES......ccueicuiecieieieeeee e 51
2.5 StAlISHCAl @NAIYSIS «.e.vveieiiceii ittt eba e sre et 52
3. RESUIES @NA AISCUSSION ...ttt ettt 52
4. CONCIUSIONS .ttt bbbtk bbb bbb s e bt bbb e st e bt et e b e e e n e et e b e 56

Chapter I1.3 Vapor-phase of essential oils as promising solution to prevent Candidavaginal biofilms

caused by antifungal resistant Strains.............cooooii i 57
L IEEOAUCTION e ettt e e e et e et e ettt e e e e et e e e e e e e e e eas e 58
2. MaterialS @Nd MELNOUS .....ooeeieeeeee ettt e e et e e e e e e et e e e e e e e 59

2.1 ESSENTIAI OIS e ——— 59

viii



2.1.1 Cytotoxicity of vapor-phase of essential OilS ..........cccoevveicieiie e 59

2.2 Microorganisms and initial culture CONAItIONS ........covviiiiiie e 60
2.3 Evaluation of the antifungal activity of essential OilS..........cccveveeiiie i 63
2.3.1  Growth inhibition @NalYSIS.......cueiiieicieece ettt e eeeeenees 63
2.3.2 Effect of the vapor-phase of essential 0ils on biofilMS ......ccccovvviieeiiece e, 63
2.3.2.1 Quantification of Candida biofilm cultivable CEOMS ...........oouuumvvvveesiiiiseiiieeiirinaans 63
2.3.2.2 Quantification of Candida biofilm DiOMASS...........ccoueeeeeeeeeeiiieeeeiiisissiiieseiiiieeeviiinians 64
2.3.2.3  Quantification of metabolic activity of Candida biofilms Cels ...........covuevvvevrvevrennn.. 64
2.3.2.4  Scanning electron microSCORY (SEM).......eweoeeeeeeeeeeeeeeeeeeeeeeeeeereeeerieeiriesirennns 64

A N v 1 1 [or= I T 1Y 65
3. RESUIS AN DISCUSSION ...uviieitieiiesie sttt e s et e st et e ese e esteereeneeneeseeaneans 65
L O3 Tod (1] [0 SRS OPRTS TSR 71
Effect of essential oils on drug-resistant Candlida strains: References........c..cocovvvviiiivce e, 72
Chapter lIl. Vaginal microbiota CONAItIONS ..........c..eeeieeeeieiiececeeec e e 78

Chapter Ill.1 Simulated Vaginal Fluid: Candida resistant strains’ biofilm characterization and

vapor-phase of essential Oil €ffECT..........ccoeiievie e e 79
Lo INEFOAUCTION <.ttt ettt et e e be e et e e sbeesbeeebeesbeesbe shbeesnteeanreess 80
2. Materials and METNOAS ........ooiuiiie ettt ettt et et 81
2.1 Microorganisms and initial culture conditionS..........cccoviiiiiiiiiiie e 81
2.2 Simulated Vaginal FIUIA ........c.cooiiiiiiic ettt sttt 81

2.3 Effect of Simulated Vaginal Fluid and Sabouraud Dextrose Broth on vaginal Candidaisolates. 82

2.3.1 Planktonic SroWth ..o 82
2.3.2 Biofilm fOrmation .........cooiiiii e 82

2.4  Effect of the vapor-phase of essential 0ils on biofilms .......c..coooiviiiiiiic e 83
2.5 StAtiSHCAl @NAIYSIS «.e.eveivieeeiicee et sre e 83
3. RESUIES AN DISCUSSION ...ttt ettt 83
4. CONCIUSIONS .ttt ettt h kbt e st b e bt b e e st e bt e bt b e e e st eb et et e e eneebeebe e 89



Chapter lll.2 Vapor-phase of white thyme essential oil effect on Candida albicans and Lactobacillus

gasseri colonization in a reconstituted human vaginal epithelium........c.cccevcieriiiniicc e, 90
Lo INEFOAUCTION. . bbbttt et 91
2. Materials and MEthOGS. ........cviiiiii e 92
2.1 Microorganisms and Culture CONAITIONS.........eeeiieerieeiiiie ettt e s 92
2.2 ESSENHAI OIS it 92
2.2.1  Essential Oil CYIOTOXICITY......vvveiieiriiiiee et erae e 93

2.3 Susceptibility of Candlida albicans to white thyme essential Oil.........cccccovevvieiici e 93
2.4 Antifungal activity of vapor-phase of white thyme essential oil on biofilms............cccoovveeiiinnen. 93
2.4.1 Quantification of Canaida biomMass............oooiiiiciiiiiiie e 94
2.4.2 Quantification of metabolic activity of Candidacells............ccovviivviiiiiiiiiiiiiiiieeccieeee, 94

2.5  Effect of vapor-phase of white thyme essential oil in colonization of Candida albicans and

Lactobacillus gasseri of a reconstituted human vaginal epithelium...........cooovvieiiiiiiiiii e, 94
2.5.1 Histological analysis and microSCOPIC ODSEIVALION.......ccvvveiiiuieiieeeee e 95
2.5.2  Quantification of Candida and Lactobacillus cellsin RHVE..........ccccoovvvviiiiiciiiiicee e 95
2.5.3  Lactate dehydrogenase (LDH) @SSaY.........ccovueieiiiiiiieiiiieie st 96

2.6 STAiSTCAl @NAIYSIS....cciiii i 96

3. RESUIS @Nd DISCUSSION. .. ueiiuiiieitie ettt ettt ettt ettt e e e et e e e et e e e sabe e s beeetb e e e sbaeeesabeeenreas 97
A, CONCIUSIONS. ...t ete ettt et e et et e ettt e e et be e e et e e eabe e e e ebeeesabeeesbe s e enbeeeebeeesanbeesnsbeeesbaeanres 103
Vaginal microbiota conditions: ReferenCes. ...........ooveviiiiiiii i 104
Chapter IV. Effect of oregano essential oil in Candidainfection ..............cccoeeeereeciieiiecceccceeceee e, 109

Chapter IV.1 Effect of vapor-phase of oregano essential oil on resistant Candlida species biofilms:

MEeChanisSMS Of ACHON.......ccviii i —————— 110
L 11T (Ut i o 4 ISP 111
2. Materials and METhOAS .......couiiuiiic et 112
2.1 0regano eSSENHIAl Ol ........c..ccuiiiiiiiiie e 112
2.1.1 Oregano essential 0il CYtOtOXICITY .......ecveeieiiieicciee et 112

2.2 Microorganisms and culture CONAItIONS .......cviiiiiiiii e 113
2.3 Planktonic antimicrobial susceptibilities to oregano essential Oil..........cccccoeveieiiiiiiiiiiiiinene, 113

X



2.4 Effect of the vapor-phase of oregano essential 0ils on biofilms ........ccoovviiciiicieiie e, 114

2.4.1 Determination of the mechanism of aCtion ..........cccocviiiiiiiiii e 114
2.4.1.1  Biofilm time-dependent Killing @SSAY ........cooueveeveeeeieeeieeeieeeieeeieevieeeiieeviieeeiennns 114
N A o) 0 (0 =) 1 115
2.4.1.3  Confocal laser SCanning micrOSCODY @NALYSIS .....c.ueeveeeeeeevreeeeieseieeeireeeiiereiseesienens 115

2.5 Effect of oregano essential oil on Candida species infection of a reconstituted human vaginal

<Y 011 1T RN 116
2.5.1 MiCroSCOPIC ODSEIVATION......iiiieeiee ettt ettt e e ee e e s ee e e e eabee e e 116
2.5.2 Quantification of Canaida CllS.............oovvumuiiuiiiii e 117
2.5.3 Lactate dehydrOgENASE @SSAY......covevvevereeieeeeieceeieeeteeeteeeteeeteeeteeeateeeseeeitesesaeeseesseeas 117

A RN = 1S (o= I 1 = 1V R 118

3. ReSUIES @Nd DISCUSSION ...ttt 118
L 070 o 1113 o] TP TP PP PP 129

Chapter IV.2 Design and evatuation of microencapsulated oregano essential oil as an alternative

treatment to Candida albicans INFECHON ...........coe e s 130
Lo INEFOAUCTION. .ttt bbb 131
2. Materials and METhOGS. ........oiiiiiii e 132
2.1 Oregano essential oil encapsulated into microparticles of keratin...........c..cccoevieiiiiiiiiicie, 132
2.1.1 Oregano essential 0il and CONAItIONS.........ccueeiiieiiii e 132
2.1.2 Keratin extraction and purification.............ccccooiiiiiii i, 132
2.1.3 Preparation of the keratin microparticles for encapsulation of oregano essential ail......... 133

2.1.4 Determination of oregano essential oil encapsulated into microparticles of keratin
encapSUlation EffICIENCY......coiiiii et et 133
2.1.5 Physicochemical properties of the oregano essential oil encapsulated into microparticles of
(=T ] o USRS 134
2.1.6 Evaluate the oregano essential oil encapsulated into microparticles of keratin release, /in
1o SRR 134
2.1.7 Oregano essential oil encapsulated into microparticles of keratin cytotoxicity.................. 135
2.2 Evaluate the oregano essential oil encapsulated into microparticles of keratin effect on the
Candida infeCtiON /7 WO @SSAYS......cuue ittt et 135

2.2.1 Microorganisms and culture CONAitionNS.........ccoeeieiiiiiiiiiiie e 135

Xi



2.2.2 Oregano essential oil encapsulated into microparticles of keratin effect on planktonic Candida
GIDICANS CRIIS......eiee e 136
2.2.3 Oregano essential oil encapsulated into microparticles of keratin effect on single and mixed
Candida albicans and Lactobacillus gasseriDiofilms /i VItr0.........ccocvevevviieicieeei e, 136
2.3 Evaluation of the effect of the oregano essential oil encapsulated into microparticles of keratin in
A MOUSE MOUEL....ee ettt etttk nb b et nne s 137
2.3.1 MiICroOrganiSM CURUIE.....eeiiveee e ettt ettt e et ee e e e st ae e e s eare e e e e erraaeens 137

2.3.2 Candida albicans infection and the treatment with oregano essential oil encapsulated into

MICKOPAITICIES OF KEIATIN....veiiiiviie ettt e e et e e e et e e e e e eatee e e e 137
2.3.2.1 Quantification of Candida albicans and Lactobacillus SPECIES............cccc..cveueeveeeunnn.. 138
2.3.2.2 Histopathological analysis Of MUCOSA! LISSUES. ...............ccvvueeiecieeeiciieeeeiiieeeeeeeeaens 138

A N = 1Y 1] o% 1 I TR T £ TS 139
3. ReSUIES @Nd DISCUSSION ...ttt bbbt 139
3.1 Oregano essential oil encapsulated into microparticles of keratin characterization................... 139

3.2 Impact of oregano essential oil encapsulated into microparticles of keratin on Candlida albicans
Lo (oL (A o R 143

3.3 /n vivo effect of oregano essential oil encapsulated into microparticles of keratin on Candida

Bz o) orz TRl 11{=ox ([ R 145
O 004 Tod 101 (o] 4 R 150
Effect of oregano essential oil in Candlidainfection: References........cocovveiiiiiiicc i, 151
Chapter V. General discussion, final remarks and future Work............ccceeeeveeeceeeceecce e 158
General Discussion and Final REMAIK...........oocviiiiiciii et 159
FUTUIE WOTK. .. ettt e et e e e e e e e e e e e e e e et bt breeeeeaeas 165
Annex |. Material SUPPIEMENTAIY......cciieiiiiiiriiiii e e r e sr e s sbe s san e s b e s an e sanaesre s 167
T4 1= S 167

[.1 Chemical and physical analysis of tea tree essential oil (Lot 903025) report provided by the company
florame® (Saint-REMY-de-Provence, FIanCe).........coouiiiiiiiiiec et 167
[.2 Chemical and physical analysis of cajeput essential oil (Lot 801736) report provided by the company

florame® (Saint-REMY-Ade-Provence, FIanCe).........ccuiiiiuiiiciie et 170

Xii



[.3 Chemical and physical analysis of niaouli essential oil (Lot 100378) report provided by the company
florame® (Saint-REMY-AE-ProvenCe, FIaNCE).....c..civuiiiirieicee ettt e reas 173
[.4 Chemical and physical analysis of white thyme essential oil (Lot 800180) report provided by the
company florame® (Saint-Rémy-de-Provence, France).........ccccoveiiiiiieiic i 175
[.5 Chemical and physical analysis of moroccan oregano essential oil (Lot 10468) report provided by the

company florame® (Saint-Rémy-de-Provence, France).........ccooiieiiiiiic i 178

o] 1T G | 180
[I.1 Complete chromatography analysis of the composition of essential oils from 7hymus vulgaris, Thymus

zygis, Thymus satureioides and THYIMIUS MASHICAING. ..........ccocueeeeeeieeiiiee e e, 180

1N (1= | 182

[Il.1 Histological images of vaginal tissue of mice infected with Candida albicans without any vaginal

LUCT 10 01CT ) SO PP U RSO PP PP 182
o] 0GR 183
IV.1 Confirmation of publication and licensing rights of Biorender (Figure 1) ......ccoccoovviieiiiiiiiniiinenee, 183
IV.2 Confirmation of publication and licensing rights of Biorender (Figure 35) ........ccoceeviiiiiiiiiiinnnee, 184

Xiii



LIST OF FIGURES

Figure 1. Workflow of the thesis (Created with BioRender.com (KW26ABVIPV))...........cccoveeeieeiinnenee. XXViii

Chapter I. General Introduction

Chapter 1.1 Essential oils as alternative treatment to Candlida infection: review

Figure 2. Subchapter L1 WOrKHOW.......cocuiiiiiie et 2

Figure 3. Biofilm formation stages. (A) Initial adhesion; (B) Proliferation and formation of an extracellular
matrix; (C) Mature biofilm with continuous growth and (D) Propagation through the release of fungal cells

(adapted from Araljo EF @l [BD]).uecce ettt ettt ettt et 6

Figure 4. Biofilm Structure of Candlida species. Candida albicans (A) Blastospores shaped cells and (B)
Filamentous forms (hyphae or pseudo hyphae); (C) Candida glabrata; (D) Candida tropicalis, (E) Candida
guilliermondii, F) Pichia kudriavzevi, (G) Candida parapsilosis, (H) Candida auris. Images obtained with

scanning electron microscopy and adapted from Fernandes ef a/. [39], Araujo ef al. [35] and Kean et a/.

Figure 5. Mechanism of action of antifungals against Candida species and main mechanisms drug
resistance (Adapted from Gomez-Gaviria ef al. [42]). Green squares indicate mechanism of action of

antifungals and red squares resistance MECANISIMS. .......ccuvviiiiiee e 9

Figure 6. Images of plants of the genus Myrtaceae: (A) Melaleuca alternifolia, (B) Melaleuca quinquenervia

and (C) Melaleuca 1UCATENANA........................cc.cceiviiieeiei e 16

Figure 7. Images of plants of the Lamiaceae family, (A) 7hymus species and (B) Origanum

] O 1=T 03 [ 18

Chapter II. Effect of essential oils on drugresistant Candlida strains

Chapter II.1 Essential oils as a good weapon against drug-resistant Candida auris

Figure 8. Subchapter 11.1 WOrKHOW. ......c.eiocuiiiiie et 37

Xiv



Figure 9. Glass system: (A) well, (B) well and petri dishes and (C) petri dishes and glass well inside glass

[01= (0[] =TSRRI 41

Figure 10. Antifungal activity of essential oils on Candida auris NCPF 8971 evaluated using the disk-
diffusion assay. **** p < 0.0001 indicates a statistically different reduction in comparison with the control

(Tukey s multiple COMPAISON TEST).....veii it e e e e e erree e e enaee s 44

Figure 11. Antifungal effect of four essential oils (tea tree, niaouli, white thyme and cajeput) in (A) biofilm
formation and (B) 24 h-old biofilms of Candlida auris NCPF 8971 by quantification of CFUs per mL. Error
bars indicate the respective standard derivation (SD). *** p < 0.001, **** p < 0.0001 indicates a

statistically different reduction in comparison with the control (Tukey's multiple comparison

Chapter 1.2 Comparing the effect of 7hymus species essential oils no Candida auris

Figure 12. Subchapter 1.2 WOrKflOW.........cocuiiiiiee ettt 48

Figure 13. Assessment of the susceptibility of Candida auris NCPF 8971 24 h old biofilms to different
essential oils from 7hymus genus by quantification of CFUs per mL. Each essential oil was tested at
100 % and at 50 % with both (A) direct and (B) indirect application. Error bars indicate the respective
standard derivation (SD). Differences in mean Logw CFU mL: of the different treatments were compared
to the control using one-way ANOVA with a post hoc Tukey test (significance at P<0.05), with ** P< 0.01,
“** P<0.001 @and **** P< 0.0001.....c.ciueiieiieieiieeeeeesie ettt 54

Chapter 11.3 Vapor-phase of essential oils as promising solution to prevent Candida vaginal

biofilms caused by antifungal resistant strains

Figure 14. Subchapter [1.3 WOrKHOW .........couiiiiiiii et 57

Figure 15. Vapor-phase of essential oils (VP-EOs) cytotoxicity, expressed as the percentage of viable cells
in relation to the absorbance values (OD 490 nm) of cells cultured without VP-EOs (100 % cell viability).
The dashed line stands for the normative limit of 70 % metabolic activity (ISO 10993-5:2009)................ 66

Figure 16. Effect of the vapor-phase of tea tree essential oil (VP-TTEO) on the biofilm formation of

antifungal+resistant Candlida isolates. Biofilms of Candida albicans Ca2, Candida guilliermondii Cgil,

W



Candlida glabrata Cg/ and Candida krusei Ck1l were developed in the absence (control) and presence of
the VP-TTEQ. (A) Number of cultivable cells (Log CFUs mL-1); (B) Absorbance values of Crystal Violet
solutions (Abs CV) and (C) Absorbance values of XTT solutions (Abs XTT). * indicate statistical reduction
of biofilms cell cultivability in comparison with the respective control (* p< 0.1, ** p<0.01, *** p< 0.001,

p< 0.0001). (D) Scanning electron microscope (SEM) images. The bar represents 30 um (lower

magnification image) or 10 um (higher magnification image)..........covviieeei e 69

Figure 17. Effect of the vapor-phase of tea tree essential oil (VP-TTEO) on pre-formed biofilms of antifungal-
resistant Candlida isolates. Biofilms of Candida albicans Ca2, Candida guilliermondii Cgil, Candida
glabrata Cg7 and Candida krusei Ck1l were developed in the absence (control) and presence of the VP-
TTEOQ. (A) Number of cultivable cells (Log CFUs mL-1); (B) Absorbance values of Crystal Violet solutions
(Abs CV) and (C) Absorbance values of XTT solutions (Abs XTT). * indicate statistical reduction of biofilms
cell cultivability in comparison with the respective control (* p< 0.1, ** p< 0.01, *** p< 0.001, **** p<
0.0001). (D) Scanning electron microscope (SEM) images. The bar represents 30 pm (lower

magnification image) or 10 um (higher magnification image)........ccoeevveeeiiciie e 70

Chapter IIl. Vaginal microbiota conditions

Chapter Ill.1 Simulated Vaginal Fluid: Candida resistant strains’ biofilm characterization and

vapor-phase of essential oil effect

Figure 18. Subchapter 1.1 WOrkflow.........cooviiiiiiie e 79

Figure 19. Simulated Vaginal Fluid (SVF) and Sabouraud Dextrose Broth (SDB) on vaginal Candidaisolates
planktonic cells. Planktonic growth curves of (A) Candida albicans Ca2, (B) Candida guilliermondii Cgil,

(C) Candida glabrata Cg7 and (D) Candida krusei Ck1 cells cultivated in SVF and SDB over 24 h............ 85

Figure 20. Biofilm formation of antifungal-resistant Candida isolates in Simulated Vaginal Fluid (SVF) and
Sabouraud Dextrose Broth (SDB). Number of cultivable cells (Log CFUs cm-) for (A) 24 h and (B) 48 h.
* indicate statistical reduction of biofilms cell cultivability in comparison with the respective control (* p<

0.1, ** p<0.01, *** p< 0.001, **** p< 0.0001) (Dunnett's multiple comparisons test).........c..cccoeeene.. 86

XVi



Figure 21. Scanning Electron Microscope (SEM) observations of biofilms formation structure (24 h) of
antifungal-resistant Candida isolates in (A) Sabouraud Dextrose Broth (SDB) and (B) Simulated Vaginal
Fluid (SVF). Magnification: 5,000x. Scale bar=30 IM........cooeiiiiiiiie e 86

Figure 22. Effect of the vapor-phase of essential oils (oregano (VP-OEO) and white thyme (VP-WTEQ)) on
(A) biofilm formation and (B) pre-formed biofilms of antifungal-resistant Candida isolates. Biofilms of
Candlida albicans Ca2, Candida guilliermondii Cgil, Candida glabrata Cg7 and Candida krusei Ck1 were
developed in the absence (control) and presence of the VP-EOs. * indicate statistical reduction of biofilms
cell cultivability in comparison with the respective control (* p< 0.1, ** p< 0.01, *** p< 0.001, **** p<

010001 e 88

Chapter Ill.2 Vapor-phase of white thyme essential oil effect on Candida albicans and

Lactobacillus gasseri colonization in a reconstituted human vaginal epithelium

Figure 23. Subchapter 1.2 WOrKfloW..........c.ooiiuiiiii e 90

Figure 24. The standard calibration curve of threshold cycle (CT) values vs Log number of cells........... 96

Figure 25. Vapor-phase of white thyme essential oil (VP-WTEO) toxicity measured in /in vivo Galleria
mellonella model. Survival curves of G. mellonellalarvae exposed to VP-WTEO and respective control
(without exposure to VP-WTEQ). There was no significant difference between control and VP-WTEO

(o0 LYV =TSSP UPRRPOUPPRRUTRIN 97

Figure 26. Effect of the vapor-phase of white thyme essential oils (VP-WTEQ) on the biofilm formation and
pre-formed biofilm of antifungal-resistant Candlida albicans Ca2. (A) Biofilm biomass (Abs CV) and (B)
metabolic activity (Abs XTT). * indicate statistical reduction of biofilms cell cultivability in comparison with

the respective control (* p<0.1, ** p<0.01, *** p<0.001, **** p<0.0001)..00ceiiciiriiiiireiiiee e 99

Figure 27. Effect of the vapor-phase of white thyme essential oil (VP-WTEO) on single and co-colonization
of Candida albicans with Lactobacillus gasseriof the reconstituted human vaginal epithelium (RHVE) after
24 h. (A) Number of cells (Log cells/ tissue) on single and mixed colonization in relation to the treated
RHVE (VP-WTEOQ). * indicate statistical reduction of number of cells in comparison with the respective
control (*** p< 0.001, **** p< 0.0001). (B) Relative lactate dehydrogenase (LDH) activity measured in
the culture supernatants after 24 h of single and co-colonization in relation to simulated vaginal fluid (&)

and VP-WTEO effect (*). */& indicate statistical reduction of LDH activity in comparison with the respective

XVii



control (7#p< 0.1, ***P< 0.001) et 100

Figure 28. Effect of the vapor-phase of white thyme essential oils (VP-WTEQO) on single and mixed
colonization of Candlida albicans and Lactobacillus gasseri in reconstituted human vaginal epithelium

(RHVE) after 24 h. Image acquired by epifluorescence microscopy. The bar represents 50 um and 20

Chapter IV. Effect of oregano essential oil in Candida infection

Chapter IV.1 Effect of vapor-phase of oregano essential oil on resistant Candida species biofilms:

mechanisms of action

Figure 29. Subchapter IV.1 WOrKIIOW ......c..ooiiiiiii e e 110

Figure 30. Toxicity of the vapor-phase of oregano essential oil (VP-OEO) measured in a Galleria mellonella
model. (A) Survival curves of G. mellonella larvae exposed to VP-OEO and the respective controls (without
exposure to VP-OEQ). (B) Total numbers of hemocytes counted in G. mellonella larvae after 4 and 72 h

of exposure and those unexposed t0 VP-OFO..........cc.ooiiiiiii et 118

Figure 31. Effect of the vapor-phase of oregano essential oil (VP-OEO) on biofilm formation and preformed
biofilms of the antifungal-resistant Candlida isolates (A) Candida albicans Ca2 and (B) Candlida glabrata
Cg8. * indicate a statistically significant reduction in biofilm cell cultivability in comparison with the

respective controls (*, P<0.1; **, P<0.01; ***, P<0.001; ****, P<0.0001)...ccc.covvrririiirrerirnnn. 123

Figure 32. Effects of the vapor-phase of oregano essential oil (VP-OEQO) on (A) biofilm formation and (B)
preformed biofilms of Candida albicans Ca2. Evaluated by a (1) time-killing assay, (2) cell viability, and
(3) metabolic activity (an Sl of <1 indicates metabolic activity). (C) Confocal laser scanning microscopy
images of C. albicans Ca2 biofilms (biofilm formation and preformed biofilms) after 12 h of exposure to
VP-OEO. CLSM images show the staining patterns for live cells (SYTO-9 [green]) and dead cells (propidium
iodide [red]). * indicate a statistically significant reduction in biofilm cell cultivability compared to that at

the previous time point (* p<0.1; ** p<0.01; *** p<0.001; **** p< 0.0001).....cccevriiiiiiirieiirnnen. 125

Figure 33. Effects of the vapor-phase of oregano essential oil (VP-OEQO) on (A) biofilm formation and (B)
preformed biofilms of Candida glabrata Cg8. Evaluated by a (1) time-killing assay, (2) cell viability, and

(3) metabolic activity (an Sl of <1 indicates metabolic activity). (C) Confocal laser scanning microscopy

XViii



images of C. glabrata Cg8 biofilms (biofilm formation and preformed biofilms) after 12 h of exposure to
VP-OEO. CLSM images show the staining patterns for live cells (SYTO-9 [green]) and dead cells (propidium
iodide [red]). * indicate a statistically significant reduction in biofilm cell cultivability compared to that at

the previous time point (* p<0.1; ** p<0.01; *** p<0.001; **** p<0.0001).....cccevrriiiiiireiieennn. 125

Figure 34. Effect of the vapor-phase of oregano essential oil (VP-OEO) on Candida species infection of the
reconstituted human vaginal epithelium (RHVE). (A) Candida albicans Ca2 and Candida glabrata Cg8
infection of the RHVE and effect of VP-OEOQ after 24 h. (B) C. albicans Ca2 and C. glabrata Cg8 infection
of the RHVE after 24 h (Log CFU per milliliter). (C) Relative lactate dehydrogenase (LDH) activity measured
in the RHVE culture supernatant after 24 h of incubation with the C. albicans Ca2 and C. glabrata Cg8
strains compared to the untreated epithelium (without VP-OEQ) and effect of VP-OEO compared to
simulated vaginal fluid. * indicate a statistically significant reduction in biofilm cell cultivability in

comparison with that of the respective control (*** p< 0.001; ****p < 0.0001).....cccoeeiiiiiviiiiiiieiiees 128

Chapter IV.2 Design and evatuation of microencapsulated oregano essential oil as an alternative

treatment to Carndida albicans infection

Figure 35. Subchapter IV.2 workflow (Created with BioRender.com (BT26ABXE9C)).........cccveeenneene. 130

Figure 36. The standard calibration curve of oregano essential oil (OEQ) in ethyl acetate.................... 134

Figure 37. The standard calibration curve of oregano essential oil (OEQ) in simulated fluid vaginal

Figure 38. Characterization of keratin microparticles prepared in Phosphate-buffered saline (PBS)
encapsulating oregano oil (OEO-KMP 's) for 5 months (155 days). (A) particle size (Z-average) and
polydispersity (PDI); (B) surface charge (zeta-potential). *indicate statistical difference in particle size when

compared to the results obtained at time O (initial conditions) (*p< 0.1, **p< 0.01, ****p<0.0001)....140

Figure 39. /n vifrorelease profiles of oregano essential oil from keratin-based particles in simulated vaginal
and sweat fluids, over 72 h. * indicate statistical difference compared to the results obtained at time O h

(*p<0.1, **p< 0.01, ***p< 0.001, ****P<0.0001)....ccviiiiiiiiiiiiiie e 141

Figure 40. Keratin microparticles encapsulating oregano oil (OEO-KMP ‘s) cytotoxicity measured in

Galleria mellonefla model. (A) Survival curves of G. mellonella larvae in contact with OEO-KMP 's and

XiX



respective controls (without exposure to OEO-KMP ‘s and KMP 's) during 72 h; and (B) G. mellonella
larvae health index after 24, 48 and 72 h in contact with OEO-KMP "s and respective controls......... 143

Figure 41. Effect of the keratin microparticles encapsulating oregano oil (OEO-KMP “s) on single and
mixed infection of Candlida albicans with Lactobacillus gasseri. (A) Single infection of C. albicans, (B)
Mixed infection (C. albicans), (C) Mixed infection (L. gasseri). “indicate statistical reduction of biofilms cell

cultivability in comparison with the respective control (**p< 0.01, *** p< 0.001, **** p< 0.0001)......144

Figure 42. Effect of OEO-KMP ’s on mice model of vaginal candidiasis. (A) Timeline of Candida albicans
infection and OEO-KMP "s treatment of mice; (B) Mice weight according to the timeline of infection; (C)
C. albicans and Lactobaciflus cells detected in mice vaginal lavage fluid (Log CFU mL-1) represented is
the median with 95 % confidence interval (*p < 0.05); (D) Histological images of vaginal tissue stained
with periodic acid-Schiff (PAS), increasing magnification along the column: I. Mice uninfected (negative
control); Il. Mice infected with C. albicans, untreated (positive control); lll. Mice infected with C. albicans,
treated with OEO-KMP "s for 24 h after infection. (a) layer of superficial squamous epithelial cells, (b)
basal membrane, (c) lamina propria (d) vaginal lumen, (e) and (f) C. albicans cells and (g) neutrophils.
The results were registered under 10x and 20x magnification. The data presented in this study are

representative of at least two independent eXperiments..........occvvvviveeieiiciie e 146

Annex |. Material supplementary

Annex |

Figure 43. Chromatographic profile (polar column) obtained for the tea tree essential oil (Lot 903025).168

Figure 44. Chromatographic profile (non-polar column) obtained for the tea tree essential oil (Lot

D03025) ...ttt ettt 169

Figure 45. Chromatographic profile (polar column) obtained for the cajeput essential oil (Lot 801736).171

Figure 46. Chromatographic profile (non-polar column) obtained for the cajeput essential oil (Lot

BOL73B) e 172

Figure 47. Chromatographic profile obtained for the niaouli essential oil (Lot 100378).........c..cccuvene.e. 174

Figure 48. Chromatographic profile (polar column) obtained for the white thyme essential oil (Lot

XX



BOOTBO) ...ttt 176

Figure 49. Chromatographic profile (non-polar column) obtained for the white thyme essential oil (Lot

L0010 ) DTS ST RTSRR ST RPPRRRTRO 177
Figure 50. Chromatographic profile obtained for the oregano essential oil (Lot 10468)........................ 179
Annex llI

Figure 51. Histological images of vaginal tissue of mice infected with C. albicans without any vaginal
treatment or lavage, stained with periodic acid-Schiff (PAS), increasing magnification along the column.
The results were registered under 10x and 20x magnification. The data presented in this study are

representative of at least two independent eXPerimentS.........occveeiiciei i e 182



LIST OF TABLES

Chapter I. General Introduction

Chapter 1.1 Essential oils as alternative treatment to Candida infection: review

Table 1. Essential oil encapsulation against Candlida species, information about several factors that can
influence the antifungal effect of the formulations. Encapsulation structure, particle size (nm),

polydispersity (PDI), zeta potential (mV), encapsulation efficiency (% EE) an cytotoxicity............coeveenn. 21

Chapter II. Effect of essential oils on drug-resistant Candiida strains

Chapter II.1 Essential oils as a good weapon against drug-resistant Candida auris

Table 2. Identification of the component of tea tree, cajeput, niaouli and white thyme essential oils

expressed as a percentage (%) of individual compound in the total essential oil sample..........ccocconee..... 43

Chapter 1.2 Comparing the effect of 7hymus species essential oils no Candida auris

Table 3. Chromatography analysis of the composition of essential oils from 7hymus vulgaris, Thymus

zygis, Thymus satureioides and Thymus mastichina, here shown in percentage (%)....ccocevvevveeeeecveeennne. 52

Table 4. Diameter of the inhibition zone, in mm, of the essential oils from different plants of 7hymus

genus (10 L) for Candida auris NCPF 897 L.......cocuii oot 53

Chapter 11.3 Vapor-phase of essential oils as promising solution to prevent Candida vaginal

biofilms caused by antifungal resistant strains

Table 5. List of vaginal isolates used in this study and respective data, including species, features of the
women at the moment of sample collection and minimum inhibitory concentration (MIC) of fluconazole,

ketoconazole and caspofungin for aCh iSOIATE..........cocviiiiiecii et 62

Table 6. Anti-Candida activity of essential oils on drug-resistant isolates evaluated through the disk-

IffUSION MEBENO. e 67

XXil



Chapter IIl. Vaginal microbiota conditions

Chapter Ill.2 Vapor-phase of white thyme essential oil effect on Candida albicans and

Lactobacillus gasseri colonization in a reconstituted human vaginal epithelium

Table 7. Primers for real time-PCR assay for quantification of Candida albicans and Lactobacillus gasseri

cells in reconstituted human vaginal epithelium...........ccoooiiiii e 95

Table 8. Anti-Candida activity of white thyme essential oil on drugresistant vaginal isolates. Results
obtained from the agar disk diffusion method and zones of inhibition measured through the diameter of

the halo (Drae) in MIMETEIS (MM)...eiiiiiiii ettt et e 98

Chapter IV. Effect of oregano essential oil in Candida infection

Chapter IV.1 Effect of vapor-phase of oregano essential oil on resistant Candlida species biofilms:

mechanisms of action

Table 9. Primers for real time-PCR assay for quantification of Candida albicans and Candida glabrata

Table 10. Anti-Candida activity of oregano essential oil on drug-resistant isolates evaluated through the

disk-diffusion method by contact direct (DC-OEQ) and vapor-phase (VP-OEQ).........ccccoeoveeiieiinnnnnen. 119

Table 11. Compounds identified (%) in oregano essential oil, and their characteristics, such as vapor

pressure (mm Hg), water solubility (Mg L) @and LOZ Kov..vvvveriieveeeeiieiiii e 120

Chapter IV.2 Design and evatuation of microencapsulated oregano essential oil as an alternative

treatment to Candida albicans infection

Table 12. Characterization of keratin microparticles prepared in Phosphate-buffered saline (PBS)
encapsulating oregano oil (OEO-KMP *s) when in contact with simulated vaginal fluid and simulated sweat
fluid for 72 h. * indicate statistical difference in particle size when compared to the results obtained at

time O (Figure 38) (**** P<0.0001) . .uiiiiieecee ettt 142

Table 13. Histopathological evaluation of vaginal irritation after infection and 24 h of rectovaginal

application of PBS (positive group) or OEO-KMP’s. Score interpretation: minimal (1-4), mild (5-8),

XXiii



moderate (9=11), and SEVEIE (12=16).......cccueeeicrieee ittt e et e e e e e eaaee e 149

Annex |. Material supplementary

Annex |
Table 14. Polar column analysis of tea tree essential 0il (Lot 903025).......cccvvevveeiviiiiiieecee e 168
Table 15. Non-polar column analysis of tea tree essential oil (Lot 903025)......ccccccovveviiiiiiciiiieennnen. 169
Table 16. Polar column analysis of cajeput essential oil (Lot 801736).......c.ccceevvieiiieiieiieiiecieei, 171
Table 17. Polar noncolumn analysis of cajeput essential oil (Lot 801736)......ccccccvvveviiiiiiieiiiiieeiene, 172
Table 18. Column analysis of niaouli essential 0il (Lot 100378).......cccceiiiiiiiiiiiiicceccec e, 174
Table 19. Polar column analysis of white thyme essential oil (Lot 800180).........cccceevveeiiieeiiiiiiiniee, 176
Table 20. Non-polar column analysis of white thyme essential oil (Lot 800180)...........cccvveevvieinncenne 177
Table 21. Column analysis of oregano essential 0il (Lot 10468).......ccccovviieiiiiiiiiiiiicccecce e, 179

Annex I

Table 22. Complete chromatography analysis of the composition of essential oils from 7hymus vuigaris,

Thymus zygis, Thymus satureioides and Thymus mastichina, here shown in percentage (%)................ 180

XXiv



LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations

Abs Absorbance

AmB Amphotericin B

ANOVA Analysis of variance

ATCC American Type Culture Collection

CDC Centers for Disease Control and Prevention

CFU Colony-forming Units

CLSI Clinical & Laboratory Standards Institute

CLSM Confocal Laser Scanning Microscopy

CT Threshold Cycle

CV Crystal Violet

DC Direct contact

DC-OEOQ Direct contact of oregano essential oil

DMEM Dulbecco’s modified eagle medium

DNA Deoxyribonucleic acid

ECM Polymeric Extracellular Matrix

EE Encapsulation Efficiency

EO Essential oil

EUCAST European Committee for Antimicrobial Susceptibility Testing
E2 17B-Estradiol

FBS Fetal Bovine Serum

FDA Food and Drug Administration

FEMS Federation of European Microbiological Societies

FID Flame-lonization Detection

FISH Fluorescence in situ hybridization

FLC Fluconazole

FUN-1 [2-chloro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium iodide]
GC Gas Chromatography

GC-FID Gas Chromatography with Flame-lonization Detection
GC-MS Gas Chromatography-Mass Spectrometry

XXV



HGUGM Hospital General Universitario Gregorio Marafién
HIV Human Immunodeficiency Virus

ICP-MS Inductively coupled plasma mass spectrometry
ICU Intensive care Units

IUD Intrauterine Devices

KMP Microparticles of Keratin

LDH Lactate Dehydrogenase

MFC Minimum Fungicidal Concentrations

MIC Minimum Inhibitory Concentrations

MRS Mann Rogosa and Sharpe

MRSA Mann Rogosa and Sharpe Agar

MRSB Mann Rogosa and Sharpe Broth

MTS (3-[4,5-carboxymethoxyphenyl]-2-(4-sulfophenyl)-2H-tetrazolium)
NCAC Non-Candida albicans Candida

NCPF National Collection of Pathogenic Fungi

NO Nitric oxide

OD Optical density

OEO Oregano essential oil

OEO-KMP Microparticles of Keratin loaded with oregano essential oil
PAS Periodic acid-Schiff

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PDI Polydispersity index

PDT Photodynamic therapy

Pl Propidium lodide

PMS Phenazine Methosulphate

gRT-PCR Quantitative realtime PCR

RHVE Reconstituted Human Vaginal Epithelium

RNA Ribonucleic acid

ROS Reactive Oxygen Species

RPMI Roswell Park Memorial Institute

RWC Recurrent Vulvovaginal Candidiasis

XXVi



SDA Sabouraud Dextrose Agar

SDB Sabouraud Dextrose Broth

SDS Sodium Dodecy! Sulfate

SEM Scanning Electron Microscope

SGLT2 Sodium glucose cotransporter 2

Sl Staining Index

SSF Simulated Sweat Fluid

SVF Simulated Vaginal Fluid

TTEO Tea Tree Essential Oil

UPLC/ PDA Ultra-performance liquid chromatography coupled to photodiode array detection
VP Vapor- phase

VP-EO Vapor- phase of Essential Oil

VP-OEO Vapor- phase of Oregano Essential Oil

VP-TTEO Vapor-phase of Tea Tree Essential Qil

VP-WTEQ Vapor-phase of White Thyme Essential Qil

VWVC Vulvovaginal Candidiasis

WHO World Health Organization

WTEO White Thyme Essential Qil

XTT (2,3-(2-methoxy-4-nitro-5-sulphophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide)
YNB Yeast Nitrogen Base

ZI Inhibition zone

Symbols

p Significance value

% Percent

°C Degrees

Pka Negative base-10 logarithm of the acid dissociation constant
W/ without information

rpm Revolutions per minute

g Gravitational force

Log K. Octanol/water partition coefficient

XXVii



THESIS OUTLINE

THESIS OVERVIEW, AIM & OUTPUTS

Topical antimycotic agents
and oral therapy

Problem
P ,,
L2 - - [
Candida biofilm - failure
. Resistant Candida
. species
Solution 3
Essential oils as an alternative treatment for vaginal candidiasis aﬁt’
«
Approaches
[Eﬁetﬁ of essential oils on antifungal resistant strains Simulation of vaginal conditions ] ( Oregano essential oil ]
e o Vapor-phase Candida
Direct hymus Oregano application glabrata
: s - -
application Cand_rda mastichina .esse.ntlal oil, & Candida
Ul Membrane
Thymus 4 : albicans
Thymus e S e integrity and
zygis satureioides Optimization and application of A
B simulated vaginal fluid metaboli
\ g activity alteration
Cajeput White thyme
Niaouli 2 &
P Tea tree
Essential oils %
[ Lactobacillus ,
i B i
Candida | i ¢ Candida™ gasseri nanggfr'tli,;iles N 7~
krusei s:gi‘;’;" Olabrata / == : B9 L i
— ~ _— | 4~ Inoculation
isolates - ‘ [ Caqdfd D # gn N
candi ¢ Candida™ : et ] Candida
guilliermondii aibicans 4 : — : 2 albicans

Figure 1. Workflow of the thesis (Created with BioRender.com (KW26ABVIPV)).

Xxviii



SCOPE OF THESIS | THESIS OVERVIEW

A significant infection, Vulvovaginal Candidiasis (VVC), caused by Candida species, is frequently
accompanied by biofilm formation. The equilibrium between Candida organisms and the natural defense
in the vaginal environment normally allows Candida species to persist as commensals. However,
alterations in the host's vaginal/vulvar environment can disrupt this equilibrium, leading to the
development of infections. VWC is a global concern due to the associated morbidity, interfering with
patients' physical and mental health. Changes in self-confidence often occur, as the condition may evoke
sensations of embarrassment or frustration. In addition, interference in sexual and affective relationships
can cause emotional distress. From an economic point of view, the direct and indirect costs associated
with the management and treatment of VWC can be considerable. The repercussions of untreated VWC
are particularly alarming, potentially leading to serious complications, such as pelvic inflammatory
disease, which can have implications for fertility. Ectopic pregnancy, pelvic abscess and spontaneous
abortion are additional risks that emphasise the potential seriousness of untreated VVC. Furthermore,
systemic candidiasis is related to high mortality. Despite remarkable progress in therapeutic approaches,
WC still to affect millions of women every year. Although topical antimycotic agents and oral therapies
represent available options for the VVC treatment, their use has several disadvantages. For instance, the
development of drug-resistant species and the presence of certain risk factors can compromise the
effectiveness of these therapies. The persistence of VWC cases, along with the associated negative
consequences and therapeutic limitations (e.g. toxicity), emphasises the urgency of developing alternative
treatments that are not only effective, but also economical and devoid of toxic side effects.

Numerous natural substances, including essential oils (EOs), have demonstrated antifungal
properties. EOs exhibit a range of biological properties, including anti-leishmanial, anti-inflammatory,
antioxidant, hepatoprotective, anti-tumoral, and antimicrobial activities. Therefore, EOs are considered a
promising alternative for VWC treatment, due their low toxicity and potent activity against drug-resistant
Candlida strains, including in the biofilm form, offering a viable alternative to antibiotics. However, the
specific spectrum of activity and mechanisms of action of many EOs remain largely unknown.

Therefore, this work aims to study the potential of EOs and their method of application as an

alternative treatment for VVC, without undesirable effects on the skin or the beneficial vaginal microbiota.
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AIM OF THE THESIS| THESIS OVERVIEW

The increasing incidence of Candidiasis, along with the associated negative consequences and
the growing inefficacy of conventional antifungal drugs, make it crucial to increase knowledge about
therapeutic alternatives for the treatment of vaginal Candlida infections. This research aims to respond to
the urgent need for a more effective and non-toxic treatment for Vulvovaginal Candidiasis (VVC),
considering the limitations of current therapeutic approaches. The key hypothesis guiding this research
is that essential oils (EOs) have broad-spectrum activity against drug-resistant Candida species, including
when these species form more complex structures, such as biofilms. In addition, it is suggested that
these EOs are safe and more effective in relieving the symptoms of candidiasis compared to common
antifungal drugs.

Therefore, the main goal of this thesis is the development and validation of a new, effective, and
non-toxic treatment for VVC, using essential oils (EOs) in their vapor-phase or in their encapsulated form,
overcoming the limitations of current antifungal medications. So, this research aligns with the current
health research priorities and has significant implications for women's reproductive health and overall

well-being.
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OUTLINE OF THE THESIS| OVERVIEW

The present thesis reports the works performed at the Centre of Biological Engineering of
University of Minho integrated in the biofilm research group under the coordinated of Professor Doctor
Mariana Henrigues and Doctor Maria Elisa Rodrigues, with part of research carried out at the Pathology
Department of the Faculty of Medicine of the University of Porto under the coordination of Doctor Ana
Sofia Quinta e Costa Neves de Oliveira.

This work was also guided by the suggestions and clinical evidence provided by Doctor Raquel
Costa from the Costa Raquel, Aromas Aqua Spa-Health Clinic. One of the tasks developed during the
thesis was carried out in collaboration with the Bioprocesses and Bionanotechnology group from the
Centre of Biological Engineering, under the supervision of Doctor Artur Ribeiro. Another part of the work
was developed at the National Institute of Agricultural and Veterinary Research in Vila do Conde, under
the supervision of Doctor Sonia Silva. A scientific collaboration was established with Doctor Lorena Cusso
from the /nstituto de Investigacion Sanitaria Gregorio Mararfion (Madrid, Spain).

The present thesis is divided into five chapters, briefly:
e Chapter |: General Introduction

In the first chapter is provide an overview of the latest information concerning novel alternative
strategies being explored for the treatment of Candlida infections. Special attention is given to
natural therapies, plant extracts, and essential oils, as well as their incorporation into controlled

delivery systems, such as micro and nanocapsules.
e Chapter |l: Effect of Essential oils on Drug-resistant Candlida Strains

The second chapter reports the research carried out to evaluate the effect of different essential
oils against Candida auris, an emerging Candida species, and drug-resistant Candida vaginal
isolates, in both planktonic and biofilm states. For this, an /in vifro screening of EOs was carried

out and the most effective essential oils were identified.

e Chapter II.1: Impact of Essential Qils on Candida auris. The first part of this chapter
outlines the experiments performed to determine the effect of four essential oils, namely

tea tree, niaouli, white thyme and cajeput against Candida auris.

e Chapter Il.2: Variations in the Effects of Essential Oils from the Same Genus on Candlida
auris. Continuing with the exploration of Candida auris, the second part of this chapter

investigates how essential oils derived from the same genus, such as 7hymus vuigaris,
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Thymus zygis, Thymus satureioides and Thymus mastichina, can exhibit diverse effects

against Candida auris species.

e Chapter 11.3: Antifungal Activity of Essential Oils on Drug-Resistant Candlida Vaginal
Isolates. The third part of this chapter presents the work carried out to evaluate the
antifungal properties of essentials oils (tea tree, niaouli, white thyme, and cajeput) on

drug-resistant Candida vaginal isolates.
o Chapter lll: Optimization of the methodology to mimic the conditions of the vaginal microbiota.

The third chapter consisted of optimizing the conditions in order to mimic the vaginal conditions

as much as possible, providing a better understanding of the antifungal behavior of essential oils.

e Chapter lll.1: Simulated Vaginal Fluid. In the first part of this chapter, the most
appropriate culture medium that is similar to vaginal conditions was defined and
optimized.

e Chapter IIl.2: Essential oil effect induced in Lacfobacillus species. In the second part of
this chapter was observed how the chosen therapeutic approach, essential oils, impacts

the beneficial species within the vaginal microflora, such as Lactobacillus species.
e Chapter IV: Effect of oregano essential oil in Candida infection

The fourth chapter is dedicated entirely to the research conducted with oregano essential oil, as

it emerged as the most promising among the several essential oils examined in this thesis.

e Chapter IV.1: Impact of Oregano Essential Oil and Its Vapor-Phase on Antifungal-
Resistant Candida Species. The initial section of this chapter focuses on evaluating the
effect of oregano essential oil and its vapor-phase on antifungal-resistant Candlida species

(Candida albicans and Candida glabrata), aiming to elucidate its mode of action.

e Chapter IV.2: Keratin-Loaded Nanoparticles with Oregano Essential Oil. The second part
of this chapter involves the design, production and characterization of microparticles of
keratin loaded with oregano essential oil as another alternative application of oregano

essential oil for the treatment of Candida albicans infection.

e Chapter V: General discussion, final remarks and future work. This chapter presents a general
discussion and the main conclusions of this thesis and future perspectives for possible future

research work.
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The present dissertation resulted in the publication of six scientific papers, one manuscript is

under review and two others are submitted, as described below:

Fernandes L, Ribeiro R, Costa R, Henriques M, Rodrigues ME. Essential Oils as a Good Weapon

against Drug-Resistant Candida auris. Antibiotics 2022, Vol 11, Page 977 2022;11:977.

Ribeiro R, Fernandes L, Costa R, Cavaleiro C, Salgueiro L, Henriques M, Rodrigues M.E.
Comparing the effect of 7hymus spp. essential oils on Candida auris. Ind Crops Prod 2022;

178:114667.

Fernandes L, Ribeiro R, Henriqgues M, Rodrigues ME. Candida auris, a singular emergent
pathogenic yeast: its resistance and new therapeutic alternatives. European Journal of Clinical

Microbiology &Infectious Diseases 2022,41(12):1371-1385

Fernandes L, Goncalves B, Costa R, Fernandes A, Gomes A, Nogueira-Silva C, Silva S, Rodrigues
ME, Henriques M. Vapor-Phase of Essential Qils as a Promising Solution to Prevent Candida
Vaginal Biofilms Caused by Antifungal Resistant Strains. Healthcare 2022, Vol 10, Page 1649
2022;10:1649.

Fernandes L, Costa R, Henriques M, Rodrigues ME. Simulated Vaginal Fluid: Candida resistant
strains’ biofilm characterization and vapor phase of essential oil effect. Journal of Medical
Mycology 2022:101329.

Fernandes L, Costa R, Silva S, Henriques M, Costa-de-Oliveira S, Rodrigues ME. Effect of Vapor-
Phase Oregano Essential Oil on Resistant Candlida Species Biofilms: Mechanisms of Action.
Microbiol Spectr 2023;11.

Fernandes L., Costa-de-Oliveira S, Henriques M, Rodrigues ME. Nanoencapsulated essential oil
as an alternative treatment for Candlida infection: review (under review in the Fungal Biology

Reviews)

Fernandes L, Silva |, Costa R, Silva S, Mira Pereira N, Costa-de-Oliveira S, Henriques M, Rodrigues

ME. Vapor-phase of white thyme essential oil effect on Candida albicans and Lactobacillus gasseri

colonization in a reconstituted human vaginal epithelium (In submission)

Fernandes L, Blazquez E, Tejada A, Ribeiro A, Silva S, Cussé L, Costa-de-Oliveira S, Rodrigues
ME, Henriques M. Design and evaluation of microencapsulated oregano essential oil as

alternative treatment to Candida albicans infection. (In submission)
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During the development of this thesis, the following works were presented in congresses:

Fernandes L, Costa-de-Oliveira S, Costa R, Silva S, Henriques M, Rodrigues ME. Effect of vapor-
phase essential oil on resistant Candida species: Mechanisms of action. Poster presented in

FEMS Conference on Microbiology 2022, Belgrade, Serbia.

Fernandes L, Costa R, Silva S, Henriques M, Rodrigues ME. Efeifo da fase de vapor de dleos
essenciais em Candida albicans e Lactobacillus gasseri aderidos a epitélio vaginal humano
reconstituido. Vlideo presented in Congresso internacional em lingua portuguesa Microbiologia

2022, Online.

Fernandes L, Costa R, Silva S, Mira Pereira N, Costa-de-Oliveira S, Henriques M, Rodrigues ME.
Vapor-phase of white thyme essential oil effect on Candida albicans and Lactobacillus gasseri
colonization in a reconstituted human vaginal epithelium. Oral presentation presented in 5™
Congress of Baltic Microbiologists (FEMs grant), 2023, Vilnius, Lithuania.

Fernandes L, Blazquez E, Tejada A., Ribeiro,A, Silva S, Mira N, Cusso L, Costa-de-Oliveira S,
Rodrigues ME, Henriqgues M. Oregano Essential Oil: An Effective and Non-Toxic Approach for
prevent or treat Resistant Candida Species. Poster presented in Congress of Microbiology and

Biotecnology (FEMs grant),2023, Covilha, Portugal.
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CHAPTER |

GENERAL INTRODUCTION

In recent decades, the incidence of human fungal infections has increased, affecting millions
worldwide, with Candida species among the main nosocomial agents. Fungal infections are commonly
treated with antifungal drugs, mainly belonging to the azoles, polyenes and echinocandins categories.
However, most of these antifungals have several disadvantages, such as the intensity of side effects or
a lack of fungicidal efficacy. Therefore, there is a growing need to search for new drugs that are more
effective and less toxic compared to those already available. In this regard, therapy based on natural
products has emerged, as they have several advantages, including lower costs and adverse reactions,
easy access, application in various pathologies and less negative impact on the patient's health. Among
these natural products, essential oils (EOs) have been acknowledged as versatile sources for potential
therapeutic products, recognized for their multifaceted properties, including antiviral, antileishmanial,
anti-inflammatory, antioxidant, antitumor, hepatoprotective, and mainly for its antimicrobial properties.

The antifungal activity of EO in Candida species has been the subject of several studies. However,
the possible toxicity, strong taste, chemical instability, restricted administration routes and volatility of
EOs limit their application. So, nanotechnology is receiving particular attention to overcome these
obstacles. The incorporation of a controlled delivery system represents a promising strategy to avoid
the problems, making their application safer, protecting EO degradation and prolonging the duration of
the agent at the site of action. This approach proves to be a viable choice, particularly in highly

complicated environments such as biofilms.



CHAPTER I.1

ESSENTIAL OIL AS ALTERNATIVE TREATMENT TO CANDI/DA INFECTION: REVIEW
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Figure 2. Subchapter I.1 workflow.

This first chapter aims, firstly, to present an overview of the global situation concerning fungal
infections, particularly those induced by Candida species, along with the current therapeutic options
available; and secondly, to provide insights into emerging alternative approaches for the treatment of
Candida infections, with a specific emphasis on natural therapies, plant extracts and essential oils, as

well as their integration into controlled administration systems.

This chapter is based on the following manuscript: Fernandes L, Costa-de-Oliveira S, Henriques M,
Rodrigues ME. Nanoencapsulated essential oil as an alternative treatment for Candida infection: review (under
review in the Fungal Biology Reviews, Manuscript Number: FBR-D-23-00067)
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1. Introduction

According to the World Health Organization (WHO), infections continue to be one of the primary
causes of death worldwide. Despite considerable advances in science and medicine, it has not yet been
possible to control the exponential spread of infectious diseases [1]. The kingdom of fungi has
approximately 1.5- 5 million species, of which 500- 600 can cause infections in humans [2-4]. Following
the evolution of medicine and surgical procedures, there is a growing concern regarding fungal
healthcare—associated infections [5-7]. Recently, a wide variety of biological agents have been approved
for the treatment of cancer or autoimmune diseases, some targeting the inhibition of various host immune
response pathways [8]; however, these agents also have the potential to disrupt the body’s immune
response that generally protects against pathogens, conferring greater susceptibility to infectious
complications [8]. During the last decade, fungal infections induced 11.5 million severe cases and 1.5
million deaths, worldwide [4]. The global market for invasive fungal infections was valued at $ 7.13 billion
in 2022 and is projected to reach $ 9.00 billion by 2028 [9]. Among all invasive fungal infections
worldwide the genus Crypfococcus, Aspergillus, Mucor, Pneumocystis, Saccharomyces and Candida are
responsible for more than 75 % of mortality [4,10]. Most fungi are part of the human microbiome as a
commensal organism, however, in immunocompromised hosts, they become opportunistic agents since
weakened immune systems cannot fight these pathogens [4]. This change in the microorganism
pathogenicity can result from applying more aggressive treatments such as hematopoietic stem cell or
organ transplantation, new chemotherapeutic and immunomodulatory agents and invasive devices,
especially intravascular central lines [7]. Consequently, the global population of immunocompromised
individuals at high risk for fungal infections is rising, accounting for approximately 3 % of the total
population [7]. Therefore, the high mortality rates associated with fungal infections are a significant and
pressing concern. One of the most recent factors is the COVID-19 pandemic, during which opportunistic
fungal infections were documented in COVID-positive hosts [4]. Indeed, coronavirus 2 (SARS-CoV-2) has
led to the widespread use of empiric broad-spectrum antimicrobial agents due to the clinical uncertainty
that prevailed during the pandemic [11]. This uncontrolled use of antibiotics is a major contributing factor
to the increase in microorganism resistance [12].

Fungi can cause several types of ilinesses, including asthma or allergies, irritations or infections on
the nails and skin, pneumonia (with symptoms resembling tuberculosis or flu), bloodstream infections
and meningitis (resulting from outdoor environmental or healthcare exposure) [5,13]. These infections
are often underestimated, and their diagnosis is challenging since the symptoms of fungal infections are

often resemble those of viral or bacterial infections. This similarity can lead to diagnostic delays and
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misdiagnosis, consequently resulting in delayed or incorrect treatment [5]. In fact, Dr. Hanan Balkhy,
WHO Assistant Director-General, stated “Emerging from the shadows of the bacterial antimicrobial
resistance pandemic, fungal infections are growing, and are ever more resistant to treatments, becoming
a public health concern worldwide” [14]. In this regard, estimates indicate that mortality related to fungal
infections may be five times higher than reported [5,6]. Due to the limited antifungal therapies available
and the consequent emergence of drug resistance species, coupled with the aforementioned increase in
the vulnerable population, morbidity and mortality caused by fungal infections are continuously rising and
are an emerging problem [15]. Indeed, the current antifungal therapies are based on inhibition targets
and are limited to 4 classes: azoles, polyenes, echinocandins and pyrimidine analogs [15].

So, the high incidence of fungal infections, its negative consequences and the increase of antifungal
drug failure treatments make it crucial to drive knowledge on this subject and to invest in more effective

and safer alternative therapies.

2. Candidiasis, Candlida species and its characteristics

Infections caused by Candida fungus are the most common fungal disease, being able to cause
mucocutaneous infection (mouth, throat, gut, and vagina) and, in more complicated situations, deep-
seated or bloodstream (invasive candidiasis) infections [2,6,16]. According to the Centers for Disease
Control and Prevention (CDC), the incidence of invasive candidiasis in the United States is approximately
9 cases per 100,000 people, totaling around 25,000 cases per year [9,17]. The associated in-hospital
mortality is estimated to be about 25 % [9,17]. Candidiasis in the esophagus is known as
Candlida esophagitis or esophageal candidiasis and is one of the most common infections in individuals
with HIV/AIDS. Typical symptoms of this type of candidiasis include difficulty and pain while swallowing
[12]. Candidiasis affecting the throat and mouth is termed oropharyngeal candidiasis or thrush,
presenting with a range of symptoms. These may include the presence of white patches on the inner
tongue, cheeks, roof of the mouth, and throat, along with soreness, redness, pain, loss of taste, a cotton-
like feeling in the mouth, and cracking at the corners of the mouth [18,19]. In contrast to Candida
infections in the throat and mouth, invasive candidiasis represents a more severe infection capable of
affecting multiple organs and systems, including the brain, bloodstream, heart, bones, and eyes [20].
Candidemia, a bloodstream infection, is a common occurrence in hospitalized patients and is associated
with high morbidity and mortality rates in immunosuppressed individuals, HIV, chemotherapy and organ

transplant patients [2,6,16]. In such cases, determining associated symptoms can be challenging, as
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invasive candidiasis often occurs in patients with other medical conditions. Nevertheless, the most
common symptoms include fever and chills that persist despite antibiotic treatment [20].

Compared to invasive candidiasis, vaginal candidiasis is not as dangerous; however, this infection
affects millions of women every year. It is estimated that 70- 75 % of women experience an episode in
their lifetimes [21]. Commonly known as vulvovaginal candidiasis (VWC), Candida vaginitis, or vaginal
yeast infection, this condition is primarily caused by Candida species, especially Candida albicans.
Infection occurs when vaginal conditions are altered in a way that favors the growth of these
microorganisms. The main contributors to this change include broad-spectrum antibiotics, hormones
changes, or alterations in the immune system. Pregnancy is also a critical condition for the development
of WC, as it is considered more challenging to eradicate. This may be supported by factors related to
pregnancy itself, such as immunological changes, increased estrogen levels and vaginal glycogen
production [22].

VCC can be sporadic or recurrent, depending on episodic frequency. Sporadic VVC includes mild
to moderate clinical symptoms, such as vaginal and vulvar pruritus, thick secretion, pain, erythema,
burning and/or edema, along with external dysuria and dyspareunia [22,23]. Recurrent VWC (RVVC) may
be defined as four or more episodes in a 12- month period, associated with more severe symptoms
[22,23]. RWC affects approximately 138 million women worldwide annually (with a range of 103- 172
million), resulting in a global annual prevalence of 3871 per 100.000 women. Over the course of their
lifetime, 372 million women experience RVWWC [23]. In a study conducted by our team, it was observed
that women with a history of RVWC infections use non-cotton underwear, over-the-counter antifungals and
oral contraceptive pills, factors considered to be significantly higher risk for the development of VWC [21].

Understanding and monitoring the epidemiology of clinically relevant species and their
antimicrobial susceptibility patterns is critical to interpreting the significance of antifungal susceptibility
test results and guiding the most appropriate therapy [24,25]. However, there is no national or
international surveillance for Candida infections and fungal diseases are likely widely underdiagnosed,
making the exact number of cases of candidiasis difficult to determine [5,26].

The genus Candlidaincludes about 150 species and 15- 20 of these species are regularly reported
from human infections, mainly in immunosuppressed hosts [2,27]. Candida albicans is responsible for
around 80-90 % of infections and is the most virulent species in the genus, although non-Candida albicans
Candlida (NCAC) species (such as Candida tropicalis, Candida glabrata, Candida guilliermondii, Candida
parapsilosis, Candida dubliniensis, Candida auris, Candida lusitaniae, Candida nivariensis and Candida

krusel) are becoming frequently implied [2]. The incidence of Candidainfection varies according to several
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risk factors, including the individual "s age and heath stage, the specific sites of infection associated with
each species and geographic region [28]. For instance, in a study conducted in Portugal, a total of 341
vaginal isolates were recovered from 308 participants. This included 59.2 % of C. albicans, 21.7 % of C.
glabrata, 9.6 % of C. parapsilosis, 3.5 % of C. guilliermondii, 2.1 % of C. lusitaniae and C. nivariensis, 0.9
% of C. kruseiand C. tropicalis [21].

Although each Candida strain presents specific virulence factors, in general, the virulence of this
species is determined by the expression of adhesion proteins and hydrolytic enzymes, the characteristics
of the cell wall, the morphological modification of yeast to pseudohyphal/hyphal forms and biofilm
formation [29-31]. Biofilms are microbial communities impregnated in a polymeric extracellular matrix
(ECM) derived from the cells, which are irreversibly linked to each other, to a substrate or to an interface.
Consequently, these cells exhibit a different phenotype, with altered growth rates and gene transcription
[32,33]. Biofilm formation is a dynamic process that initially occurs with the microorganism’s adhesion
to an abiotic or biotic surface, such as mucous membranes or medical devices, followed by subsequent
cells co-aggregation and, consequently, colonization. This process constitutes a cycle and can be divided

into four distinct phases (Figure 3) [34].
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Figure 3. Biofilm formation stages. (A) Initial adhesion; (B) Proliferation and formation of an extracellular matrix;
(C) Mature biofilm with continuous growth and (D) Propagation through the release of fungal cells (adapted from

Aratjo et al. [35])

The first phase involves adhesion, mediated by cell wall proteins (Figure 3.A). The intermediate
phase corresponds to proliferation, cell growth and multiplication occurs through the development of
hyphae (depending on the species), initiating the formation of a matrix consisting of polysaccharides,
carbohydrates and proteins, among other components (Figure 3.B) [33,36]. Subsequently, maturation
occurs, with increased density and complexity of the biofilm as the cells divide/die. In this stage,
extracellular components generated by the cells interact with organic and inorganic molecules from the
surrounding environment and the ECM is completely developed, making the biofilms highly hydrated

(Figure 3.C). Finally, there is propagation, when the biofilm reaches a critical mass and dynamic
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equilibrium is reached. Some fungal cells are released in a planktonic state, dispersing and multiplying,
thereby colonizing new surfaces and forming new biofilms (Figure 3.D) [34,36]. The structural complexity
of biofilms represents the ideal arrangement to facilitate nutrient flow and waste elimination, establish of
micro-niches, enable metabolic cooperation, gene expression regulation and, once established, serves as
a persistent reservoir of infection [33].

As previously mentioned, most candidiasis is due to C. albicans and its virulence is related to the
ability to form dense biofilms that include yeast cells, pseudohyphae and hyphae within the abundant
matrix (Figure 4.A and 4.B) [37]. This species colonizes the skin and mucous membranes of the mouth
or vagina, as well as the gastrointestinal and genitourinary tracts [6,38]. Persons at risk include those
who are immunocompromised due to treatment with immunosuppressive agents, following dysbiosis

induced by antibiotics or chemotherapy, and those with HIV/AIDS [7].

Figure 4. Biofilm Structure of Candida species. Candida albicans (A) Blastospores shaped cells and (B)
Filamentous forms (hyphae or pseudo hyphae); (C) Candida glabrata, (D) Candida tropicalis; (E) Candida
guilliermondi F) Pichia kudriavzevir, (G) Candida parapsilosis; (H) Candida auris. Images obtained with scanning

electron microscopy and adapted from Fernandes et a/. [39], Araljo ef a/. [35] and Kean et a/. [40].

C. glabrata, or Nakaseomyces glabratus as currently defined [41], is the second most
common Candida species, accounting for 20- 25 % of cases and 40- 60 % of mortality, particularly in
nosocomial infections [6,42]. The primary associated risk factor is the advanced age of patients, with the
age group from 70 years and above having a significantly higher rate C. glabratainfection [6]. C. glabrata
is characterized by single biofilm formation, and its pathogenesis is linked to stress and rapid
environmental adaptation, a stealth mode and evasion of host defenses (Figure 4.C) [6,42].

C. tropicalis is associated with both superficial and systemic infections [43]. Major risk factors

include neutropenic patients and individuals with altered intestinal microbiota after broad-spectrum
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antibiotics [6]. C. fropicalis is considered a prominent biofilm producer, exhibiting high diversity of
adhesins that mediate adhesion to biotic and abiotic surfaces (Figure 4.D) [43]. Environment and culture
conditions, phenotypic switching and quorum sensing molecules can influence these abilities [43].

C. guilliermondii (teleomorph Meyerozyma (Pichia) guilliermondii [44]) has become a significant
causative agent of candidiasis in recent years [42]. It has been isolated as the etiological agent of VWC
and mucocutaneous infections [45]. Commonly found in the environment, human skin, and mucosa as
a microflora saprophyte, it can cause invasive infections [46]. Risk factors include pediatric and HIV
patients, with most C. guilliermondiinfections reported among oncology patients [46]. Phospholipase
production and biofilm formation are characteristic virulence of this species (Figure 4.E) [45].

C. krusei, (teleomorph Pichia kudriavzevii [44]), is a non-conventional yeast ubiquitous in natural
environments, occurring in fermented foods and beverages [47]. P. kudriavzeviiis an emerging in patients
with solid organ malignancy, hematological diseases and cancer patients, causing both systemic and
superficial infections [6,47]. Similar to C. albicans, C. krusei exhibits thermodimorphism, producing
hyphae at 37 °C and blastoconidia and pseudohyphae at lower temperatures, which is one of its main
virulence factors, along with adhesion to cervical epithelium cells (Figure 4.F) [6,47].

C. parapsilosis is a common cause of lifethreatening candidaemia, mainly in individuals with
haematopoietic system cancers, premature neonates, and organ transplant recipients requiring
prolonged use of central venous catheter or other indwelling devices [48,49]. The widespread presence
of this species is attributed to its capacity to persist in hospital settings for prolonged periods, adhering
to abiotic surfaces and constructing biofilms that act as a conduit for systemic colonization (Figure 4.G)
[49].

C. auris is a concerning pathogen associated with a high rate of incidence, prevalence, and
mortality rate, particularly in the nosocomial environment [50]. Unlike other Candlida species, C. auris is
often found on the skin, and can colonize different body sites, such as wounds, nares, urinary tract, and
bloodstream [50,51]. Factors such as difficult identification, easy adaptation to stressful conditions, and
phenotypic plasticity contribute to its rapid transmission and the challenges in prevention, control and
eradication [50]. Invasive infection and colonization are predominantly detected in hospital patients, with

varying profiles of resistance to antifungals [51]. The high virulence of C. auris is associated with biofilm
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development, consequent multidrug resistance, and the ability to overcome the innate immune system

response (Figure 4.H) [50].

3. Conventional antifungal agents and Mechanism of resistance
For many years, antifungals with activity against Candida species were divided into three main

classes: echinocandins, azoles and polyenes (Figure 5). Recently, pyrimidine analogs group has been
included (Figure 5). This group constitutes the latest class of systemic antifungals, which includes 5-
fluorocytosine [52]. However, due to the high resistance observed with this antifungal, 5-fluorocytosine

cannot be used alone, and must always be administered in conjunction with another antifungal, usually

’

an azole or polyene drug [52].
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Antifungal agents are classified based on their mode of action on fungal cells, each class
proceeding differently to eliminate or inhibit the growth of pathogenic fungi. The mode of action of
polyenes (e.g. nystatin and amphotericin B) is to form polyene/ergosterol aggregates, destabilizing the
fungal membrane [49]. This action can be overcome through mutations in the ergosterol biosynthesis
genes, causing a decrease in ergosterol content, inducing the replacement of biosynthetic precursors
such as liquesterol and lanosterol, and alterating the activation of stress response pathways, such as
catalase and hsp [42,49]. The azoles (e.g. fluconazole (FLC), miconazole and ketoconazole) act by
blocking synthesis of ergosterol in the cell membrane, inhibiting the P450 dependent enzyme lanosterol
14-a-demethylase encoded by the £RG11 gene. This led to the accumulation of toxic sterols. Resistance
to azoles is associated with point mutations in the £/£G11 and E£RG genes, particularly £RGS3, involved in
the ergosterol biosynthesis pathway, and overexpression of multidrug efflux pumps [42,49]. The class of
echinocandins (e.g. caspafungin, micafungin and anidulafungin) acts as non-competitive inhibitors of
(1,3)-B-D-glucan synthase, encoded by the FAS genes, causing a decrease in 1,3-B-glucan in the cell wall.
Echinocandins resistance involves mutations in FAS genes and activation of cell wall stress response
mediating pathways, thereby increasing chitin content [42,49]. The antifungal action of pyrimidine
analogues (flucytosine) involves interfering with fungal pyrimidine metabolism, inhibiting RNA and protein
synthesis [52]. Due to conversion in the cytoplasm of fungal cells via uridine phosphoribosyl transferase
and cytosine deaminase into 5-fluorouridine triphosphate or 5-fluoro-deoxyuridine monophosphate, which
is incorporated into RNA and blocks protein synthesis, and which inhibits thymidylate synthase encoded
by CDC21 (a key enzyme of DNA synthesis), respectively [52]. Resistance to flucytosine is facilitated by
mutation in cytosine permease (FCY2), cytosine deaminase (F£CYI), and uracil phosphoribosyltransferase
(FURI) [42].

Recently, novel formulations have emerged, including rezafungin, a new echinocandin that targets
alterations in FKS hotspots, and ibrexafungerp, which secured Food and Drug Administration (FDA)
approval in 2021, marking the first oral non-azole agent for VWC. Ibrexafungerp impedes the biosynthesis
of 3-1,3-glucan [50,53].

Resistance to antifungals can be intrinsic or innate (primary resistance), or acquired (secondary
resistance), related to the intrinsic or acquired characteristics of the fungal pathogen [54]. Intrinsic
resistance is related to innate characteristics of the microorganism, is highly stable, and consequently,
predictive of therapeutic failure. For example, C. Arusei and C. auris are intrinsically resistant to FLC.
ABCI under-expression and reduced affinity to £/£G11 lead to azole intrinsic resistance in C. Aruse/ [6].

Moreover, it presents variable resistance to other drugs, including amphotericin B, voriconazole,
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itraconazole, micafungin and 5-flucytosine, among others [42]. Furthermore, C. auris also exhibits
intrinsic resistance to other antifungals, including polyenes [54]. The resistance mechanisms of this
species, to azoles, is associated with the overexpression and mutations in the £RG11 gene and alterations
in the sterol synthesis pathway [42]. Similarly, double mutations of the ergosterol synthase encoding
gene £RGI1 and £ERGS3 are important mechanisms of resistance in C. fropicalis, especially to azoles and
amphotericin B (AmB) [6,42,43]. FLC-resistant C. parapsilosis strains are associated with high mortality
rates and the resistance mechanism is like that described for C. fropicalis [42,49]. In addition, multidrug-
resistant and echinocandin-tolerant isolates of C. parapsilosis have recently emerged and are of increasing
concern [48]. The echinocandin resistance mechanism in C. parapsilosis is related a natural
polymorphism in FASI [42]. Also, C. guilliermondiiseems to be intrinsically resistant to the
echinocandins and the most common mechanisms of drug resistance include mutations in FASI,
increased activity of the efflux pump and alteration of the 14 a-demethylase [42,46]

On the other hand, acquired resistance can be stable or transient and is less common than intrinsic
resistance. In this case, resistance develops due to long exposure to antifungals in a previously susceptible
isolate. For example, C. albicans acquired azole resistance after azole therapy [54]. C. glabrata among
the non-Candida albicans Candida (NCAC) species can acquire drug resistance. Indeed, C. glabrata drug-
resistant strains are great concern and is related to the mutations in £RG11/CYP51, over-expression of
membrane transporters, altered sterol import, and genome plasticity [42]. Candida kefyr and Candida
lusitaniae have also been reported to acquire drug resistance after antifungal exposure [55].

Despite the diverse antifungal agents available, as mentioned above Candida species have
developed multiple molecular strategies to exert resistance to these agents and consequently the
treatment failure rate is considerable [56]. Moreover, most of these antifungals have several
disadvantages in terms of toxicity, intensity of side effects, drug interactions, lack of fungicidal efficacy,
high costs and constantly increasing numbers of resistant isolates caused by prolonged therapies [56-
59].

Therefore, there is a critical need for alternative therapies that are not only more effective but also
safer and cost-effective, aiming to improve the overall outcomes for patients suffering with Candida

infections.
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4. Brief overview of alternative therapies for Candida infection

Fungal infections, including candidiasis, are recognized as significant risk factors for various
pathologies, such as autoimmune diseases, diabetes, cancer, and chronic inflammatory conditions. To
combat these challenges, antibiotics and traditional antifungals persist as essential tools in the battle
against infectious diseases [60]. However, adverse effects associated with the use of these antifungal
agents have been reported on the stability of the microbiome, and especially the increase of resistant
pathogens [60]. In recent years, several investigators have worked on the discovery of more efficient
therapies against Candida species, to overcome these challenges. Following this approach and drawing
from the literature review conducted by Rodrigues et a/. [56], new formulations with potential therapeutic
effects against Candida species have been developed.

Antifungal agents’ combination (e.g. AmB and pozaconazole/ caspofungin, micafungin and FLC/
voriconazole or liposomal AmB, flucytosine and voriconazole) might improve the antifungal efficacy, with
several predictable advantages, which include a wider spectrum and potency of drug activity, synergy,
faster antifungal effect, lower dosing of toxic drug and reduced risk of antifungal resistance [56]. In fact,
the first clinical application of this therapy for invasive candidiasis involved the use of AmB and flucytosine,
which was found to induce an additive effect, furthermore research suggests that it reduces the onset of
flucytosine resistance [61]. Conversely, the combinations may be antagonistic or clinically indifferent with
additive side effects and give a false perception of security [56,62].

In the context of combinational therapies, Hodgetts ef a/. [63] demonstrated the combination of a
human antibody fragment, efungumab, with caspofungin enhanced the activity of this agent /n7 vivo. From
this perspective, immunotherapy, consisting of innate and cell-mediated immunity, has been recently
investigated and could become a promising tool against disseminated Candida infections. The
determination of host defense mechanisms against Candida infections has prompted the development of
new immunotherapeutic methods to combat these infections. These methods include the use of
recombinant cytokines (e.g., granulocyte-macrophage colony-stimulating factor or interferon gamma),
therapeutic antibodies (e.g. efungumab or monoclonal antibodies), vaccination (e.g., diphtheria toxoid
CRM197 conjugated with the algal antigen laminarin, mannan protein conjugates or adhesins Als1p and
Als3p) and adoptive transfer of primed immune cells (e.g., antigen primed dendritic cells or adoptive
transfer of anti-Candida T cells) [56].

Another alternative antifungal strategy is photodynamic therapy (PDT). This technique combines a
sensitizing drug and visible light. In this treatment, Candida cells are treated with a photosynthetic agent,

making them susceptible to death by exposure to an appropriate wavelength of light, promoting a
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phototoxic response of the cells, frequently via oxidative damage, which leads to selective destruction of
microbial cells through disarrangements in the cell wall and DNA damage [64].

Also, low-level laser therapy, laser light, has been studied as an alternative antimicrobial treatment,
using low doses of visible light with adequate wavelength to the generation of reactive oxygen species
(ROS) by activating biological chromophores in cells [56]. Although there are few studies using this
technique for the treatment of Candlida species, they report a fungicidal effect [56].

In a very different approach, inhibitors application of early Candida yeast adhesion to different
surfaces is an important step in the manufacture of innovative medical devices. For this purpose,
proteases immobilized on polypropylene, treatment with filastin, the combination of graphene-curcumin-
polyethylene glycol oxide and clioquinol have been used [65].

Nanotechnology focused on designing drugs with extended persistence and controlled release have
been seen as powerful anti-Candida therapeutic alternative. Nitric oxide (NO), Ag—Cu-Co trimetallic,
silver, bismuth nanoparticles are some examples applied in the treatment of Candida infections [50].
Incorporation of the drug into a controlled delivery system is a promising alternative; liposomes or
nanoliposomes, chitosan or sodium alginate are materials used for this purpose. Moreover,
nanoemulsions, known as self-nano emulsifying drug delivery systems, have been shown as an alternative
with several advantages such as drug targeting ability, protection against hydrolysis and enzymatic
actions, increased drug load and provide better drug dissolution and bioavailability [66].

Despite the advances in the aforementioned alternative therapies, there has been no reduction in
the incidence of candida infections worldwide. This lack of progress can be attributed to the inherent
challenges associated with their application, possibly decreasing from the complexities involved. In
addition, the high cost associated with these therapeutic options is a barrier, preventing their widespread
accessibility and adoption, thus limiting their impact on the general population. Consequently, the
expected reduction in Candida infections remains elusive, underlining the pressing need for more

accessible and practical solutions to address this widespread health problem.

4.1 Alternatives treatments based on natural products
The search for relevant alternatives to conventional antimicrobials based on natural products aimed
the control of fungal diseases is a focal point of research due to their low toxicity, costs and adverse
reactions, easy access and application to several pathologies. Besides, it reduces drastically the risk of
induction of antimicrobial resistance, decreasing the negative impact on individual health and the

environment [67]. In this sense, it becomes interesting and important to identify compounds and extracts
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from medicinal plants that are active against clinically resistant Candlida isolates and that present
selectivity to the pathogen [56].

Over the years, many plant extracts and compounds have demonstrated antimicrobial activity
against Candida species. However, the investigation of new compounds from plants, covers new, complex
and diverse chemical structures, requiring a more complete study before their use as new antifungal
agents [56]. In fact, there are a large number of /7 vitro studies showing the effect of natural compounds
on Candida species. Nevertheless, the number of studies that include /7 vivo assays are more limited. In
most of these /n7 vivo studies, the antifungal effect is investigated against C. albicans, including the effect
of seaweed (Dictyota dichoforna) [68]; Arthrospira platensis, topical cream application, induced mild lysis
and vacuolation of cytoplasmic organelles [69] Ambrosia maritima and Bituminaria bituminosa [70]; wild
shrub Calotropis procera [71]; synergistic effects of gypenosides, a class of triterpenoid saponins,
combined with FLC [72]; Acorus tatarinowii Schott that inhibit biofilm formation by regulation of the C.
albicans protein kinase C pathway [73]; and Amukkara Chooram, preventing the transition from yeast to
hyphae [74]. Morin and aqueous extract of 7inospora cordifolia showed effect against C. albicans
associated systemic candidiasis, morin exhibited strong affinity to the Hwp-1 protein, which regulates
biofilm expression and hyphae formation [75,76];

The effect of some natural compounds for oral candidiasis treatment has also been reported. For
instance, the encapsulation of £rodium glaucophylium extract in synthesized silver nanoparticles exhibited
a strong inhibitory effect on the growth and morphogenesis of C. albicans [77]; Cryptocarya moschata
[78]; and the hydroalcoholic extract derived from the bark of Anadenanthera colubrina, demonstrated the
ability to reduce colony counts within biofilms while inducing structural changes and cellular damage
[79].

In the treatment of WC, the effect of Annona muricata L. and spilanthol, a bioactive alkylamide
from Acmella oleracea, significantly reduced the proliferation and adhesion of C. albicans biofiims and
their concentration of carbohydrates, proteins and DNA in the matrix [80,81]; water extract of Sapindus
mukorossi Gaertn. pericarps decreased interleukin IL-1f3, IL-6, IL-8 and lactate dehydrogenase (LDH) in
mice infected with C. albicans [82]; a chitosan gel formulated with a methanolic extract from Mitracarpus
frigidus exhibited significant efficacy in reducing vulvovaginal fungal burden and associated infections
(38); and Anethum graveolens (dill) [84] was demonstrated.

Moreover, the effect on several Candida species, including C. albicans, C. krusei, C. parapsilosis,

C. glabrata, C. auris and C. tropicalis, has been reported: Syzygium samarangense |eaf extracts and
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ethanolic and methanolic extracts of ARosmarinus officinalis and Zingiber officinale [85,86], Salvia

kronenburgii Rech. f. and Salvia euphratica Montbret [87] and Camellia sinensis crude extracts [88].
However, apart from this very limited number of studies that include /7 vivo experiments, studies

on the application of natural therapies against more resistant structures such as Candlida biofiims are

few, focusing on essential oils (EOs) [89].

4.1.1 Essential oil antifungal effect

From the past until today, aromatic plants and their derivatives have been used in traditional
medicine to treat several diseases [90,91]. In this sense, EOs and their main components such as thymol,
carvacrol and linalool have been suggested as potential sources of new therapeutic products, with fewer
side effects, less toxicity and higher biodegradability when compared to available antimicrobial agents
[92]. In addition, EOs have multiple biological properties, such as anti-leishmanial, antiviral, anti-
inflammatory, antioxidant, hepatoprotective, anti-tumor and antimicrobial activities [93,94]. Besides that,
they are also used as anti-inflammatory, analgesic, spasmolytic and local anesthetic medicine. Plants are
believed to emit a wide variety of volatile organic compounds as a defense against pathogens [95]. In this
way, some volatile organic compounds can be refined into EOs via steam distillation [95]. EOs are
complex natural mixtures of volatile organic compounds of terpenoid or non-terpenoid origin. Indeed, an
oil can contain more than 200 components, including monoterpenes, sesquiterpenes, diterpenes,
phenylpropanoids, fatty acids and their esters or their decomposition products [96,97]. Each component
displays a variety of mechanisms of action or cellular pathways against microorganisms [98]. The EOs
composition, even with the same original species, is influenced by several factors, such as geographical
and climatic conditions of production, physical-chemical and biological properties of the soil during plant
growth, cultivation practices such as stress and use of fertilizers, storage conditions and light spectrum
[59,99,100]. In fact, light quality and quantity during cultivation play an important role in the production
and synthesis of EOs and have been shown to affect the volatile compounds in herbs [101].

EOs can be extracted from different parts of plants, such as leaves, flowers, fruits, seeds, roots,
shoots, stems and wood by many methods, including expression, fermentation, enfleurage or extraction
and steam distillation (most widely adopted) [93,96,98]. Caputo ef a/. [102] observed that the choice of
drying method to obtain the EO is crucial concerning the highest yield and mainly the percentage presence
of components that can direct the EO to a suitable use. Thus, the same plant or plants from the same
taxon but with specific genetic characteristics can produce chemically distinct EO [103]. Some botanical

species produce EOs with substantial differences in intraspecies composition, which are referred to as
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chemotypes of that species. As chemotypes can have different biological activity, it is necessary to specify
the chemotype of an EO when applicable [104]. In contrast, EOs shows several physical properties in
common, including liquid state, very volatile, limpid (rarely colored), insoluble in water and soluble in
organic solvents [97]. Thus, a complete characterization of the composition of EOs before their application
is indispensable. Salvo ef a/. [105] propose multi analytical techniques, evaluation of the variation in the
EO content and composition realized by GC and GC-MS analyses, the phenolic fraction analyzed by Ultra-
performance liquid chromatography (UPLC) coupled to photodiode array detection (PDA) (UPLC/ PDA)
and the inorganic elements by Inductively coupled plasma mass spectrometry (ICP-MS).

EOs have been traditionally used for their bioactivity and may represent a valuable therapeutic
alternative for Candida infections, particularly in the case of mucocutaneous infections [106,107]. The
antifungal activity of EOs in Candida species has been the subject of several studies that confirmed its
effect and described its mode of action. Among the commercially available EOs, tea tree (TTEO)
(Melaleuca alternifolia) and thyme (7hymus wvulgaris) are the most studied for their antifungal activity
[108]. Rajkowska et a/ [109] demonstrated that although the EOs of thyme, tea tree, peppermint and
clove oils have different chemical compositions, they exhibited similar modes of action. Their results
indicate that EOs induced the loss of cell membrane integrity in C. albicans. The biological activity profiles

indicated that the thyme was the most active regarding DNA leakage, ergosterol binding, and cytotoxicity.

The genus Myrtaceae, including for example M. alternifolia, Melaleuca quinquenervia and
Melaleuca leucadendra (Figure 6), is one of the most important EOs-producing species, whose EOs have

several bioactivities, such as insecticide, antioxidant, antiviral, antibacterial and antifungal [110].

Figure 6. Images of plants of the genus Myrtaceae: (A) Melaleuca alternifolia, (B) Melaleuca quinguenervia and (C)

Melaleuca leucadendra.

4.1.1.1 Melaleuca alternifolia (Tea Tree Essential Oif (TTEO))
Native to Australia, M. alternifolia (Figure 6.A), commonly known as tea tree, is distinguished by a

diverse chemical composition. It demonstrates a wide spectrum of antimicrobial activity, encompassing
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antifungal properties [111]. The EO from M. alternifoliais known as tea tree (TTEQ) and is widely used in
medicine as an antiseptic and anti-inflammatory, has a calming effect and stimulates the immune system,
reducing contact dermatitis and improves wound healing [112,113]. The principal biologically active
compounds of TTEO are terpenoids and terpene, including a-terpinene, terpinene-4-ol, 1,8-cineole and
terpinolene [111]. In fact, TTEO can be classified into three major chemotypes: terpinen-4-ol, terpinolene,
and 1,8-cineole [112]. The mechanism of action of this EO and its components is related to increasing
the permeability and fluidity of the fungus cell membrane. These compounds incorporate into the lipid
bilayer membrane, eventually disrupting its structure [113,114].

A recent review by Silva et a/. [114] grouped several reports proving that TTEO has antifungal
effects /n vitro against various Candida species, including C. albicans, C. krusei, C. orthopsilosis, C.
lusitaniae, C. parapsilosis and C. tropicalis. Mainly when used topically for the oral candidiasis treatment
[114]. The TTEO at a concentration of 0.5 % (v/ v) (MICs) has the capability to impede the initial adhesion
of C. albicans as well as the subsequent stages of its biofilm formation on both abiotic and biotic surfaces.
This inhibition includes impeding the formation of germ tubes or mycelial conversion and suppressing
respiration [112-114]. In /in vivo studies, the reduction of C. albicans colonization in the oral cavity
occurred in different sensitivity profiles after applying TTEO [114,115]. In a mouse trial, 4 % (v/ v) of
TTEO for 2 days induced a protective action against oral candidiasis by FLC-resistant C. a/bicans isolates
[114,115]. Evidence from nearly 80 years suggests that topical use of TTEO oil is relatively safe. However,
published data indicate that TTEO is toxic if ingested at higher concentrations and may also cause skin

irritation. Despite this, TTEO and its components are not genotoxic [116].

4.1.1.2 Melaleuca quinguenervia (Niaouli Essential Oii)

M. quinquenervia (Figure 6.B) usually known as the broad-leaved paperbark native to Australia,
New Caledonia and the French Pacific Islands, is a medicinal plant known for its applications in
aromatherapy, cosmetics, food industry and pharmaceutical preparations for rheumatism, coughs, colds
and neuralgia [117,118]. Furthermore, it possesses antifungal activity [118]. The EO of M. quinquenervia,
known as niaouli, although less widely recognized than TTEQ, has been identified as effective against
both gram-positive and gram-negative bacteria, as well as a variety of fungi. Its effectiveness was observed
at concentrations similar to those of TTEO [119]. Despite niaouli EO presenting a wide variation in
chemical composition, chemical analysis reports 1,8-cineole, p-cymen-8-ol, p-cymene, E-nerolidol and
limonene as a major component, depending on chemotypes [113,117,118]. Valkova et a/. [120] could

conclude that the presence of 1,8-cineole (40.8 %) in niaouli EO may contribute significantly to its
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antifungal efficacy. Niaouli EO is generally considered a safe, non-toxic, non-irritant and non-sensitizing

oil [121].

4.1.1.3 Melaleuca leucadendra (Cajeput Essential Oil)

M. leucadendra (Figure 6.C), commonly known as weeping paperbark, despite being native to
tropical Australia has been widely cultivated in several parts of the world showing different biological
properties [122]. The leaves and bark are used in traditional medicine as sedating, tranquilizing and pain-
relieving agents [122]. Cajeput EO is extracted from the M. leucadendra and used for its calming
properties and is also recognized for its respiratory tract cleansing properties [50]. Giang An et al. [123]
observed that the EO of M. leucadendra, with a-eudesmol (24.1 %) and guaiol (11.3 %), showed good
antibacterial activity against £. faecalis. Furthermore, it showed MIC's and ICsbetween 64- 256 ug mL?
and 34- 128 ug mL, respectively, in C. albicans. However, Monzote ef al. [122] observed that cajeput
EO, with 1,8<cineole (61 %), did not exert activity on £. faecalis, Staphylococcus aureus, Escherichia coli,
Aspergillus niger, Pseudomonas aeruginosa and C. parapsilosis. On the other hand, Zhang et a/. [110]
confirmed that M. leucadendra EO (4-Terpineol is the most abundant component) possesses fungicidal
effects on C. albicans, forming mesosome-like structures around the cell membrane and spread across
the whole cytoplasm. Furthermore, the synergistic effects of this EO with four drugs from azoles family
were observed. This synergistic effect may result from EO-induced membrane damage and permeability

alteration facilitating drug penetration [110].

The Lamiaceae family is one of the most widespread and diverse plant families in ethnomedicine
(Figure 7). This species is an important source of EOs, with 10 subfamilies, more than 220 genus, and
about 3500 species distributed worldwide. Many of these species, including 7hAymus species and
Origanum species, have a wide range of pharmacological activities with the potential to be developed as
an alternative to antibiotics [67]. In silico toxicity, research suggests that most of the main compounds of

EOs from Lamiaceae species probably do not exhibit mutagenicity, carcinogenicity or cytotoxicity [124].

Figure 7. Images of plants of the Larmiaceae family: (A) 7hymus species and (B) Origanum species.
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4.1.1.4 Thymus species (Thyme Essential Oif)

The Thymus species (thyme EQ) (Figure 7.A) are native to temperate regions in North Africa, Asia
and Europe being a popular medicinal plant with several pharmaceutical and therapeutic applications,
including bronchiolitic, antiseptic, antispasmodic and antimicrobial, including antifungal [125-127]. Its
medicinal potential is associated with its constitution of thymol, carvacrol, flavonoids, aliphatic phenols,
eugenol, saponins, flavones, and tetramethoxylated luteolin [125]. Thyme EO has several advantages
such as pleasant odor and flavor, low cost and side effects, and insignificant toxicity [125,126]. 7Thymus
species, rich in carvacrol and thymol, such as 7hymus pulegioides, Thymus vulgaris (the most common)
and 7hymus zygis, exhibited a potent anti-Candlida activity, classified as fungicidal [106,127]. Thymus is
an oxygenated phenolic monoterpene, that interferes with the formation and viability of Candlida mycelium
hyphae and may cause dysfunction of enzymes on the cell membrane and wall, alterations in the cell
membrane permeability of the cell membrane leading to wall disruption and, consequently, cell death
[128,129]. Alshaikh et al [125] reported that EO from 7. wujgaris reduced the growth of C.
albicans isolates and proved that this EO is fungistatic and fungicidal, at very low doses. Thyme EO also

inhibited germ tube formation and the displacement of fungal pathogens [125].

4.1.1.5 Origanum species (Oregano Essential Oif)

The genus Origanum (Figure 7.B), which includes 43 species and 18 hybrids, is a perennial herb
native to the rocky calcareous and dry soils in mountainous areas, most of which are found in the Western
and Southwestern Eurasia and Mediterranean region [95,130]. Considering the naturally high volatility,
biodegradability, and ephemeral characteristics of oregano EO (OEO), these compounds have been widely
applied as agricultural products, food preservation agents and pharmaceuticals [131]. In contrast to the
mode of action of antibiotics, OEOs can significantly reduce microbial resistance through complex
mixtures of natural compounds [131]. Hao et a/. [131] established a multidimensional analytical method
to evaluate differences in chemical profiles and corresponding antibacterial ability from various OEQOs.
This study showed that OEQOs exhibited wide chemodiversity, and three main groups, carvacrol, thymol,
and sesquiterpene, were identified. Moreover, OEO groups rich in carvacrol and thymol showed potent
inhibitory effects on the growth of common pathogenic bacteria [131]. Cid-Chevecich efal. [132] observed
that OEO from O. wuigare L. inhibited morphogenesis, adhesion, and proliferation at least by 50 % for C.
albicans ATCC-90029, C. albicans ATCC-10231, C. dubliniensis ATCC-CD36 and C. Arusei ATCC-625. In
addition, Stringaro et al. [133] demonstrated that the same EO, carvacrol, and thymol cause a reduction

in fungal viability, alteration of hydrophobicity and induces damage to both cell wall (confirmed by SEM)
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and cell biomembranes, being associated with the loss of intracellular materials. These authors suggested
that these compounds can modify the yeast cell membrane structure by incorporating into the lipid
monolayer, forming aggregates of molecules and lipids, and reducing their packing in the membrane
monolayers [133]. Kaskatepe ef al. [134] suggested that the EO from O. majorana L showed strong
antifungal activities against planktonic and biofilm-forming C. albicans cells and had an influence on
putative virulence factors, such as germ-tube formation, its length and on cell surface hydrophobicity.
These two studies were confirmed on infected Galleria mellonella larvae, demonstrating these bioactive
compounds' safety and their relevant antimicrobial activities [133,134].

Although the previously mentioned studies demonstrate that EOs has antimicrobial potential and
are a possible substitute for antibiotics, the possible toxicity, strong taste, chemical instability, restricted
administration routes and volatility of EO limit its application [131]. In this sense, nanotechnology is

receiving particular attention to overcome these obstacles.

4.1.2 Encapsulated essential oil on Candlida species

The incorporation of a controlled delivery system is a promising strategy to avoid the problems
associated with EOs, making their application safer. So, nanoencapsulation of bioactive compounds, such
as EOs, is a promising topic of nanotechnology [135]. In fact, this technology allows EOs protection from
light and temperature alterations, increasing their solubility in aqueous environments, and improving their
bioaccessibility and bioavailability [135]. The methods presented in the literature for the EO encapsulation
consist of phase inversion precipitation, solvent evaporation, spray drying, hydrogels and in situ
polymerization in the dispersed phase, for example nanoemulsion [136].

The studies related to the EO encapsulation against Candida species are summarized in Table 1,
containing information about several factors that can influence the antifungal effect of the formulations,

such as encapsulation structure and efficiency, particle size, polydispersity (PDI) and zeta potential.
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Table 1. Essential oil encapsulation against Candlida species, information about several factors that can influence the antifungal effect of the formulations. Encapsulation structure,

particle size (nm), polydispersity (PDI), zeta potential (mV), encapsulation efficiency ( % EE) and cytotoxicity

zeta
. Essential Qil/ bioactive | Size . o . )
Encapsulating structure PDI potential % EE Cytotoxicity Anti-Candida effect References
compound (nm)
(mv)
Physically cross-linked ) L
i ) Thymus vulgaris W/l W/I W/l W/l W/I Z1: 40 mm C. parapsilosis [137]
Chitosan/dextrin cryogels
Methylcellulose hydrogel Melissa officinalis W/I W/I W/l W/I W/l ZI: 17.5 mm C. albicans [138]
MICe: 128 pL mL* C. albicans
Polyvinyl and C. dubliniensis, 64 uL mL* C.
High cell viability
alcohol/chitosan/gelatin Zataria multifiora 1100 + 600 W/1 W/l 98.66 ( 9 %) glabrata, 4uL mL* C. krusei, C. | [139]
over b
thermo-responsive hydrogel tropicalis, 14 upuL mL* C
parapsilosis
Nanoemulsions: tween 20
(emulsifier), and Butanaol | Citronella 130+5 0.127 -12.6 95.5+48 W/I MIC: 125 pg mL* C. albicans [140]
(co-emulsifier)
Chitosan-aloe vera films Thymol 197-389 0.21t00.6 22.8-36.4 | 95.3 W/I ZI: 0.5- 1.33 cn C. albicans [141]
Oil-in-water emulsions: T. vulgaris MIC: 125 pg mL* C. albicans
mannosylerythritol lipid B | Lijppia sidoides 5000 W/1 W/l W/I W/l MIC: 250 pg mL* C. albicans [142]
(emulsifier) Cymbopogon citratos MIC: 500 pg mL* C. albicans
) Campsis radicans MIC: 0.133 pug mL* MFC: 0.071
Polyamide nano capsules ) 138.7 0.23 W/l 86 W/l ) [143]
(Guaiacol) ug mL* C. albicans
QOil-in-water emulsion:
] ] Lemon 1.44 + 0.03 W/l W/I 73.8 W/I ZI: 11 mm C. albicans [144]
Chitosan-based films
93.1 Not evidence
Nanostructured Lipid L. sidoides 213.1-445.5 0.3 63.8 W/l toxicity in the /n | MIC: 281- 563 pg mL* C. auris [145]
' vivo model
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Liposome: L-a- 373
-3 +
phosphatidylcholine and | Lavandula angustifolia 177.2 £ 11.49 0.30 £ 0.05 0.10 100 W/l Eradicate C. auris biofilms [146]
cholesterol '
Lemon balm (M. officinalis L.) Good
Nanofibers containing ) o Z1: 15.69- 19.61 mm C. albicans
) 926.7 0.51 5.53 21.7-56.5 biocompatibility [147]
collagen and chitosan Dill (Anethum graveolens L.) o Z1: 22.50- 51.12 mm C. glabrata
in mice model
Biofilm reduction: 89.29 % C.
Cinnamaldehyde 278.5+57.8 W/I W/I 17.3£4.1 W/I glabrata [148]
Gellan/polyvinyl alcohol )
50.45 % C. albicans
(PVA) nanofibers
Biofilm reduction: 70 % C.
Eucalyptol 132.05 + 82.01 W/I W/I 40+ 6.2 W/I ) [149]
albicans and C. glabrata
Not cytotoxic on
Poly(e-caprolactone) Thymus capitatus 198 0.09 11 84 HaCaT  human | MIC: 0.125mg ml mL* MFC: [150]
nanocapsules keratinocyte cell | 0.250 mg mL* C. albicans
Origanum vuigare 200 0.05 -10 51 line
Lemongrass (Cymbopogon
€ (Gymbopog 4959 W/I +30.75 11.45-19.37 W/l
flexuosus)
Chitosan microparticles MIC: 8- 128 ug mL* C. albicans [151]
Geranium (Pelargoniun
5009 W/I +46.54 34.13-39.58 W/l
graveolens)
Terpolymer capsules: methyl MIC: <0.03 -0.06 %; MFC: 0.03-
methacrylate/  methacrylic 285 >84 Non-toxic 0.13 % C. albicans, C. glabrata
acid and C. parapsilosis
Rosmarinus officinalis W/I W/I [136]
Terpolymer capsules: methyl ) MIC: 0.03 -0.13 %; MFC: 0.06-
Considerable
methacrylate/  methacrylic 150 >90 o 0.25 % C. albicans, C. glabrata
) toxicity o
acid/ styrene and C. parapsilosis
Solid lipid nanoparticles:
397.2 £10.1 0.22+0.01 | 209+0.3 | 71.0+£03
stearic acid
) MIC/MFC: 0.1- 0.25 pg mL*
Solid lipid nanoparticles: | Eugenia caryophylliata W/I ) [152]
C. albicans
precirol/ glyceryl 506.4 + 22 0.68+0.02 | -21.7+0.2 | W/I
monostearate
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Solid lipid nanoparticles:
786.9 + 11 0.56+0.08 | -19.2+0.5 | 69.17+0.2
glyceryl monostearate
0.266 *

Lipid-based nanocarriers Citral 74.8 0.08 W/I 99.84 W/l No effect on Candida species [153]

Eucalyptus MIC value were | MIC: 0.18 pg mL* C. albicans
Mesoporous silica | Orange proved to be safe | MIC: 5 ug mL* C. albicans

200 to 500 W/I W/I W/I ) [154]

nanostructures for eukaryotic

Cinnamon MIC: 1.25 ug mL* C. albicans

cells
ZI: 10- 18.67 mm C. albicans, C.
Chitosan Polymer Matrix Mentha spicata L. var. viridis 835820 W/I W/l 81.20 W/I o [155]
ketyr, C. tropicalis

Elicriso italic ZI: 0,5 mm C. albicans

Chamomile blue No effect on C. albicans

Cannella corteccia (cinnamon) ZI: 18 mm C. albicans

Levanda vera (lavender) ZI: 2 mm C. albicans
Sodium alginate matrix Tea tree 5x10-1x10° W/1 W/l 66 W/I ZI: 2 mm C. albicans [156]

Peppermint ZI: 6 mm C. albicans

Eucalyptus globulus juvenile ZI: 1 mm C. albicans

Lemongrass ZI: All zone C. albicans

Lemon ZI: 1 mm C. albicans
Self-nanoemulsifying Oregano 150- 500 0.1-0.4 W/I W/I W/l ZI: 17 mm C. albicans [66]

IZ Inhibition zone.

W/1 without information.
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Biomaterial-based hydrogels, particularly intelligent hydrogels with the ability to react to
environmental stimuli such as temperature, are promising platforms for the EO encapsulation and have
been widely used in biomedical applications [139]. In this sense, Torabiardekani ef a/. [139]
demonstrated that encapsulation of Zataria multifiora EQ in a polyvinyl alcohol/chitosan/gelatin thermo-
responsive hydrogel (gel-sol viscoelastic transition at a temperature of 24.5 °C) inhibits the metabolic
activity of C. albicans biofilms by approximately 60- 80 %, which may be related to the antifungal activity
of both EO constituents and chitosan. This formulation is biocompatible with high cell viability and a
possible application of this system is to control cutaneous candidiasis [139]. Also, Serra et a/. [138]
synthesized a hydrogel with 10 % (v/ v) methylcellulose and 2 % (v/ v) Melissa officinalis, which
significantly reduced the retention of C. albicans. These hydrogels have the ability to gel at body
temperature in less than 3 minutes and may provide a novel antimicrobial therapy for the treatment of
oral candidiasis [138]. Another approach in this sense is the cross-linked chitosan/dextrin cryogels
entrapping 7. vuigaris, Dinu et al. [137] showed that this 3D cryogenically-structured network, constructed
by hydrogen bridges formed by mixing two naturally polysaccharides, chitosan and dextrin, induces a 40
mm inhibition zone for C. parapsilosis. Furthermore, Balaure ef a/. [154] observed a remarkable inhibitory
effect against the biofilm formation of C. albicans ATCC 10231 of mesoporous silica nanostructures
incorporating eucalyptus, orange and cinnamon EQOs. The incorporation of orange showed the most
intense inhibitory effect on biofilm production, with inhibition of biofilm formation starting at a
concentration of 0.31 % [154].

Also, nanoemulsions, consisting of very small oil droplets held in aqueous environments by
surfactants, have been extensively developed as a delivery mechanism for plant-derived bioactive
compounds [140]. Incorporating citronella EO into nanoemulsion decreased its MIC against C. albicans
by half, i.e. 250 pg mL: for citronella EO and 125 g mL for nanoemulsion with citronella EO [140]. The
same MIC values to C. albicans were observed for the nanoencapsulation of Lijppia sidoides and T.
vulgaris in mannosylerythritol [142]. Hosny ef al. [66] demonstrated that oregano EO- nanoemulsions
can protect against oral infections caused by C. albicans. being able to inhibit ulcer formation by C.
albicans in the buccal mucosa.

The development of easily removable, plant-based antimicrobial films formed using a component
of thymol EO, chitosan biopolymer and the medicinal plant aloe vera increases the spaces between the
biopolymer chains, facilitating greater water intrusion, conducive to preventing the possibility of bacterial
infection. However, this formulation had a tiny effect on C. albicans [141]. Also, chitosan films with lemon

EO microspheres and cranberry juice were developed, obtaining zones of inhibition in the disk diffusion
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method for C. albicans of 11 mm [143]. The antimicrobial effect of guaiacol, the active ingredient of
Campsis radicans EQO, both free and in guaiacol-polyamide nanocapsules, was evaluated on FLC-resistant
C. albicans, obtaining a lower MIC when encapsulated of 0.133 pug mL* and MFC of 0.071 ug mL* [143].
Also, the inclusion of eucalyptol/[-cyclodextrin in gellan/polyvinyl alcohol nanofibers inhibited
approximately 70 % of the biofilm of C. albicans and C. glabrata. Electron microscopy studies revealed
that this formulation disrupted the Candida cell surface [149]. The same encapsulation system with
cinnamaldehyde, can effectively eradicate 50.45 % and 89.29 % and of C. albicansand C. glabratabiofilm,
respectively [149].

On a study performed on C. auris, Baldim ef a/. [145] demonstrated the potent antifungal activity
of nanostructured lipid carriers loaded with L. sidoides EO, with MIC between 281 and 563 ug mlL?,
without evidencing toxicity in the G. mellonelamodel. In a study by Alteriis ef a/. [146], low concentrations
of free and liposome-encapsulated /. angustifolia EOs inhibited the growth of C. auris. In fact, using
liposomes or nanoliposomes for EO encapsulation can protect biomolecules from the environment with
the advantages of being non-toxic and biodegradable [157]. Furthermore, the same compounds,
liposome-encapsulated L. angustifolia EOs, were effective in eradicating C. auris biofilms formed by, both
biofilms developed from planktonic cells and that developed from persistent cells [146]. The authors
observed that the £RG11 gene was down-regulated during eradication with the encapsulated oil, which
may be attributed to its cell membrane targeting activity. They also observed that the H/OG1 gene, involved
in the oxidative stress response, was positively regulated when the encapsulated oil was used [146]. In
addition to these genes, the expression of ALS5 gene, responsible for hyphae growth, in persistent biofilm
cells treated with encapsulated EO was negatively regulated [146].

However, further research is needed to delve deeper into the efficacy, toxicity and dosimetry of
encapsulating EOs. Thorough exploration of these aspects is crucial to scientifically establishing the scope
and value of encapsulating these compounds for new applications in the fight against Candida species.
The integration of /7 wivo testing is also essential to association laboratory findings and real-world
applicability, providing a deeper understanding of the potential benefits and limitations of EOs

encapsulation in the treatment of Candida infections.

5. Conclusion
The virulence factors of Candida species are relevant therapeutic targets, as they are responsible
for increasing resistance and pathogenicity. Mainstream commercial antifungals often fail to inhibit these

factors, and their effectiveness diminishes over time due to rising resistance. The data collected here

25



ESSENTIAL OIL AS ALTERNATIVE TREATMENT TO CANDIDAINFECTION: REVIEW | CHAPTER |

underscore the antifungal potential of EOs as complementary strategies or alternative treatments to
commonly used commercial antifungals. EOs have been widely studied through direct use as biological
agents or as a basis for developing new drugs with promising therapeutic applications. Furthermore, the
encapsulation of EOs offers additional advantages, such as protection from light and temperature
alterations, increasing their solubility in aqueous environments, and improving their bioaccessibility and

bioavailability.
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CHAPTER Il

EFFECT OF ESSENTIAL OILS ON DRUG-RESISTANT CAND/DA STRAINS

Over the time there has been an increase in Candida strains resistant to conventional antifungals.
Highlighting Candida auris, a recently found Candida species, mainly associated with nosocomial
outbreaks in intensive care hospital settings, and unlike other Candlida species, it can be transmitted
through person-to-person or by contact with surfaces. This yeast pathogen is responsible for many
invasive fungal infections due to its multidrug-resistant character and its huge transmission ability. Indeed,
C. aurisis described as resistant to first-line antifungals and, consequently, associated with high mortality.

Despite the impact and importance that C. auwris has recently demonstrated, Candida albicans
remains the Candida species most frequently found and associated with vulvovaginal candidiasis (VVC).
Moreover, there is also growing concern about the incidence of non-Candida albicans Candida (NCAC)
species, such as Candida glabrata, Candida parapsilosis, Candida krusei or recently named Pichia
kudriavzevii. WC is a disease with high incidence, a huge impact on the quality of life and health of
women, and which represents a great challenge to treat. The growing need to apply antifungal intensive
therapies have contributed to an emergence of drug-resistant Candlida strains.

Effective therapeutic options, to meet the antifungal-resistance challenge and to control high resilient
biofilms, are urgently needed. Nowadays, essential oils (EOs), obtained from several aromatic plants, are
known to be effective against fungal infections. For example, 7hAymus species are known by their
antifungal effect due to the presence of some volatile compounds in their EOs, such as carvacrol, thymol,
linalool and y-terpinene. However, the efficiency of the EOs can vary significantly even within the same

genus. Therefore, the selection of natural therapies should always have in account EOs composition.
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ESSENTIAL OILS AS A GOOD WEAPON AGAINST DRUG-RESISTANT CANDIDA AURIS
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Figure 8. Subchapter 1.1 workflow.

Candida auris, a recently discovered Candida species, is primarily linked to nosocomial outbreaks
within intensive care hospital settings. Thus, this subchapter evaluated four specific essential oils based
on clinical evidence and their individual characteristics: tea tree, niaouli, white thyme and cajeput oils.
The main objective of this research was to evaluate the impact of these essential oils against planktonic

growth and biofilms of Candida auris.

This subchapter is based on the following publication: Fernandes L, Ribeiro R, Costa R, Henriques M,
Rodrigues ME. Essential Qils as a Good Weapon against Drug-Resistant Candida auris. Antibiotics 2022, Vol 11,
Page 977 2022;11:977. https://doi.org/10.3390/ANTIBIOTICS11070977.
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1. Introduction

In recent years, the incidence and prevalence of fungal infections became a worrying problem in
hospital environments. These invasive fungal infections are reported to be one of the most common
diseases in humans, affecting nearly 25 % of the population [1]. Candida aurisis a new Candida species
recently found, after being isolated from the external auditory canal of a Japanese patient, and since then
it has been found and reported in more than 6 continents and 30 countries [2-4]. C. auris is mainly
associated with nosocomial outbreaks in intensive care settings, where it has been recovered from the
skin of healthcare workers and patients, areas that have been in contact with infected patients and a wide
variety of surfaces [5]. C. auris has shown high colonization and survival capabilities and, unlike the
majority of the other Candida species, can be transmitted through person-to-person or through contact
with surfaces or contaminated equipment [5]. This yeast causes highly invasive infections with a high
mortality rate in hospitalized patients, with immunosuppression and underlying chronic disease being the
main risk factors [6]. In fact, several virulence factors commonly associated with Candida albicans
(considered as the most virulent member of the genus) have been identified in C. auris, such as
phospholipase and proteinase activities and biofilm formation, although C. awris isolates produce only
rudimentary pseudohyphae [7]. In addition, C. auris has already been described as resistant to the first
line antifungal agent, fluconazole (FLC), exhibiting variable susceptibility to other azoles and
echinocandins [2]. Thus, the search for alternative therapies from natural sources featuring new
mechanisms of action combined with new strategies has become crucial. In this sense, essential oils
(EOs) have emerged due to their many useful properties for human complications, including antiviral,
anti-inflammatory and antifungal activity. The strong antimicrobial activities of EOs and their components
are described in several studies [8-11]. EOs have the ability to hinder the growth of pathogens, increasing
membrane permeability, disrupting the cell membrane, inducing leakage of vital intracellular constituents,
and interrupting cell metabolism and enzymatic kinetics [10]. Tran et a/. [11] demonstrated for the first
time the potential of EO from Cinnamomum zeylanicum to exert antifungal activity against planktonic C.
auris cells, highlighting their ability to damage the membranous structures of fungal cells and haemolytic
activities. In addition, it was also demonstrated that EO arborvitae led to a significant decrease in the
intrinsic planktonic growth rate of C. auris. However, in general there are very few studies on the effect
of EOs on C. auris especially on C. auris biofilm. In this study, four EOs were evaluated, the choice of
these four specific EOs was based on clinical evidence provided by a clinic (Costa Raquel, Aromas Aqua
Spa - Health Clinic) and due to their characteristics: tea tree EO that is recognized for its anti-fungal,

antiseptic, anti-inflammatory and anti-infective properties, it also stimulates the immune system and has

38



ESSENTIAL OILS AS A GOOD WEAPON AGAINST DRUG-RESISTANT CANDIDA AURIS | Chapter 11.1

a calming effect; cajeput and white thyme EOs are recognized for its respiratory tract cleansing properties
and is also used for its calming properties and niaouli EO that is an expectorant, decongestant and
strengthens the immune system and can be used for skin problems such as acne, itching, dermatitis or
sunburn [12]. So, the aim of this work was to evaluate the effect of tea tree, cajeput, niaouli and white

thyme EOs against C. auris species.

2. Materials and Methods

2.1 Essential oils

This study evaluated the antifungal activity of fours EOs, namely cajeput (Melaleuca cajaputi (leaf);
florame® (Lot 801736), Portugal); niaouli (Melaleuca quinguenervia (leaf); florame® (Lot 100378),
Portugal); tea tree (Melaleuca alternifolia (leaf); florame® (Lot 903025), Portugal) and white thyme
(7Thymus satureiodes (flowering tops); florame® (Lot 800180), Portugal) (all with 100 % purity). All EO
samples were stored wrapped in aluminum foil, in order to protect from light, at room temperature.

Analysis of the EOs was carried out by florame® (Saint-Rémy-de-Provence, France) (Annex 1.1-4),
using a Gas Chromatography (GC) with Flame-lonization Detection (FID) at the following conditions: the
hydrogen carrier gas; the polar Elite-WAX column (100 % polyethylene glycol) (60 m /0.25 mm/0.25 um)
and the non-polar Elite-5 columns (5 % diphenyl, 95 % dimethylpolysiloxane) (60 m/ 0.25 mm/ 0.25 um)
for tea tree, white thyme and cajeput EOs. Analysis of the niaouli EO was carried out using a GC 6890
MS 5975 instrument at the following conditions: the injected sample volume was 1 pL; the helium carrier
gas flow rate was 1 mL mint; a HP5 ms capillary column (30 m /0,25 mm) was used, with a film
thickness of 0.25 um; the column temperature was 60 °C increasing at 2 °C min! to 250 °C; and the

mass range was 40- 460 m z.

2.2 Microorganisms and culture conditions in this study
Candida auris NCPF 8971 was stored at - 80 + 2 °C in Sabouraud Dextrose Broth (SDB;
Liofilchem) with 20 % (v/ v) glycerol. Before each assay, C. auris was subcultured onto Sabouraud
Dextrose Agar (SDA; Liofilchem) and incubated aerobically at 37 °C for 18- 24 h. SDA plates was prepared
from SDB supplemented with 2 % (w/ v) agar (Liofilchem).
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2.3 Antifungal susceptibility testing
2.3.1 Fluconazole
Minimum Inhibitory Concentrations (MICs) and Minimum fungicidal concentrations (MFCs) of FLC
were determined using broth micro dilution method according to Clinical and Laboratory Standards
Institute (CLSI) guidelines (CLSI M27-A4), with some modifications [13]. Briefly, the initial cell
concentration for C. auris was adjusted for 2 x 10 Colony-forming units (CFU) mL* in RPMI 1640 and
dispensed into 96-well round bottom microtiter plates with the FLC solution, both in a proportion of 1: 2.
Positive (C. auris suspension) and negative (broth medium RPMI 1640) controls were included. All
microtiter plates were incubated for 24- 48 h at 37 °C. MIC was obtained by visual observation of the
turbidity gradient and by the determination of the optical density at 570 nm. Minimum Inhibitory
Concentrations (MICx) endpoints were established as the lowest concentration of FLC that resulted in
decrease of growth by =50 % relative to the positive control (C. auris suspension). To determine MFC,
each well was sub-cultured onto SDA plates and incubated for 24 h at 37 °C. MFC endpoints were defined
as the concentration in the first well with no growth on SDA plate. The experiment was performed in three

independent assays in triplicate.

2.3.2 Essential oils

2.3.2.1 Planktonic Antimicrobial Susceptibilities

MICs and MFCs of cajeput, niaouli, tea tree and white thyme EOs were determined as described
above, with some modifications due to the use of volatile compounds. After the concentration was
adjusted, the 1 mL of cell suspension was dispensed into glass wells (Figure 9.A) into glass petri dishes
(Figure 9.B) with the EOs diluted (12.5 % (v/ v) - 0.02 % (v/ v)) in a vegetable oil, almond oil (Prunus
amygdalus, AB- Agriculture Biologique, France), with both at a ratio of 1: 2. EOs are extremely strong
organic solvents that can cause damage and deterioration, and even melting, to most plastic materials,
such as polystyrene, normally used in this type of assays. So, the use of a system with a glass well for
cell culture inside glass Petri dishes (Figure 9.C) allows the direct application and/or the use of vapor-
phase of EOs. Positive (C. auris suspension with almond oil) and negative (RPMI broth medium) controls
were included. The set glass wells into glass petri dishes were incubated for 48 h at 37 °C. MICs and

MFC was determined as described above.
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Figure 9. Glass system: (A) well, (B) well and petri dishes and (C) glass well inside glass petri dishes.

The agar disc diffusion method described by Tran ef a/ and Touati ef a/ [11,14], with some
modifications, was used for determination of the antifungal activities of cajeput, niaouli, tea tree and white
thyme oils. Briefly, a swab dipped in cell suspensions (pre-inocula) adjusted to 1 x 10¢ cells mL* was
spread onto SDA plates. Then, sterile 6 mm blank disks (Liofilchem) impregnated with 25 UL of each oil
(100 % (v/ v)) were placed over the agar surface, and plates were incubated at 37 °C for 24 h. Plates
with disks loaded with ethanol 70 % (v/ v) and almond oil were also included as positive and negative
controls, respectively. The inhibition zones induced by different EOs were measured (mm). Both

experiments were performed in triplicate and in three independent assays.

2.3.2.2 Biofilms antimicrobial susceptibilities

C. auris biofilms were developed as described by Stepanovi¢ ef a/. [15], with some modifications
due to the use of volatile compounds. Briefly, pre-inocula (pure liquid cultures) of C. auris were maintained
in SDB for 18 h at 37 °C under agitation (120 rev/ min). Then, the initial cell concentration was adjusted
for 1 x 10s cells mLt. The cellular suspension was transferred, under aseptic conditions, to glass wells
inside glass petri plates (1 mL/ well) (Figure 9.C). The C. auris biofilm culture was incubated aerobically
for 24 h on a horizontal shaker at 120 rpm and 37 °C. The effect of four EOs (100 %) (tea tree, niaouli,
white thyme and cajeput) was evaluated on biofilm formation and on 24 h-old biofilms. For this, two drops
(25 pl with a final concentration of 2.4 % (v/ v)) of each oil were added to the wells containing a cell
suspension (biofilm formation) or a pre-formed biofilms (24 h old biofilms). Positive (C. auris suspension)
and negative (SDB broth medium) controls were included. All plates were then incubated in the same
conditions. After 24 h the wells were washed with Phosphate-buffered saline (PBS) to discard the
planktonic fraction and the microdrop technique was used. Biofilm cell suspensions were serially diluted
in PBS and plated on SDA plates (incubated aerobically for 24 h at 37°C) and the cultivable cells were
enumerated. Values of cultivable sessile cells were expressed as Log CFU per mL (Logw (CFU mL1)). The

biofilm experiment was performed in triplicate with three independent assays.
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2.4 Statistical analysis
Biofilm antimicrobial susceptibility results were analyzed using the Prism software package
(GraphPad Software version 6.01 for Macintosh). Two-way ANOVA (analysis of variance) tests were
performed, and means were compared by applying Tukey s multiple comparison test. Statistically

significant differences were considered significant when P< 0.05.

3. Results and Discussion

The general resistance of Candlida species to most available antifungal drugs and the emergence
of multidrug-resistant species, such as C. auris, make it urgent to develop new drugs or more effective
therapies. So, this study aimed to evaluate the antifungal activity of four EOs against C. auris in both
planktonic cells and biofilms (on its formation and on pre-formed biofilms).

The identified compounds in the four EOs and their relative contents are listed in Table 2 according
to their percentage ascending on a nonpolar column. The major compounds of the EOs are terpinen-4-ol
(42 %), y-terpinene (21 %) and o-terpinene (10 %) in tea tree ail, cineole (65 %), a-terpineol (11 %) and
linalool (3 %) in cajeput oil, p-cymene, limonene and 1,8<ineole (57 %) in niaouli oil, and borneol (32 %),
o-terpineol (16 %) and carvacrol (9 %) in white thyme oil.

To verify C. auris resistance to FLC, both MICs and MFC were firstly evaluated. The results showed
a MICs of 125 ug mL* and a MFC of = 125 ug mL:. These results confirm, that, as expected, C. aurisis
highly resistant to FLC (sensitive < 32 ug mL?; resistant = 32 ug mL1[16]). Recently, genetic analyses of
the C. auris species have reported mutations in genes related to the development of triazole resistance.
In addition, the presence of genes encoding proteins involved in the acquisition of resistance, such as
protein kinases, efflux pumps and major facilitator superfamilies have also been reported [17]. Thus,
considering the still increasing problem of C. auris drug resistance, the antifungal properties of the EOs
can be considered a promising alternative.

Regarding the antifungal activity of EOs against planktonic C. auris cells, the MICsx and MFC of
white thyme, tea tree, cajeput and niaouli EOs were determined. A lower MIC was observed for tea tree
EO (0.78 % (v/ v)), in comparison to the other EOs tested, with a MICs value of 1.56 % (v/ v). Similarly,
the MFC recorded for the tea tree EO was lower (1.56 % (w/ v)) than for white thyme, cajeput and niaouli
EOs (3.12 % (v/ v)). The four EOs tested showed inhibitory and fungicidal properties at low concentrations.

Tran et al. [11], one of the few studies that presents the MIC and MFC values of EOs in C. auris, also
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verified very low MIC and MFC values for cinnamon EOs of <0.03-0.13 % (v/ v) and 0.25 % (v/ v),

respectively.

Table 2. Identification of the component of tea tree, cajeput, niaouli and white thyme essential oils expressed as a

percentage (%) of individual compound in the total essential oil sample

Tea tree oil Cajeput oil Niaouli oil White thyme oil
Compounds (%) Compounds (%) Compounds (%) Compounds (%)
Terpinen-4-ol 42.2 | Cineole 64.8 | p-Cymene 57.1 Borneol 31.8

0 3 +Limonene+1,8- 4 6
cineole
Y-terpinene 21.3 o-terpineol 11.1 o-pinene 12.0 o-terpineol 15.9
8 9 0 5
o-terpinene 10.1 Linalool 3.21 o-terpineol 8.55 Carvacrol 8.63
9
Terpinolene 3.46 Myrcene 1.81 Viridiflorol 7.29 Camphene 7.26
o-terpineol 3.25 a-pinene 1.71 [-pinene 3.46 | trans-B-Caryophyllene  6.62
1,8-cineole 3.03 | y-terpinene 1.71 [3-Caryophyllene 1.22 Bornyl acetate + 4.54
Thymol
a-pinene 2.52 | Terpinolene 1.31 Ledene 1.19 a-pinene 4.12
p-Cymene 1.49 (3-selinene 1.28 y-terpinene 1.04 Linalool 2.92
Limonene 1.08 | Sabinene 1.23 | Terpinen-4-ol 1.01 p-Cymene 2.14
Aromadendrene 1.00 o- caryophyllene 0.92 Nerolidol 0.73 | Terpinen-4-ol 1.85
Bicyclogermacrene 0.85 | Terpinen-4-ol 0.91 Ledol 0.73 | y-terpinene 1.83
Ledene 0.82 a-selinene 0.89 (3-myrcene 0.56 Camphor 1.27
S-cadinene 0.78 | Caryophyllene oxide 0.89 | Alloaromadendrene 0.38 Limonene 1.07
Myrcene 0.72 [3-eudesmol 0.57 Terpinolene 0.34 | Thymol methyl ether 0.82
o-thujene 0.71 a-eudesmol 0.55 o-terpinene 0.26 [-pinene 0.78
{3- phellandrene 0.68 | o-terpinene 0.54 Linalool 0.24 1,8-cineole 0.73
{-pinene 0.66 | p-Cymene 0.43 Benzaldehyde 0.22 | a-terpinene 0.49
Sabinene 0.47 | Germacrene D 0.33 | a-Caryophyllene 0.20 | y-cadinene 0.47
a-phellandrene 0.37 | a-phellandrene 0.26 [3-selinene 0.20 | &-cadinene 0.44
Linalool 0.36 | Borneol 0.25 | y-cadinene 0.18 | Terpinolene 0.41
Alloaromadendrene  0.32 | Geranyl acetate 0.25 | Camphene 0.18 | Caryophyllene oxide 0.36
Globulol 0.29 | o-thujene 0.20 | &-cadinene 0.16 | Myrcene 0.35
o-gurgujene 0.25 | Benzaldehyde 0.16 Isopulegol 0.13 | Tricyclene 0.33
trans-B- 0.25 10-epi-gamma- 0.10 | a-phellandrene 0.11 o-thujene 0.25
Caryophyllene eudesmol
Viridiflorol 0.24 | a-Copaene 0.06 | oa-thujene 0.11 Ethanol 0.17
a-Copaene 0.10 Citronellol 0.07
Alcool fenchylique 0.07
Borneol 0.06
Patchoulene 0.06
Methyl benzoate 0.05
trans-B-ocimene 0.04

The antifungal activity of EOs (white thyme, tea tree, cajeput and niaouli) against C. auris was also
evaluated using the agar disc diffusion method and the results are summarized in Figure 10. As a negative
control, 70 % ethanol (v/ v) was used, resulting in a 9 mm halo. Regarding the effect of EOs, both white
thyme (21.4 £ 0.5 mm) and tea tree (20.0 + 1.9 mm) oils demonstrated stronger antifungal activity

against the tested strains when compared with cajeput (13.8 + 1.1 mm) and niaouli (13.3 £ 1.1 mm)
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oils. Furthermore, despite similar diameters between the tea tree and white thyme oil it, there was a
marked decrease in the C. auris biomass all over the petri dish with the application of white thyme EOs

(Figure 10).

Essential Oil
Inhibition zone (mm)
Tea tree Cajeput Niaouli White thyme
C. auris NCPF 8971 20.0 + 1.9%*** 13.8 + 1.1**** 13.3 £ 1.1**** 21.4 + Q.5

Figure 10. Antifungal activity of essential oils on Candida auris NCPF 8971 evaluated using the disk-diffusion assay.
**** p < 0.0001 indicates a statistically different reduction in comparison with the control (Tukey s multiple

comparison test).

These results are in line with several reports of high antifungal activity of thyme and tea tree oils
against both susceptible and drug-resistant strains of various Candida species [18,19]. Indeed, EOs and
their constituents have been used against a wide range of fungal pathogens since they have the ability to
hinder the growth and development of a diverse range of pathogens [10].

After these good preliminary results, the antifungal effect of white thyme, tea tree, cajeput and
niaouli EOs in biofilm formation and 24 h-old biofilms of C. auris was evaluated (Figure 11). Direct
application of two drops (2.4 % (v/ v)) of EOs on biofilm formation (Figure 11.A) led to a total inhibition of
biofilm growth. Moreover, the oils were also applied in pre-formed biofilms (Figure 11.B) and it was
observed that the application of two drops (2.4 % (v/ v)) of white thyme and cajeput oils induced a total
eradication of the 24 h-old biofilms. In addition, tea tree and niaouli oils significantly reduced viable cells
of those pre-formed biofilms (p< 0.0001), with reductions of 5 Log, CFU mL* and 4 Logi. CFU mL: (p<
0.001), respectively.
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Figure 11. Antifungal effect of four essential oils (tea tree, niaouli, white thyme and cajeput) in (A) biofilm formation
and (B) 24 h-old biofilms of Candida auris NCPF 8971 by quantification of CFUs per mL. Error bars indicate the
respective standard derivation (SD). *** p < 0.001, **** p < 0.0001 indicates a statistically different reduction in

comparison with the control (Tukey s multiple comparison test).

The results confirm the high ability of C. auris to form biofilms (Figure 11 - (+) control), as
previously described by Horton ef a/. [20]. These authors demonstrated that the growth in synthetic sweat
medium and in the skin of pigs allows C. auris to form dense biofilms that resist desiccation and thrive
in conditions of evaporation. In addition, the draft genome that identifies several proteins involved in
biofilm formation and recent descriptions of aggregative and non-aggregative phenotypes indicate the
possibility of heterogeneous C. auris biofilm formation [7].

In relation to the application of EOs on biofilm formation (Figure 11.A), it was possible to verify that
the application of only two drops of oil (white thyme, tea tree, cajeput or niaouli) induced to a total
inhibition of biofilm growth after 24 h. Furthermore, the application of the same volume of white thyme
and cajeput oils led to a total eradication of biofilms the 24 h-old (pre-formed biofiims) (Figure 11.B),
showcasing their great efficacy. Besides, tea tree and niaouli oils significantly reduce viable cells of those
pre-formed biofilms (p <0.0001). In fact, the good anti-Candlida activity of thyme was also verified in many
reports [21]. Similarly, to the results obtained in this study, Asdadi ef a/. [21] showed that EO of 7.
satureioides (white thyme oil) was able to inhibit the growth of non-Candida albicans Candida (NCAC)
species (Candida krusei, Candida dubliniensis and C. glabrata) resistant to conventional antifungal, such
as FLC and amphotericine B.

In this study, the major compounds of the white thyme oil are borneol, a-terpineol and carvacrol
(Table 2). It has been demonstrated that oxygenated terpene compounds, such as carvacrol, are often

considered the main responsible for modifying membrane permeability by chemical reaction with amino
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and hydroxylamine groups of membrane proteins [8]. Indeed, carvacrol has the highest antifungal activity,
inhibiting the formation of hyphae and biofilms in Candida species [6,22]. Also, terpinen-4-ol and a-
terpineol are recognized as potent compounds with a fungicidal effect [19]. Thus, the very good outcomes
obtained in this work are justified by the important antifungal role of these compound.

In turn, the major compounds of the tea tree EO are terpinen-4-ol, y-terpinene and o-terpinene
(Table 2). Tea tree oil and their components increase yeast cell permeability and membrane fluidity, and
become embedded in the lipid bilayer membrane, eventually disrupting its structure [23]. Besides that,
tea tree oil also inhibits the formation of germ tubes or mycelial conversion and inhibits respiration in C.
albicans [23]. In addition, Mondello ef a/. [19] suggested that terpinen-4-ol is a likely mediator of the /n
vitro and /n vivo activity of tea tree oil and that could control C. albicans vaginal infection. The EO of M.
quinquenervia (niaouli oil) was found to be effective against bacteria as well as a range of fungi, including
C. albicans [24]. Additionally, Keereedach et a/. [25] found that M. cajuputi (cajeput oil) had a potent
antifungal activity against clinical isolates of C. albicans resistant to FLC, where it was able to reduce the
MIC of FLC and reduce the expression level of MDA (an important gene that plays a role in resistance
to azole drugs in C. albicans). However, so far there are few studies regarding the effect of niaouli and
cajeput oils in Candida species, being this the first study to use both oils in Candida biofilms. The major
compounds of these two oils are cineole, a-terpineol and linalool in cajeput oil and p-cymene, limonene
and 1,8-cineole in niaouli oil (Table 2). 1,8-Cineole showed some anti-Candida activity with a fungicidal
effect [26]. In addition, linalool exerts antifungal activity by disrupting the membrane integrity and
interrupting the cell cycle of planktonic C. albicans, inhibits germ tube formation and exhibits antifungal
activity against C. albicans cells in biofilms. The inhibition of hyphae induction by limonene at low
concentration may be responsible for the inhibition of biofilm formation. However, p-cymene, a thymol
precursor, is generally defined as inactive [27,28].

Nevertheless, it is complicated to point the antifungal activity of a complex mixture (EOs) to specific
constituents. In fact, it is believed that the antifungal activity most probably results from the combined
effect of different compounds on several cellular targets [29]. In this study, the composition of the tested
EOs suggests that each oil is featured by components common to the four EOs (27 %- 35 % of the total
composition) and specific components (19 %- 33 %) (Table 2). So, it is reasonable to speculate that the
antifungal activity of these four EOs can also be related to the presence of specific compounds, such as
terpinen-4-ol, carvacrol, o-terpineol, linalool and limonene. Studies report that terpinen-4-ol, major
component of the tea tree oil (42 %), have a lipophilic characteristic, probable presenting a direct action

on the cell membrane structure and associated enzymes [30]. Carvacrol, present in white thyme oil (9
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%), and linalool, present in the four EOs under study in a range between 0.2- 3 %, are associated with
modification of membrane permeability and inhibition of hyphae and biofilm formation [8]. The antifungal
activity of a - terpineol, present in the four EOs (3- 16 %), also occurs through the disruption of cell walls
and cytoplasm, resulting in abnormal hyphae [31]. Limonene, constituent of the tea tree, niaouli and
white thyme oils, acts on the genetic material yeast, leading to damage to the cell wall and intracellular
structures, including nuclear alterations (condensation of genetic material and specific changes in
mitochondria). This compound also induces dramatic structural changes in organelles, accompanied by
cell wall disruption [32]. However, to better understand the antifungal effect of these EQs, the synergistic
or antagonistic effect between the most abundant compounds and also those present in a smaller
percentage in the mixture should be investigated [33]. Thus, more studies are needed in order to

understand the interactions between components and consequently the mechanisms of action of EOs.

4. Conclusions

C. auris is recognized as a notorious nosocomial pathogen that requires urgent efforts to develop
more efficient and safer alternative treatments, due to high transmissibility, incorrect use of antifungal
drugs, identification challenges and consequent treatment failures. In this sense, EOs are an alternative
therapy for this important pathogen. The results of this study demonstrate a high efficacy of the four EOs
tested to inhibit the planktonic growth and completely inhibiting C. auris biofilm formation. Altogether, the
data suggest that the application of these four EOs, and particularly white thyme and cajeput, as an
efficient alternative both for preventing and treating infections caused by C. auris biofilms, it also reduces

dependence on existing conventional antimicrobials.
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COMPARING THE EFFECT OF 7HYMUS SPECIES ESSENTIAL OILS ON CANDIDA AURIS

Thymus spp. essential oil
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Candida auris
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Figure 12. Subchapter 1.2 workflow.
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Each Thymushad
specific

The properties of each species should not
be applied to all the Thymus spp.

The effectiveness of essential oils can differ significantly, even when considering species within the
same genus. So, the main goal of this subchapter was to compare the effect of several 7hymus species-
derived essential oils, namely 7hymus wulgaris, Thymus zygis, Thymus satureioides and Thymus

mastichina on both planktonic cells and biofilm of Candida auris, while also examining the relationship

between their activities and chemical compositions.

This subchapter is based on the following publication:
Salgueiro L, Henriques M, Rodrigues M.E. Comparing the effect of 7Aymus spp. essential oils on Candida auris.

Ind Crops Prod 2022; 178:114667. https://doi.org/10.1016/J.INDCROP.2022.114667.

48

Ribeiro R, Fernandes L, Costa R, Cavaleiro C,



COMPARING THE EFFECT OF 7HYMUS SPECIES ESSENTIAL OILS ON CANDIDA AURIS | Chapter 11.2

1. Introduction

In the last decade, Candida auris has emerged as fungal human pathogen that causes hospital
outbreaks, especially in intensive care units (ICU) [34,35]. Since its discovery in 2009, more than 30
countries have already identified this Candlida species as a frightening pathogen [36,37]. The virulence
factors of C. auris include surface’s adhesion, thermo and salt tolerance, and the ability to develop
biofilms, which are responsible to the enhancement of antifungal resistance [38-41]. The persistence of
C. auris on several equipment and medical device's surfaces increases the risk of transmission [42]. In
hospital environment, the fungal spread may occur between patients or via contact of health care workers
with patients [35,43]. The ability of C. auris to persist on the patients' skin and its complex identification
make the outbreaks more difficult to contain [34,44-46].

The conventional treatment of fungal infections consists of the administration or application of
antifungal drugs. However, these agents have some disadvantages, such as lack of selectivity, toxicity
and high antimicrobial resistance, mainly against azoles [47,48]. Nowadays, it is well known that some
plant products, such as essential oils (EOs), are effective against fungal and bacterial infections,
presenting good bioactivity and low toxicity [7]. EOs are complex mixtures of several volatile compounds
produced by aromatic plants that can be used as an alternative antifungal therapy. However, their
antifungal properties are difficult to associate to a specific compound [49]. Generally, the antifungal
activity could be a result of the principal bioactive compounds of the EOs or due to a synergistic action
between the major and the minor compounds [49]. EOs of several 7hymus species are recognized by
their antifungal activity [49,50]. Some of these oils are widely used, such as 7hAymus vulgaris and Thymus
zygis [1]. The mechanism of action of EOs can include disruption of the wall or membrane of fungi cells,
enhancing the permeability of these structures, and inhibition of the synthesis of DNA, RNA, proteins and
polysaccharides [1]. Although there are several studies on the antifungal activity of 7Aymus species oils,
there are still no reports of the effect of these oils against C. auris. Thus, this study evaluated the antifungal
properties of EOs from 7. wulgaris L., T. zygis subsp. sylvestris Loefl. ex L., Thymus satureioides Coss.

and Thymus mastichina L. against C. auris biofilms and related the activities with their composition.

2. Materials and Methods

2.1 Microorganisms and culture conditions
C. auris NCPF 8971 was stored in broth medium with 20 % (v/ v) glycerol at - 80 + 2 °C until

required, as mentioned in subchapter Il.1. Before testing, cells were activated by thawing at room
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temperature. Then they were subcultured into Sabouraud Dextrose Agar (SDA; Liofilchem) and incubated
at 37 °C for 24 h. The inoculum was prepared on Sabouraud Dextrose Broth (SDB; Liofilchem) and was
incubated at 37 °C for 18 h with agitation. After, the inoculum was centrifuged (6000 rpm, 10 min, 4
°C) and washed twice with Phosphate Buffered Saline (PBS 0.1 M; pH 7.5). The concentration was
adjusted in PBS to obtain 1 x 10¢ cells mL:.

2.2 Essential oils

This study evaluated and compared the antifungal properties of EOs from 7. wvuigaris (florame®,
France), 7. satureioides (florame®, France), 7. mastichina (florame®, France), and 7. zygis subsp.
sylvestris (Parque Natural das Serras de Aire e Candeeiros, Central Portugal), all with 100 % purity. All
EOs samples were stored in the dark at room temperature. EO of 7. zygis subsp. sylvestris was isolated
by hydrodistillation during 3 h using a Clevenger-type apparatus, from flowering serial parts of the plants
collected in Parque Natural das Serras de Aire e Candeeiros (Central Portugal). The rest of EOs in study
were isolated by florame® (Saint-R “emy-de-Provence, France), through steam distillation of flower cups

from Spain (origin of 7. vulgaris and 7. mastichina), and Morocco (origin of 7. safureioides).

2.2.1 Chromatographic analysis of essential oils

The compositions of the EOs were determined by combination of gas chromatography with FID
detectors (GC-FID) and gas chromatography-mass spectroscopy (GC/ MS) analysis. GC-FID analysis was
performed in a Hewlett-Packard 6890 gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) set
with a single injector and two flame ionization detectors (FID). A divider (Agilent Technologies, part no.
5021-7148) was used for simultaneous sampling on two fused silica capillary columns: a SPB-1
(polydimethylsiloxane 30 m x 0.20 mm id., film thickness 0.20 pm) and a SupelcoWax-10
(polyethyleneglycol 30 m x 0.20 mm i.d., film thickness 0.20 um). Oven temperature program: 70-220
°C (3 °C/ min), 220 °C (15 min); injector temperature: 250 °C; mobile phase: helium, with flow adjusted
to maintain a linear velocity of 30 cm/ s; split ratio 1: 40; detectors temperature: 250 °C. For as
chromatography-mass spectrometry (GC-MS) analysis was used a Hewlett-Packard 6890 gas
chromatograph interfaced with a Hewlett-Packard mass selective detector MSD 5973 (Agilent
Technologies). An HP1 (Agilent Technologies) fused silica column (polydimethylsiloxane 30 m x 0.25 mm
i.d., film thickness 0.25 um) was used. GC parameters as described above; interface temperature: 250
oC; MSD parameters: interface temperature: 250 °C; MS source temperature: 230 °C; MS quadrupole

temperature: 150 °C; ionization energy: 70 eV; ionization current: 60 pA; scan range: 35-350 units;
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scans/ s: 4.51. The compounds were identified by considering, concurrently: 1) the acquired retention
indices on both SPB-1 and SupelcoWax-10 columns determined by linear interpolation relative to the
retention times of C8-C23 of n-alkanes and compared with reference data from authentic products
(available in the laboratory database of the Faculty of Pharmacy, University of Coimbra) and literature
data (Wallace WE); 2) the acquired mass spectra compared with reference data from the laboratory
database, the Wiley / NIST library [52] and literature [53]. Relative amount of each component was

calculated from GC peaks areas.

2.3 Agar disk diffusion assay
The agar disk diffusion assay was performed based on European Committee on Antimicrobial
Susceptibility Testing (EUCAST E.DEF 7.3.2)[54]. The C. auris suspension was spread onto SDA plates
in three different directions. After the inoculum was dry, a sterile filter paper disk (6 mm) was impregnated
with 10 pL of each EO from 7. wuigaris, T. zygis, T. satureioides and T. mastichina. One plate with cell
suspension without EO was used as a positive control. The SDA culture plates were incubated at 37 °C
for 24 h. The diameter of the inhibition zone was measured in mm. All experiments were performed in

triplicate, in three independent assays.

2.4 Antifungal activity of essential oil from 7hymus species

The antifungal activity of EOs from four 7hymus species against preformed biofilms (24 h old
biofilms) of C. auris NCPF 8971 was assessed. C. auris biofilms were developed according to the method
described by Silva et a/. [55], with some adaptations. The C. auris cell concentration, from liquid culture,
was adjusted to 1 x 10s cells mLt in SDB. Then, under aseptic conditions, 1 mL of cell suspension was
transferred to glass wells inside a glass petri plates, as referred to in subchapter II.1. The biofilm culture
was incubated aerobically for 24 h at 37 °C, under agitation at 120 rpm. After 24 h of incubation, medium
of the biofilm culture was renewed. The effect of the EOs (100 % or 50 %, diluted in almond oil) was
evaluated directly and indirectly. For this, 10 uL of 7. wuigaris, T. satureioides, T. zygis and 7. mastichina
EO (100 % or 50 %) were added to the glass wells in two different ways, direct application by addition in
the medium (1 % or 0.5 %) and indirect application by placement, in paper discs which was placed near
the wells (the set was kept inside a glass plate), respectively. Positive (biofilm without treatment) and
negative (SBD medium) controls were included, as well as almond oil control. All glass petri plates were
incubated for 24 h, at 37 °C and 120 rpm. All experiments were performed in triplicate, in three

independent assays.
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Cell viability was determined by colony-forming units (CFU). The biofilms were washed with PBS,
then scraped from the wells with PBS (1 mL), serially diluted in PBS and plated onto SDA. After incubated
for 24 h, at 37 °C, the number of grown colonies was counted. The results were presented as CFU per

milliliter (Logw (CFU mLY)).

2.5 Statistical analysis
Statistical evaluation was realized using GraphPad Software (version 6.01 for Macintosh). One-way
ANOVA (analysis of variance) test was applied, and multiple comparisons of means of each treatment
with EOs were done by Tukey test. The measures of central tendency and dispersion used were the mean

and standard deviation, respectively. A p-value < 0.05 was considered significative.

3. Results and discussion
The main compounds of the oils are shown in Table 3 (Annex Il - Table 22), where the compounds
are listed by order of their elution on a polydimethylsiloxane column. Briefly, 7. wuigaris and T. zygis oils
are mainly composed by phenolic compounds, being thymol the main compound of 7. vuigaris (63.1 %)
and thymol (26.5 %) and carvacrol (22.7 %) the main compounds of 7. zygis oil, whereas 7. satureioides
oil contains high amounts of borneol (29.3 %) and a-terpineol (15.9 %), and 7. mastichinais characterized

by high amounts of linalool (31.9 %).

Table 3. Chromatography analysis of the composition of essential oils from 7hymus vuigaris, Thymus zygis, Thymus

satureioides and Thymus mastichina, here shown in percentage (%)

Percent (%) in oil samples
Rl RP Compound T. satureioides T. mastichina 1. wulgaris 1. zygis
1020 1215 1,8-cineole 2.7 8.5 10.0 7.2
1082 1543 Linalool 45 31.9 7.2 6.6
1145 1695 | Borneol 29.3 5.8 3.4 4.9
1169 1692 a-Terpineol 159 10.0 0.5 1.2
1263 2183 Thymol 1.7 4.4 63.1 26.5
1277 2205 | Carvacrol 7.0 0.5 5.5 22.7

Compounds listed in order of their elution on the SPB-1column.
*Retention index on the SPB-1 column relative to C8 - C24 rralkanes.
*Retention indices on the SupelcoWax-10 column relative to C8 - C24 rralkanes.
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The /n vitro antifungal activity of EOs from 7. wuigaris, 7. zygis, T. satureioides and 7. mastichina
on C. auris planktonic cells was evaluated by zones of inhibition (D) using the agar disk diffusion method.
The analysis of the results obtained shows that all oils, regardless of the 7hyrmus species, had inhibitory

effects (Table 4).

Table 4. Diameter of the inhibition zone, in mm, of the essential oils from different plants of 7Aymus genus (10 uL)

for Candida auris NCPF 8971

Inhibition zone diameter, mm

Thymus vulgaris Thymus zygis Thymus satureioides Thymus mastichina

42.33 + 3.77 28.25+1.09 20.00 £ 0.63" 13.60 + 1.36™

**P <0.01 when compared with 7. mastichina, and ****P <0.0001 when compared with 7. wuigaris.

As previously demonstrated, 7Aymus species are potential antifungal agents because they have a
strong action against fungal pathogenic microorganisms [48,56]. Although the EOs belong to same plant
genus, their effect in C. auris is significantly different. 7. wuigaris had the largest inhibition areas (42.33
+ 3.77 mm), being the tested EO with the highest activity. Some of major components of this oil are
thymol (63.1 %), 1,8-cineole (10.0 %), linalool (7.2 %), and carvacrol (5.5 %) (Table 3), which could be the
reason for its high antifungal activity [48]. In fact, several researchers evaluated the biological properties
of 7. vulgaris and verified that EO from this plant could inhibit fungal development [57,58]. These authors
sustained that the remarkably antifungal potential was related to the high percentage of thymol that was
the main active component of 7. wu/garis EO. Thus, thymol can be the principal responsible compound
for activity of 7. wigaris against C. auris. In fact, 7. zygis was the second most potent oil and also contains
a significant percentage of thymol (26.5 %), besides carvacrol (22.7 %), 1,8-cineole (7.2 %) and linalool
(6.6 %). Previous investigations have claimed that antifungal activity of 7. zygis could be related to the
effect of their main compounds, thymol and p-cymene [56,59].

Even though 7. safureioides and 7. mastichina EQOs have presented inhibition zones of 20.00 +
0.63 mm and 13.60 + 1.36 mm, respectively, their action against C. auris cells was not as significant as
that of the other oils tested. The percentage of thymol of these oils (1.7 % and 4.4 %, respectively) is
significantly lower compared to the 7. vuigaris and 7. zygis EOs (63.1 % and 26.5 %, respectively). The
slight antifungal action may also be related to the high amount of the borneol, a-terpineol, and camphene
in case of 7. satureioides, and linalool, a-terpineol, and 1,8-cineole regarding 7. mastichina. Although the

activity of linalool, and other non-phenolic compounds is known [60], the interactions between the various
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constituents of the EOs may increase or decrease the action of these agents, due to synergistic or
antagonistic effects [61]. Faleiro ef al. [62] studied 7. mastichina antifungal properties and demonstrated
that Candida albicans was not susceptible to 1,8-cineole, but the mixture of this compound plus linalool
slightly increased the antifungal activity. Research carried out by Pina-Vaz ef a/. [63] validates the results
obtained in this work. They investigated the effect of 7Aymus oils (7. vulgaris, T. zygis and T. mastichina)
against Candida species fungal cells (C. albicans, Candida glabrata, Candida krusei, Candida
guilliermondii, Candida parapsilosis, and Candida tropicalis) and found that 7. wuigaris and 7. zygis
displayed better antifungal activity than 7. mastichina.

Due to the positive effect found in the halo test, the activity of 7. vuigaris, 7. zygis T. satureioides
and 7. mastichina against preformed biofilms of C. auris was also assessed (Figure 13). Each EO was

tested in both direct or indirect application and in different concentrations.
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Figure 13. Assessment of the susceptibility of Candida auris NCPF 8971 24 h old biofilms to different essential
oils from 7hymus genus by quantification of CFUs per mL. Each essential oil was tested at 100 % and at 50 % with
both (A) direct and (B) indirect application. Error bars indicate the respective standard derivation (SD). Differences
in mean Logw CFU mL! of the different treatments were compared to the control using one-way ANOVA with a post

hoc Tukey test (significance at P< 0.05), with ** P< 0.01, *** P< 0.001 and **** P< 0.0001.

Overall, the direct application of 7Aymus EQs, on C. auris biofilms, had a higher effect than the
indirect application, with statistically significant differences (p< 0.001) (except with 50 % of concentration
of 7. mastichina, not showing antifungal activity either when applied directly or indirectly). The antifungal
effect of EOs at 100 % of concentration was equal or superior to action of EOs at 50 % of concentration,
as expected.

The evaluation of indirect application had as main purpose to study the potential antifungal effect

of vapor-phase of EOs (VP-EQOs) from 7Aymus species, but it was noticed that C. auris biofilms were less
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susceptible to VP-EOs than when EOs were applied directly. Differently, this research has demonstrated
that VP-EQOs possesses greater antifungal activity than their liquid phase [64,65]. According to Boukhatem
et al. [65] that analysed the activity of EOs in liquid and vapor-phase, the vapor-phase of 7. wulgaris
(phenotype carvacrol) had greater action against planktonic cells of Candida species, namely C. albicans,
C. tropicalis, and C. parapsilosis, than liquid phase. A possible explanation for the divergence between
results can be related with testing conditions. In this study, the EOs were tested on biofilms that could be
less susceptible to VP-EQOs, contrasting with high susceptibility of the planktonic cells. Beside this, the
Candlida strain and the chemotype of 7. vuigaris tested, in this study, are different from those previously
studied by Boukhatem ef a/. [65]. All these factors can change the effectivity of antifungal activity of both
liquid and VP-EOs [60].

Preformed biofilms of C. auris demonstrated higher susceptibility to direct application of 7. vu/garis
and 7. zygis EOs than 7. satureioides and 7. mastichina for both concentrations tested (Figure 13). The
constituents of EOs have different levels of lipophilicity according to the amount of polar functional groups
in their constitution. EOs, due to their lipophilic character, can interact with lipid structures of the fungal
cell membrane. This allows an easy penetration of EOs compound, modifying the cell membrane
properties, such as permeability and fluidity. As result, fungal cells suffer structural damage that can
result in cell death [66]. When added to a liquid medium, the distribution of the EO across medium
depends on its hydrophilicity. Hence, the EOs with compounds with low solubility should have little
distribution in aqueous medium and, therefore, should display poor activity on biofilms, which have an
aqueous extracellular matrix. Thus, physical and chemical properties of the EOs, such as volatility and
solubility, can be an important role on their activity [64]. Considering these properties, since linalool
possesses low water solubility contrasting with thymol and carvacrol that have moderate solubility, the
EOs with high amount of these last compounds, namely 7. vuigaris and 7. zygis EOs, presented great
antifungal activity when applied directly, as observed in outcomes obtained [64,65]. The intrinsic activity
of the constituents of EQOs is also a factor to considerate in the evaluation of its efficacy. In this sense, the
EOs with high amount of phenol monoterpenes or aldehyde are known to have high inhibitory effect on
fungal cells, including in vapor-phase, followed by alcohol, ketone and ether [64]. In this context, the
results obtained in this study (Figure 13.A) are in accordance with the expected, as 7Aymus EOs with
major percentage of thymol and carvacrol (7. wuigaris and 7. zygis EOs, respectively) demonstrated
greater antifungal activity in both applications.

Among the tested 7hymus oils, 7. vulgaris was the one that showed significant action in the vapor-

phase against C. auris biofilms at both concentrations (Figure 13.B). Comparing the percentage of these
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compounds in each 7hymus, approximately 70 % of 7. wulgaris EO are phenolic compounds, namely
thymol (63.1 %) and carvacrol (5.5 %). This rate is relatively superior to percentages verified for other
Thymus tested, justifying the significant differences obtained between the activity of vapor-phase of 7.
vulgaris EO and the other EOs on C. auris biofilms. However, also the minor compounds of EOs may
change, positive or negatively, the antifungal action of the main compounds due to synergistic and/or
antagonistic effect resultant of their interactions [49].

According to the outcomes obtained, there are significant differences in antifungal activity of
Thymus EQOs on planktonic and biofilm cells of C. aurisNCPF 8971, ranging considerably between species
and according with their chemical profile. In this sense, the antifungal activity of 74ymus EOs should not
be widespread, and it is crucial specify the species as well as the main compounds of their EOs before

attribute the antifungal potential.

4. Conclusions
EOs may be of future relevance to the treatment of multi-drug resistant fungi, including Candida
infections. In this study, the antifungal effect of the EOs from 7hAymus species against planktonic and
biofilms cells of C. auris was confirmed. However, the antifungal activity differs between the plant species,
according to the chemical profile of their essential oils. Thus, the properties of each species should not
be expended to all the 7Aymus species and the specification of species and chemotype is crucial. Among
the 7hymus species tested, 7. wlgaris and 7. mastichina had the highest and the slightest antifungal

activity, respectively.
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VAPOR-PHASE OF ESSENTIAL OILS AS A PROMISING SOLUTION TO PREVENT CANDIDAVAGINAL

BioFiILMS CAUSED BY ANTIFUNGAL RESISTANT STRAINS
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Figure 14. Subchapter I1.3 workflow.

Vulvovaginal candidiasis is a high-incidence disease that represents a huge treatment challenge.
So, the main goal of this subchapter was to investigate the antifungal potential of several essential oils,
namely tea tree, niaouli, white thyme, and cajeput, against drug-resistant Candida vaginal isolates,
including Candida albicans, Candida glabrata, Candida krusei (Pichia kudriavzevi) and Candida

parapsilosis.

This subchapter is based on the following publication: Fernandes L, Goncalves B, Costa R, Fernandes A,
Gomes A, Nogueira-Silva C, Silva S, Rodrigues ME, Henriques M. Vapor-Phase of Essential QOils as a Promising
Solution to Prevent Candida Vaginal Biofilms Caused by Antifungal Resistant Strains. Healthcare 2022, Vol 10,
Page 1649 2022;10:1649. https://doi.org/10.3390/HEALTHCARE10091649.
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1. Introduction

Vulvovaginal candidiasis (VVC), an extremely common clinical condition that affects millions of
women every year around the world, is an infection of the female reproductive tract mucosa with vulvar
and/or intravaginal changes that consequently causes physical and mental suffering, involving
considerable direct and indirect costs [67]. Furthermore, complicated episodes of VWC have been
suggested to enhance the risk for acquisition of HIV and other complications including pelvic inflammatory
disease, infertility, ectopic pregnancy, abortion and menstrual disorders [68]. During episodes of VVC the
innate immune responses may differ, this fact suggests that the host environment performs a key role in
the host-pathogen interaction [69]. Candida organisms are capable of colonizing the vaginal environment
asymptomatically however, several factors may contribute to the development of infection, including
pregnancy, immunosuppression (HIV/AIDS or diabetes mellitus), sexual activity, hormonal fluctuations,
smoking, obesity and use of sodium glucose cotransporter 2 (SGLT2) inhibitors, broad spectrum
antibiotics or oral contraceptives [70-73]. Furthermore, the vaginal pathogenicity of Candida organisms
is facilitated by several virulence factors including the biofilm formation on vaginal walls and intrauterine
devices (IUDs) [74]. Biofilms show high resilience to common antifungal agents and host immune
responses, requiring long and intensive therapies and, in more severe cases, removal of the infected
device in order to avoid relapses [75,76]. Of note, the increase of at-risk individuals and the widespread
use of over-the-counter antifungals have been suggested to contribute to the increase/selection of drug-
resistant strains [77,78]. Although Candida albicans is still the species most frequently causing CVV,
there is growing concern about the incidence of non-Candida albicans Candida (NCAC) species. Among
them, Candida glabrata or Candida krusei, which have shown low intrinsic susceptibility to common
antifungals and, in addition, the ability to acquire resistance after exposure to the agent [70,79].

So, the increasing incidence of drug-resistant vaginal strains, the high difficulty to treat biofilm-
related VWC and the extreme limited and toxic therapeutic options for this disease making crucial the
development of more efficient and safer strategies to control it. In this sense therapies developed from
natural products have emerged [80,81]. Honey, saponins, polyphenols (green tea), garlic extract,
essential oils (EQOs), usnic acid and peptides have shown to exert antimicrobial activity, both /n vivo and
in vitro, and therefore EOs became the most promising [82-84]. EOs can be a valuable alternative, since
they present low toxicity and a wide range of proprieties, including anti-Candida activity [8,85-88]
[Subchapter 1.1 and I1.2]. Nevertheless, EOs were shown to inhibit the growth of beneficial vaginal
bacteria at high concentrations and may cause skin irritation, limiting their potential use in VWC [9].

Interestingly, EOs show vapor-phase (VP) antimicrobial activity, which has been shown to present higher
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activity towards Candida growth that the liquid-phase and that would avoid direct contact of the EO with
the skin [89]. Currently, although several approaches to the study of planktonic status have been reported,
no standard assay has been established to evaluate microbial inhibition/ inactivation by EQOs in the VP.
Nevertheless, appropriate management of EOs during their use as an antimicrobial agent is very
important, the system used, the environment and the package can interact [90].

So, this study investigated the ability of the VP of EOs (VP-EQs) to inhibit the biofilm formation and
to destroy mature biofilms of antifungal-resistant vaginal isolates of Candida species, methodology
performed on glassware, only, to avoid interferences. Therefore, the main aim is to contribute with the

development of new, natural and effective strategies able to fight or prevent VWC biofilms.

2. Materials and Methods

2.1 Essential oils

This subchapter evaluated the antifungal activity of fours EOs, the same ones examined in
subchapter 1.1, namely, tea tree (Melaleuca alternifolia; florame®, Portugal); niaouli (Melaleuca
quinquenervia, florame®, Portugal); white thyme ( 7Aymus satureiodes; florame®, Portugal) and cajeput
(Melaleuca cajaputii; florame®, Portugal) EOs (all with 100 % purity).

Analysis of the EOs was carried out by florame® (Saint-Rémy-de-Provence, France), using a Gas
Chromatography (GC) with Flame-lonization Detection (FID) (Annex I.1-4). The major compounds of the
EOs are terpinen-4-ol (43 %), y-terpinene (22 %) and o-terpinene (10 %) in tea tree EO, p-cymene,
limonene and 1,8-cineole (57 %) in niaouli EO, a-terpineol, borneol (47 %) and carvacrol (9 %) in white
thyme EO and 1,8-cineole (60 %), o-terpineol (12 %) and limonene (5 %) in cajeput EO. All EOs samples

used in this study were stored in the dark, protected by aluminum foil, at room temperature.

2.1.1 Cytotoxicity of vapor-phase of essential oils
The effect of VP-EOs (tea tree, niaouli, white thyme and cajeput) on cell viability was evaluated by
MTS (3-[4,5-carboxymethoxyphenyl]-2-(4-sulfophenyl)-2H-tetrazolium) test. For this, cells from human
primary fibroblast cell lines (3T3-CCL 163-from the American Type Culture Collection) were first cultured
in Dulbecco's modified eagle medium (DMEM) (Biochrom, Berlin, Germany) with 1 %
streptomycin/penicillin-containing antibiotic (Biochrom, Berlin, Germany) and 10 % fetal bovine serum
(FBS; Sigma-Aldrich) at 37 °C and 5 % CO. for 24 h. Then, the cells were trypsinized and seeded in glass

wells (200 uL per well) (Subchapter I1.1) at the final concentration of 1 x 10¢ cells mL*, under the same

59



VAPOR-PHASE OF ESSENTIAL OILS TO FIGHT DRUG-RESISTANT CANDIDA VAGINAL ISOLATES | CHAPTER 1.3

cultivation conditions described above. After 24 h of incubation, the cell cultures were treated with VP-
EOs, 25 L of each EOs (100 %) were discarded in a sterile white disk that was placed next to the wells,
the set was kept inside a plate of glass for another 24 h at 37 °C and 5 % CO.. After this time, the wells
were washed twice with phosphate-buffered saline (PBS 1x) and then 80 L of MTS (CellTiter 96 Aquoous
One Solution Cell Proliferation Assay, Promega) with 1 % phenol-free DMEM was added to each glass well
for 1 h. After this time, the absorbance (OD 490 nm) was measured in a microplate reader (HEALES
“MB580", Shenzhen, China). The VP-EOs cytotoxicity results were expressed as the percentage of viable
cells in relation to the OD 490 nm of cells cultured without VP-EOs (100 % cell viability). These experiments

were performed twice, and each analysis was performed in duplicate.

2.2 Microorganisms and initial culture conditions

For this study, C. albicans (n=3), C. glabrata (n=8), C. krusei (n=1) and C. guilliermondii (n=1)
vaginal isolates belonging to a collection of yeasts created by the Candida Research Group of Centre of
Biological Engineering of University of Minho, in the scope of a large-scale recovery of vaginal specimens
of Candida, carried out in Health Centers and University Campus of North of Portugal, were used [73].
The identity of all isolates was obtained by PCR-based sequencing using specific primers (ITS1 and ITS4)
against the 5.8S subunit gene [73,91]. Minimum inhibitory concentration (MIC) for each species was
determined by the Epsilometer-test (E-test) methodology and according to the guidelines provided by the
manufacturer. Fernandes et al. [73] also tested reference strains with MICs characterized by the CLSI19
microdilution method to ensure the reliability of the E-test results. In addition, a potential interpretation of
MICs based on CLSI M6022 was also performed [73]. All the isolates used are at least resistant to one
of the antifungal agents (fluconazole, ketoconazole or caspofungin) [92,93]. Table 5 presents the MIC of
each antifungal and also the features reported by women at the moment of vaginal sample collection,
including symptoms of vaginal infection, previous vaginal infections, use of over-the-counter antifungals
and relevant health conditions. This study followed the Data Protection Legislation and was approved by
the Portuguese Health Ethical Commissions (SECVS-UM 092/2017, CES-S Norte 49/218, CESHB
151/2018, CES-USLAM 23/2018, CESHSOG 5/2018) [73].

Candidaisolates were kept at =80 + 2 °C in Sabouraud Dextrose Broth medium (SDB; Liofilchem)
with 20 % (v/v) glycerol (Biochem). Prior to each assay, the isolates were subcultured on Sabouraud
Dextrose Agar (SDA; Liofilchem) plates and incubated at 37 °C for 24 h. Then, 3-5 colonies of Candida
isolates were inoculated onto SDB for 18 h at 37 °C under agitation (120 rev/ min). After that, centrifuged

at 5000 g for 10 min at 4 °C and washed twice with PBS. The supernatants were discarded and the
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pellets were suspended in SDB. For the subsequent analyses, the cellular density of the pre-inocula was
adjusted to 1 x 10% or 1 x 10° cells mL!, depending on the intended analysis, using a Neubauer

haemocytometer (Marienfeld, Lauda-Konigshofen, Germany).
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Table 5. List of vaginal isolates used in this study and respective data, including species, features of the women at the moment of sample collection and minimum inhibitory

concentration (MIC) of fluconazole, ketoconazole and caspofungin for each isolate

Women'’s features MIC (ug mLY)
Symptoms of Previous Use of over-the-counter
Species Isolate infiection infections antifungals Relevant conditions Fluconazole Ketoconazole Caspofungin
Cgl Yes Yes 9% (R) 2R) 0.25 ()
Cg2 Yes Yes 64 (R) 2 (R) 0.19 (1)
Cg3 Yes Diabetes 16 (SDD) 1.5(R) 0.19(l)
Cgd Yes 4 (SDD) 0.032 (S) 0.5 (R)
C. glabrata
Cg5 Yes Yes 8 (SDD) 1.5 (R) 0.064 (S)
Cgb Yes Yes >256 (R) 1.5 (R) 0.032 (S)
Cg7 Yes Cancer 16 (SDD) 15 (R) 0.064 (S)
Cg8 Yes Yes IUD >256 (R) 6 (R) 0.047 (S)
Cal Yes Yes Yes 1(S) 0.032 (S) 1(R)
C. albicans Ca2 Yes Yes Pregnancy 64 (R) 32 (R) 0.064 (S)
Ca3 Yes Yes Auto-immune disease >256 (R) 0.38 (S) 0.19 (S)
C. krusei Ckl Yes Yes 64 (R) 3(R) 0.38 (I)
C. guilliermondi Cgil 8 0.023 32 (R)
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2.3 Evaluation of the antifungal activity of essential oils

2.3.1 Growth inhibition analysis
The inhibitory activity of the EOs selected in point 2.1.1 (tea tree, niaouli and cajeput) on the growth
of the drug-resistant Candida isolates was evaluated using the disk-diffusion agar method [94]. Briefly,
SDA plates were inoculated by using a swab dipped in cell suspensions (pre-inocula) adjusted 1 x 10¢
cells mL. Then, 25 uL of each EO (100 %) were discarded on sterile blank disks (Liofilchem®) and placed
atop of the plates (disks without EO were also included as control). The SDA plates were incubated for

24 h (at 37 °C) and then, the inhibition zones induced by the EOs were measured (mm).

2.3.2 Effect of the vapor-phase of essential oils on biofilms
The effect of the VP-EOs on biofilm formation and on mature biofilms (24 h-old) of one strain of
each Candidaspecies (C. glabrata, C. albicans, C. kruseiand C. guilliermondii) was evaluated. The strains
and the EO for this assay were selected based on the results of the evaluation of the antimicrobial activity
of the EOs in point 2.3.1. Biofilms were developed as described by Stepanovi¢ ef a/. [15], with some
modifications due to the use of volatile compounds. In order to determine the effect of Tea Tree VP-EO
(VP-TTEQ) on biofilm formation, Candida cellular suspensions adjusted to 1 x 10® cells mL* were
transferred to glass wells (1 mL per well) and 25 L of tea tree EO (100 %) was discarded on a sterile
blank disk which was placed near the wells (the set was kept inside a glass plate, as demonstrated in
subchapter 1l.1). Plates were incubated for 24 h at 37 °C under agitation in an orbital shaker (120 rev
min?). Additionally, biofilms were pre-formed during 24 h and, after this time, incubated in the presence
of 25 L of tea tree EO discarded on a sterile blank disk, for additional 24 h. As control, biofilms were
formed without any contact with the VP-TTEQ during 24 h and 48 h.
Biofilms were analyzed by the following parameters: determination of the Candida cultivable cells
number through the colony-forming units (CFU) counting methodology, quantification of biofilm biomass
by staining with crystal violet (CV), determination of metabolic activity by XTT reduction assay and

evaluation of biofilm cell morphology by scanning electron microscope (SEM) [95,55].

2.3.2.1 Quantification of Candida biofilm cultivable cells
The number of cultivable cells in the biofilms was estimated using the CFU counting methodology.
Briefly, the biofilms were washed with PBS, to remove non-adherent cells, and then scraped from the

wells with 1 mL of PBS. The suspensions obtained were serially diluted to 102 in PBS and then plated on

63



VAPOR-PHASE OF ESSENTIAL OILS TO FIGHT DRUG-RESISTANT CANDIDA VAGINAL ISOLATES | CHAPTER 1.3

SDA. SDA plates were incubated (24 h at 37 °C) and the number of colonies grown was counted and

translated into CFU per milliliter (Log (CFU mL+)) [95].

2.3.2.2 Quantification of Candida biofilm biomass
To quantify the biomass resulting from the EO assay, the biofilms treated with VP-TTEO and the
respective controls were fixed with 1 mL of methanol, which was removed after 15 min and dried at room
temperature. After, 1 mL of CV (1 %) were added to each well and incubated for 5 min. The glass wells
were then gently washed with sterile, ultra-pure water and 1 mL of acetic acid (33 %) added to release
and dissolve the stain. Thus, 200 uL of the solution obtained from each glass well was immediately
transferred to a microtiter plate and the absorbance of each condition was read at 570 nm in triplicate,

on a microtiter plate reader (Thermo Scientific™ Multiskan™ FC, Finland)[55].

2.3.2.3 Quantification of metabolic activity of Candida biofilms cells

An XTT reduction assay was used to determine the biofilm metabolic activity after contact with VP-
TTEO. So, the culture medium was aspirated after 24 h or 48 h, and non-adherent cells were removed
by washing with PBS. Then, 200 pL of a solution containing 100 ug pL* of XTT (2,3-(2-methoxy-4-nitro-
5-sulphophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium ydroxide) (Sigma-Aldrich, USA) and 10 pg pL
1 of phenazine methosulphate (PMS) (Sigma-Aldrich, USA) was added to each well and incubated at 37
°C (120 rev min?) for 3 h in the dark, protected by aluminum foil. Thus, 150 uL were transferred from
each glass well to a microtiter plate and the colorimetric changes were measured at 490 nm using a

microtiter plate reader (HEALES “MB580"”, Shenzhen, China) [95,96].

2.3.2.4 Scanning electron microscopy (SEM)

To examine the morphology of the biofilm cells after contact with VP-EQs, the biofilms treated with
VP-TTEO and the respective controls were analyzed by SEM. For this, biofilms formed on glass coupons,
under the same conditions and as described above, for 24 h were dehydrated with ethanol (using 70 %
ethanol for 10 min, 95 % ethanol for 10 min and 100 % ethanol for 20 min). The samples were kept in a
desiccator for at least 48 h. Prior to observation, coupons were sputtered with gold and observed with

Phenom Desktop SEM [95].
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2.4 Statistical analysis
The Prism software package (GraphPad Software version 6.01) was used to perform the statistical
analysis of the results obtained in this study. For that, the cell cultivability of biofilms treated with VP-TTEO
was compared with that of untreated biofiims using one-way ANOVA (analysis of variance) and Tukey's
multiple comparisons test (confidence level of 95 % and statistical significance was assumed at p < 0.05).
For all assays, three independent experiments were carried out (independent pre-inocula) and each

analysis was performed in duplicate.

3. Results and Discussion

This study evaluated the antifungal activity of EOs and of their VP against antifungal-resistant
vaginal isolates of various Candida species. Approximately 50 % of the isolates were collected from women
with symptoms of vaginal infection (with VWC) and the remaining from asymptomatic women (colonized
with Candida organisms) (Table 5). Importantly, almost all women reported one or more vaginal infections
prior to the collection of the drug-resistant strains, suggesting that previous antifungal treatments may
have contributed to the acquisition of resistance [/7,78]. Additionally, the use of over-the-counter
antifungals to treat self-diagnosed VVC, which was reported by 30 % of the women of this study (Table 5),
can also be suggested to contribute to the selection of low-susceptible strains [93,97]. Moreover, some
women reported IUD use, pregnancy, or immunocompromised conditions (Table 5), so these women are
at greater risk of developing VWC and, consequently, are more likely to fail treatment [98,99]. Of note,
that all the clinical vaginal isolates used during this study are at least resistant to one of antifungal agents
(fluconazole, ketoconazole and caspofungin) (Table 5). Indeed, the extremely limited options to treat VVC
caused by drug-resistant strains make the development of new strategies, to meet the drug-resistance
challenge, crucial [100]. EOs appear as a potential alternative, presenting low toxicity and the main
advantage of natural antimicrobial agents of avoiding the development of antifungal resistance [101-
103].

The cytotoxic effect of the tea tree, niaouli, cajeput and white thyme VP-EOs was determined against
the 3T3 cell line (Figure 15). Viability of the unexposed to VP-EOs cell cultures (control) was set at 100 %
to compare with the responses of the cell cultures exposed to VP-EOs. In cultures exposed to VP-EOs of
tea tree, cajeput and niaouli, the viability was superior to 70 %. However, the viability of cultures incubated

with VP of white thyme EOs was inferior to 70 %. So, the results (Figure 15) show that VP of tea tree,
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cajeput and niaouli EOs were not cytotoxic, since the relative cell viability is lower than 70 % of the control

(no EOs), based on ISO 10993-5:2009 [104].
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Figure 15. Vapor-phase of essential oils (VP-EOs) cytotoxicity, expressed as the percentage of viable cells in relation
to the absorbance values (OD 490 nm) of cells cultured without VP-EOs (100 % cell viability). The dashed line
stands for the normative limit of 70 % metabolic activity (ISO 10993-5:2009).

An initial screening of the non-cytotoxic EOs in test was performed, for this the antifungal activity
of tea tree, cajeput and niaouli EOs against antifungal-resistant isolates of C. albicans, C. glabrata, C.
guilliermondii and C. krusei was evaluated, using the disk-diffusion agar method and the results are
summarized in Table 6. The results revealed that all EOs were able to inhibit the growth of the tested
isolates, although with different impacts (Table 6). Tea tree EO had the greater inhibitory effect (20- 39
mm of inhibition zone), followed by cajeput (10- 21 mm) and niaouli (10- 17 mm) EOs (Table 6). Among
the isolates, the highest inhibition was found in C. glabrata Cgl and the lowest in C. Aruse/ Ck1 (Table
6).

Previous studies have also reported high antifungal activity of tea tree EOs against susceptible and
drug-resistant strains of various Candida species, including C. albicans, C. glabrata and C. krusei
[18,105,106]. In fact, tea tree EO was found to increase yeast cell permeability and membrane fluidity
and to inhibit the acidification of the medium [107]. Important, the antifungal activity of EOs has been
shown to be influenced by several factors such as, original species, geographic and climatic conditions,
biological and physical-chemical properties of the soil and storage conditions [108]. As such, an adequate

control of these factors may allow the maximization of the antifungal activity of EOs.
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Table 6.Anti-Candida activity of essential oils on drug-resistant isolates evaluated through the disk-diffusion method

Essential Oil
Species Isolate Inhibition zone (mm)
Tea tree Cajeput Niaouli

Cgl 39.0+1.7 21.0+2.6 13.0+20
Cg2 29.7£0.6 188+15 127+12
Cg3 28.0+0.0 10.3+£05 10.4+£09
C. glabrata Cgd 340+1.0 148+05 12.8+05
Cgb 26.3+4.9 19.3+38 16.0+1.0
Cgb 328+3.2 19.0+ 1.7 15.8+2.2
Cg7 205+1.0 105+1.0 105+1.0
Cg8 20.0+£0.8 10.3+£05 10.0+0.0
Cal 22524 255+3.5 10.8+1.0
C. albicans Ca2 248+2.4 215+1.3 128+1.3
Ca3 23.8+0.5 187+15 10.8+0.5
C. krusei Ckl 218+2.1 12.3+06 12.0+13
C. guilliermondii Cgil 28.0+8.9 20.3+25 17329

One of the most important virulence factors of Candida species is their ability to form biofilms,
which promote the development of VWC and make its treatment extremely difficult and often ineffective
[105]. Therefore, there is an urgent need for more effective, low-toxic and not expensive solutions to treat
biofilm-related VVC. EOs have been suggested as a promising solution due their ability to inhibit the biofilm
formation and reduce pre-formed biofilms of various Candida species, including C. albicans, C. glabrata,
C. parapsilosis and C. krusei [106]. Furthermore, EOs present high volatility and their VP was shown to
possess higher antimicrobial activity than the liquid phase [89,107]. Inouye et a/. [108] suggested that
EOs in their agueous state, lipophilic molecules associate to form micelles and thus suppress their binding
to organisms, while those in the vapor-phase allow free binding. As such, this study investigated, for the
first time, the effect of the VP-EO on Candlida biofilm formation and on pre-formed biofiims of antifungal-
resistant strains (C. albicans Ca2, C. guilliermondiiCgil, C. glabrata Cg7 and C. kruseiCk1). Importantly,
C. albicans Ca2 and C. krusei Ckl present an extremely high resistance to fluconazole, the most
prescribed antifungal agent, C. glabrata Cg7 is resistant to ketoconazole, a less common azole, and C.
guilliermondii Cgil present resistance to caspofungin, a highly toxic antifungal (Table 5). Tea tree EO was
selected for the assays with biofilms, due their high antifungal activity against these drug-resistant isolates

(Table 6).
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In order to study the effect of VP-TTEO on the biofilm formation (Figure 16) and pre-formed biofilms
(Figure 17) of antifungal-resistant Candida isolates (C. albicans Ca2, C. guilliermondii Cgil, C. glabrata
Cg7 and C. krusei Ck1), the number of cultivable cells (Figure 16.A and Figure 17.A), the total biomass
(Figure 16.B and Figure 17.B), metabolic activity (Figure 16.C and Figure 17.C) and cells morphology
(Figure 16.D and Figure 17.D) were evaluated.
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Figure 16. Effect of the vapor-phase of tea tree essential oil (VP-TTEQO) on the biofilm formation of antifungal-
resistant Candida isolates. Biofilms of Candlida albicans Ca2, Candida guilliermondii Cgil, Candida glabrata Cg7
and Candida krusei Ck1l were developed in the absence (control) and presence of the VP-TTEOQ. (A) Number of
cultivable cells (Log CFUs mL?); (B) Absorbance values of Crystal Violet solutions (Abs CV) and (C) Absorbance
values of XTT solutions (Abs XTT). * indicate statistical reduction of biofilms cell cultivability in comparison with the
respective control (* p< 0.1, ** p< 0.01, *** p< 0.001, **** p< 0.0001). (D) Scanning electron microscope (SEM)

images. The bar represents 30 um (lower magnification image) or 10 um (higher magnification image).
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Figure 17. Effect of the vapor-phase of tea tree essential oil (VP-TTEQ) on pre-formed biofilms of antifungal-resistant
Candiaa isolates. Biofilms of Candida albicans Ca2, Candida guilliermondii Cgil, Candida glabrata Cg7/ and
Candida krusei Ck1 were developed in the absence (control) and presence of the VP-TTEO. (A) Number of cultivable
cells (Log CFUs mL); (B) Absorbance values of Crystal Violet solutions (Abs CV) and (C) Absorbance values of XTT
solutions (Abs XTT). * indicate statistical reduction of biofilms cell cultivability in comparison with the respective
control (* p< 0.1, ** p< 0.01, *** p< 0.001, **** p< 0.0001). (D) Scanning electron microscope (SEM) images.

The bar represents 30 um (lower magnification image) or 10 um (higher magnification image).

The results of cultivable cells number revealed that tea tree EO had high inhibitory effect on the
biofilm formation of all the isolates tested (Figure 16.A). Indeed, the VP-TTEO resulted in a significant
reduction of 2 to 4 orders of magnitude (Log CFU mL?) in the cell cultivability of the biofilm in all the
isolates tested (Figure 16.A). VP-TTEO reduced 2 Log CFU mLt in C. albicans ca2 and C. krusei Ckl and
the highest inhibition was obtained in C. guilliermondii Cgil biofilms followed by those of C. glabrata Cg7
(2.5-4 Log CFU mL?). In addition, the biomass quantification revealed significant alteration of two species,
C. albicans Ca2 and C. guilliermondii Cgil, a statistically lower amount of biomass was found on biofilm
formation of C. albicans Ca2 (p< 0.0001) and C. guilliermondii Cgil (p< 0.1) (Figure 16.B). Although CV
staining quantifies both dead and live cells and biofilm matrix, it is possible that while the biofilm was not
completely removed, a large part of the cells were dead [109]. The effect of VP-TTEO on the metabolic
activity of biofilm formation cells was also evaluated (Figure 16.C) and a decrease was observed in the
four Candida species tested, with greater emphasis on C. guilliermondii Cgil (p< 0.0001), followed by C.
glabrata Cg7 (p< 0.01). In agreement with the results in Figure 16.A and Figure 16.B, C. guilliermondii
Cgil showed a greater decrease in metabolic activity. The results of these three parameters are confirmed
by the SEM images (Figure 16.D). In fact, when comparing the image of the untreated biofilm cells
(control) with the images after contact with VP-TTEO an increase in the number of damaged cells
(membrane change, no hyphae or burst cells) is evident for the four Candida strains tested.

Additionally, the VP-TTEO were also able to reduce (4 Log CFU mL!) the number of viable cells on
mature biofilms (24 h-old) of C. albicans Ca2 (Figure 17.A) and change their morphology (Figure 17.D).
Indeed, due to cellular stress, the C. albicans can transition from yeast to hypha [110]. Concerning the
quantification of biomass, no significant differences were observed between the VP-TTEO and the control
(Figure 17.B). Instead, there was a significant decrease in metabolic activity in C. guilliermondii Cgil (p<
0.1) and a slight decrease in metabolic activity in C. Aruse/ Ckl and C. glabrata Cg7 cultivated in the
presence of VP-TTEO (Figure 17.C), with morphology alteration of the C. glabrata biofilm cells, compared
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to the absence of the EOs (Figure 17.D). Indeed, from the SEM images (Figure 17.D) of the treatment
with VP-TTEOQ, alterations in the cell morphology of the C. albicans Ca2 and C. glabrata Cg7 biofiims are
detected. In fact, C. albicans Ca2 changed from yeast to hypha after exposure to VP-TTEOQ. Interestingly,
in C. albicans strain and C. guilliermondii strain there is an opposite effect between metabolic activity and
the biomass quantification both in the biofilm formation and in mature biofilms, this curious fact may be
due to the unique structure of each biofilm and the biomass quantification assay did not differentiate
between living and dead cells. These results, together with those obtained with CV (Figure 16.B), cultivable
cells number (Figure 16.A) and SEM (Figure 16.D) suggest a more promising effect of VP-TTEO on biofilm
formation.

Overall, the results show a significant inhibitory effect of the VP-TTEO on the development of
Candlida biofilms of antifungal-resistant isolates. However, the induced effect by VP-TTEO may differ
according to the Candida species, due to the differences that each species presents both in its planktonic
state and in the biofilm structure. In this sense, it would be important to determine the mode of action of
VP-TTEO on different Candida species. Furthermore, a possible factor that can influence this effect is the

distance of the EO from Candida cells and the atmospheric dimension of the VP-EOQ.

4. Conclusions

This subchapter suggests a promising use of the VP-EOs to prevent biofilm-related VVC caused by
drug-resistant strains. Interestingly, a VP-mediated treatment has additional advantages, including high
efficacy without requiring direct contact of the liquid phase with the skin and easy mode of application
(for instance on women'’s underwear). Of note, some antifungal-resistant isolates used in this study were
collected from women (symptomatic or not) presenting clinically relevant conditions such as pregnancy
and immunodepression, in which prevention and quick treatment of VWC are imperative. However, the
prophylactic treatment of VWC with common antifungals, besides not always effective, may contribute to
the selection of strains with low antifungal susceptibility. By contrast, the VP-EOs seems to be a safe and
effective solution to prevent biofiim-related VVC in atrisk women such those using |UDs,
immunosuppressed and pregnant. In this particularly study, tea tree, cajeput and niaouli EOs present an
important high antifungal activity and VP-TTEO presents an important preventive effect in biofilm-related

WC caused by antifungal-resistant strains.
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CHAPTER Il

VAGINAL MICROBIOTA CONDITIONS

Vulvovaginal candidiasis is a disease that affects millions of women worldwide. Conventional
treatments often involve oral formulations, topical creams, or ointments, with an increase in drug
administration through vaginal canal. The use of simulated biological fluids (e.g. vaginal fluid) in the
evaluation of antifungal therapies may better replicate real biological environments, providing a better
understanding of the behavior of the antifungal agents in the complex context of the female reproductive
system.

An essential consideration in the development of new therapies is the impact on the vaginal
microbiome, a diverse community of microorganisms that naturally colonizes the vaginal mucosa. This
microbiome plays a crucial role in maintaining the overall health and homeostasis of the vaginal
environment. Particularly remarkable are species like Lactobacillus, which are believed to be beneficial
for preserving this delicate balance. In fact, the balance of the vaginal ecosystem results from synergistic
and complex interactions established between the different microorganisms that colonize the vaginal
mucosa. A healthy vaginal microbiota predominantly comprises Lactobacillus species.

Therefore, any therapeutic intervention, including antifungal therapies, must carefully consider not
only their efficacy against Candida species but also their potential impact on the beneficial members of

the microbiome. Achieving this balance is essential for women's overall well-being.
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CHAPTER I11.1

SIMULATED VAGINAL FLUID: CANDIDA RESISTANT STRAINS' BIOFILM CHARACTERIZATION AND VAPOR-

PHASE OF ESSENTIAL OIL EFFECT

Simulated Vaginal Fluid
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Conclusion

The Simulated Vaginal Fluid can predict the in vivo behaviour, evidencing a
potential effective application of vapor phase of essential oils as
prophylactic or therapeutic treatment for biofilm-related Vulvovaginal
candidiasis

Figure 18. Subchapter Ill.1 workflow.

The use of simulated biological fluids, such as vaginal fluid, in the assessment of antifungal
therapies could offer a more realistic representation of biological environments. This approach may
contribute to a better understanding of the antifungal's behavior. So, the main objective of this subchapter
was to compare planktonic growth and biofilm formation of Candida species, on common growth medium
and on vaginal simulation conditions, simulated vaginal fluid. Furthermore, the essential oils effect against

biofilms of these Candida species was also evaluated.

This subchapter is based on the following publication: Fernandes L, Costa R, Henriques M, Rodrigues ME.
Simulated Vaginal Fluid: Candida resistant strains’ biofilm characterization and vapor phase of essential oil effect.
J Mycol Med 2022:101329. https://doi.org/10.1016/J.MYCMED.2022.101329.
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1. Introduction

Vulvovaginal candidiasis (VVC) is a very common disease, which affects about 70 % of women at
least once during their childbearing years [1,2]. In fact, approximately 138 million women worldwide
suffer up to 4 episodes of recurrent VWVC (RVVC) per year, due to treatment failure [3]. The most common
pathogen is Candida albicans, however, the abundance of non-Candida albicans Candida (NCAC) has
increased over time in VWC infections, particularly in RVWC [4,5]. Among the available antifungals, azoles
are the most frequently used drugs in the treatment of VVC. Nevertheless, increasing rates of resistance
to azoles class threaten the effectiveness of these agents, in both C. albicans and NCAC species [6]. Of
the NCAC species, Candida glabrata has shown higher rates of resistance to azoles agents, Candida
krusel (teleomorph Pichia kudriavzevi)) is intrinsically resistant to azoles and Candida guilliermondii,
despite the low incidence of candidemia caused by this organism, has particular clinical significance as
it exhibits increased resistance to antifungal agents, compared to other Candida species [7,8]. In fact,
the biofilm formation, characteristic of this species, leads to high levels of resilience to common antifungal
agents, requiring long and intensive therapies [9,10].

Oral formulations, topical creams or ointments are the most conventional pharmaceutical forms
[11]. Indeed, drug administration to the vaginal via has gained increasing attention in past decades
[11,12]. The vaginal epithelium is usually coated with a surface film of moisture, the vaginal fluid. Vaginal
fluid is composed of cervical fluid (contain epithelial glycogen carbohydrates, amino acids, aliphatic acids,
and proteins) and small amounts of the secretion from Bartholin's glands (contains a variety of
antimicrobial substances, including lysozyme, lactoferrin, fibronectin, polyamines such as spermine and
IgA) in the vaginal wall, which serve as a protective barrier against infections [11]. So, the use of simulated
biological fluids in /n vifro evaluation of antifungal therapies is a promising technique which can allow a
better understanding of the antifungal’s behavior within biological environments, helping to determine
mechanisms of action and potentially predict /7 vivo behavior [13].

Essential oils (EOs) have been suggested as potential alternative treatment, with strong anti-
Candida effect reported combined with lower side effects, lower toxicity and better biodegradability when
compared to available antimicrobial agents [14,15]. So, the administration of EOs through their vapor-
phase (VP-EOs) can be used for the local release of volatile and bioactive compounds from EOs directly
at the local of action (vaginal epithelium). In fact, in Chapter Il and Mandras ef a/. [16] had already shown
greater activity for the growth of Candlida species, avoiding direct contact of the EO with the skin. In this
study, two EOs (oregano and white thyme) were selected, due to their characteristics. White thyme EO is

recognized for respiratory tract cleansing and calming properties, furthermore, it is described in the
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literature that it was able to inhibit the growth of NCAC species resistant to conventional antifungals [17-
19]. In turn, Oregano EO has purifying and stimulating properties and it is, also, described in the literature
that it was able to inhibit, /7 wiro, the germination and development of the filamentous form of C. albicans
and to induce a significant reduction in biofilm formation [19,20].

The most important objective of this subchapter was to compare planktonic growth and biofilm
formation of drug-resistant Candida species between common growth medium and under vaginal
simulation conditions. For this purpose, a synthetic medium with physical and chemical properties very
similar to those of vaginal secretions from health women was used. In addition, under the same conditions
this study also investigated the ability of VP-EOs to inhibit biofilm formation and to destroy mature biofilms

of these vaginal isolates.

2. Materials and Methods

2.1 Microorganisms and initial culture conditions

For this study, C. albicans, C. glabrata, C. krusei and C. guilliermondiivaginal isolates, recovered
from patients and identified as resistant to antifungal agents, belonging to a collection of yeasts created
by the Candida Research Group of Centre o Biological Engineering were used [21] (Subchapter 11.3).
Candlidaisolates were stored at -80 + 2 °C in Sabouraud Dextrose Broth (SDB; Liofilchem) medium with
20 % (v/ v) glycerol. The isolates were subcultured from the frozen stock onto Sabouraud Dextrose Agar
(SDA; Liofilchem) plates and incubated during 24 h. Then, colonies from SDA plates were used to
inoculate SDB for 18 h at 37 °C under agitation (120 rev min?). The cellular suspensions were centrifuged
at 5000 g for 10 min at 4 °C and washed twice with Phosphate Buffered Saline (PBS x1).

This study evaluated the antifungal activity of two EQOs (oregano EQ (Origanum compactum,
florame®, Portugal) and white thyme EO ( 7hymus satureiodes; florame®, Portugal)) with 100 % purity

(chemical composition in Annex |.4 and 1.5). EQ’s products were stored in the dark at room temperature.

2.2 Simulated Vaginal Fluid
Simulated Vaginal Fluid (SVF) was modified from Sosinska ef a/. and Owen & Katz [22,23], and
consisted of 58 mM NaCl (Biochem), 18 mM KOH (AppliChem), 2 mM Ca(OH). (Frilabo), 1.75 mM
glycerol (Biochem), 6.7 mM urea (Frilabo), 33 mM glucose (Biochem), and 6.7 g L yeast nitrogen base
(YNB) (Difco). In addition, natural compounds in the vaginal fluid as acetic acid (17 mM; pKa 54.76) and
lactic acid (22 mM; pKa 53.85) were added to maintain the pH at 4.2.
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2.3 Effect of Simulated Vaginal Fluid and Sabouraud Dextrose Broth on vaginal Candida isolates

2.3.1 Planktonic growth
Vaginal Candida isolates cells from the pre-inoculum were cultivated in SVF or SDB (pH at 5.6
measured by digital pH meter (edge®, Hanna)). Cultures of Candida cells (1 x 10° cells mL?) were placed
in 25 mL Erlenmeyer flasks, maintained at 37 °C with agitation (120 rev min+) and the increase in optical
density, at 620 nm, was measured over time using a microtiter plate reader (Thermo
Scientific™ Multiskan™ FC, Finland). The results were presented as optical density along 24 h of growth,

measured at every 3 h [24].

2.3.2 Biofilm formation

The biofilm’s growth and structure of the vaginal Candida isolates (C. glabrata, C. albicans, C.
krusei and C. guilliermondij) was evaluated. For this, the biofilms were developed as described in the
previous Chapter and by Stepanovi¢ ef al. [25], with some modifications. Briefly, Candida cellular
suspensions were adjusted to 1 x 10¢ cells mL+, in SDB or SVF, and transferred, under aseptic conditions,
to 96-well flat tissue culture plates (polystyrene, Orange Scientific, Braine-L'Alleud, Belgium) (200 uL per
well). Culture plates were incubated for 24 h at 37 °C under agitation in an orbital shaker (120 rev min-)
conditions, during 24 h and 48 h. Biofilms were analysed through the colony-forming units (CFUs)
counting methodology and observed under scanning electron microscopy (SEM) [26,27].

The number of cultivable cells in the biofilms formed in SDB or SVF was assessed using the CFUs
counting methodology. Briefly, after 24 h or 48 h, the biofilms were washed with PBS, to remove non-
adherent cells, and then scraped from the wells with 1 mL of PBS. The obtained suspensions were serially
diluted in PBS and plated onto SDA. The SDA plates were incubated for 24 h at 37 °C and then, the
number of grown colonies was counted. The results were presented as colony-forming units per square
centimeters (Log (CFU cm-2)).

In order to examine and compare the biofilm structure of the drug-resistant Candidaisolates formed
in SDB or in SVF, they were observed by SEM. For that, biofiims formed in steel coupons, as described
above, for 24 h, were dehydrated with ethanol (using 70 % ethanol for 10 min, 95 % ethanol for 10 min
and 100 % ethanol for 20 min) and air dried for 20 min. The samples were kept in a desiccator for at
least 24 h. Prior to observation, the coupons were subjected to sputter coated with gold and observed

with an S-360 SEM (Leo, Cambridge, MA, USA) [28].
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2.4 Effect of the vapor-phase of essential oils on biofilms

The effect of the VP-EOs (oregano and white thyme EOs) on biofilm formation and on mature
biofilms (24 h-old) of four clinical isolates of Candida species (C. glabrata, C. albicans, C. krusei and C.
guilliermondi) was evaluated. Biofilms were developed as described above, with some modifications due
to the use of volatile compounds (Chapter Il). In order to determine the effect of VP-EOs on biofilm
formation, Candlida cellular suspensions adjusted to 1 x 10¢ cells mL* were transferred to glass wells (1
mL per well) and 25 uL of each EOs (100 %) was discarded on a sterile blank disk, which was placed
near the wells (the set was kept inside a glass plate). Plates were incubated for 24 h at 37 °C under
agitation in an orbital shaker (120 rev/ min). Additionally, biofilms were pre-formed during 24 h and, after
this time, they were incubated in the presence of 25 L of EOs placed on a sterile blank disk, for an
additional 24 h. As control, biofilms were formed without any contact with the VP-EOs during 24 h and
48 h. Biofilms were analyzed through determining the number of Candida cultivable cells through CFUs

counting methodology, as described above.

2.5 Statistical analysis
The results obtained in this study were statistically analyzed using the Prism software package
(GraphPad Software version 6.01). For that, the cell cultivability of biofilms formed in SVF or in SDB, or
treated with VP-EOs was compared with that of untreated biofilms using one-way ANOVA and Dunnett's
multiple comparisons test. All tests were performed with a confidence level of 95 %. For all assays, three
independent experiments were carried out (independent pre-inocula) and each analysis was performed

in duplicate or triplicate. Statistical significance was assumed at p <0.05.

3. Results and Discussion

The administration of drugs to the vaginal via has gained increasing attention, highlighting the need
for reliable /n vifro methods to evaluate the performance of new formulations or therapies [29]. Thus, in
a first step, the planktonic growth of four Candida vaginal isolates under simulating vaginal environment
conditions (SVF at pH 4.2) and SDB medium was monitored and compared along 24 h (Figure 19). The
four Candida species used (C. albicans Ca2, C. guilliermondii Cgil, C. glabrata Cg7 and C. krusei Ck1)
were selected from a previous work (Subchapter 11.3), as antifungal-resistant strains. The SDB complex
medium (pH 5.6 + 0.2), which contains pancreatic digest of casein, peptic digest of animal tissue and

dextrose, is recommended for yeast isolation, qualitative procedures and for the culture or subculture of
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fungi from clinical and non-clinical species [30]. The low pH and high concentration of dextrose promotes
the growth of yeast while inhibiting bacterial growth [30]. On the other hand, the SVF proposed by
Sosinska et a/. and Owen & Katz [22,23] (with some modification), which was used in this study has
been used to simulate the composition of vaginal fluids and to test the diffusion and permeation of new
drug delivery systems [23,29]. SVF used as the growth medium consists of YNB with modified
concentrations of calcium, potassium, chloride and sodium ions, in agreement with concentrations in the
vaginal fluid of healthy premenopausal women during the non-menstrual phase [23,29]. The medium
also contained glycerol, urea and glucose, which served as the main source of carbon. SVF was buffered
at pH 4.2 using the physiological buffers found in the vaginal fluid, i.e lactic acid and acetic acid [23,29].
In healthy women, Lactobacillus species produces lactic acid, which act as buffer and maintains the pH
of vagina between 4.0 and 5.0 (acidic), depending on a woman's menstrual cycle. Hydrogen peroxide
(H:0:) and bacteriocins are also produced, which resist the overgrowth of pathogenic microbes. During
pregnancy, the pH drops (3.8- 4.4) and in post-menopause the pH increases (7.0-7.4) [11].

In planktonic conditions, all Candida isolates had a similar growth rate between both culture
medium (SDB and SVF) along 24 h. Despite, the SVF had only a slight effect on the growth rate of C.
albicans Ca?2 (Figure 19.A), C. guilliermondii Cgil (Figure 19.B) and C. glabrataCg 7 (Figure 19.C) cells.
Moreover, the growth rate of C. Arusei Ck1 with SDB and SVF was parallel, and after 24 h the same
growth rate was observed (Figure 19.D). This led us to conclude that the SVF is also a good medium to

isolate and culture or subculture the Candida species.
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Figure 19. Simulated Vaginal Fluid (SVF) and Sabouraud Dextrose Broth (SDB) on vaginal Candida isolates
planktonic cells. Planktonic growth curves of (A) Candida albicans Ca2, (B) Candida guilliermondii Cgil, (C)
Candlida glabrata Cg7 and (D) Candida krusei Ck1 cells cultivated in SVF and SDB over 24 h.

After the overgrowth of the Candlida species, the colonization of the vaginal epithelium occurs and
consequently the transformation from asymptomatic to symptomatic, leading to biofilm formation [31].
So, the biofilm formation (24 h and 48 h) of Candida isolates under conditions simulating the vaginal
environment (SVF at pH 4.2) and SDB medium was compared (Figure 20 and Figure 21). Biofilms were

analyzed through determining the CFUs counting methodology (Figure 20) and by SEM (Figure 21).

85



SIMULATED VAGINAL FLUID: CANDIDA RESISTANT STRAINS' BIOFILM CHARACTERIZATION AND VAPOR-PHASE OF ESSENTIAL OIL EFFECT | CHAPTER III. 1

153 153
Il SFV " Sekdx Fkk Il SFV
*

« — B SDB « — H H BN SDB
£ 104 £ 104
o o
) o
[ o
Qe Qe
o 54 o 54
<) o
- -

0- 0-

N A N N A N
i <°§> ® oF (4 _09\ (%) K
© & 2 £ © & 2 2

\© & o g & & N &

° & \° ¥ N \° ¥

? i [ o ? & ) o
(€] 0\\\‘ < (¢} \)\\\\ (¥}

G'q (J'Q‘

Figure 20. Biofilm formation of antifungal-resistant Candida isolates in Simulated Vaginal Fluid (SVF) and
Sabouraud Dextrose Broth (SDB). Number of cultivable cells (Log CFUs cm-) for (A) 24 h and (B) 48 h. * indicate
statistical reduction of biofilms cell cultivability in comparison with the respective control (* p< 0.1, ** p< 0.01, ***

p< 0.001, **** p< 0.0001) (Dunnett's multiple comparisons test).
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Figure 21. Scanning Electron Microscope (SEM) observations of biofilms formation structure (24 h) of antifungal-
resistant Candida isolates in (A) Sabouraud Dextrose Broth (SDB) and (B) Simulated Vaginal Fluid (SVF).
Magnification: 5,000x. Scale bar=30 pm.
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The biofilm formation capacity of the Candida isolates after 24 h is similar between both medium
(SDB and SVF), except for C. glabrata Cg7 which had a lower capacity to form biofilm in SVF (Figure
20.A). Interestingly, in the SVF medium, all Candida strains have the same capacity of biofilm formation,
while in the SDB medium, some species stand out with greater biofilm formation. Thus, the structure and
morphological characteristics of the biofilms formed for 24 h, with SVF and SDB, was observed by SEM
(Figure 21). In general, Candida isolates maintained the same morphology formed in SVF and SDB, i.e,
the species that had more tendency to filament in SDB (Figure 21.A) also filamented in SVF (Figure 21.B),
such as C. guilliermondii or C. krusei. However, in the SDB Candida isolates cells formed a multilayer
and compact biofilm that covered the entire surface, constituted by network of yeast or hyphal forms
(Figure 21.A). Differently, in the SVF, the biofilm consisted of a discontinuous multilayer with a lower
number of cells. Indeed, the overall architecture of the biofilm can vary depending on the substrate on
which it is formed and growth conditions, such as medium composition, pH and oxygen availability, as
well as matrix composition [27,32,33]. Although the biofilm formation is a process present in Candida
species, it differs significantly from strain to strain, depending on the ability of each strain to present
certain characteristics, such as dimorphic growth or producing extracellular polymeric substances [33].
For example, in the case of C. albicans, the biofilm characteristic of this strain consists of a two-layer
structure composed of a heterogeneous mixture of yeasts, pseudohyphae and hyphae embedded in
extracellular polymeric substances, composed mainly of carbohydrates, proteins, phosphorus and
hexosamines. On the other hand, the typical biofilm formation of C. glabratais a compact monolayer or
multilayer structure of only blastospores, where the cells are embedded within an extracellular matrix
composed of high levels of carbohydrates, proteins and hexosamines [27].

Regarding the number of cultivable cells of biofilms after 48 h (Figure 20.B), the SVF showed lower
number of cells in three Candida isolates (C. albicans Ca2, C. guilliermondii Cgil and C. glabrata Cg7),
resulting in a statistically significant decrease on cell cultivability (p< 0.0001) compared to biofilms formed
in the SDB. Despite this, it is considered that the differences found are not very significant, as cell
formation and morphology were maintained.

The bioavailability of vaginally administered therapies depends on the effective dissolution of solid
drug particles, if present, in the vaginal fluid prior to absorption, and the degree of deactivation by
enzymes present in the fluids [11]. So, to optimize formulations for the vaginal via, it is important to
consider several points, specifically the effective dissolution in the vaginal fluid [11,29]. Vaginal fluid is,
in fact, the first physical barrier that the administered formulations encounter, and it has been

demonstrated that its composition, pH and osmolarity can significantly affect the delivery of drugs and
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efficacy [34]. Indeed, vaginal pH affects the degree of ionization of drugs, which can affect their absorption
[11]. Considering the characteristics of these fluids and their impact on the effectiveness of the drug
formulation, it is crucial to evaluate the effect of therapies with medium that mimics the vaginal
environment. Therefore, in this work the effect of VP-EOs on Candlida species in SVF was evaluated. This
approach may allow the reduction of the drug dose needed to produce the pharmacological effect,
possibly minimizing systemic side effects and eliminating problems related to first-pass metabolism [35].
So, in order to study the effect of the vapor-phase of two EOs (oregano (VP-OEQ) and white thyme (VP-
WTEQ)) on the biofilm formation and pre-formed biofilms of antifungal-resistant Candida isolates (C.
albicans Ca2, C. guilliermondii Cgil, C. glabrata Cg7 and C. krusei Ckl) in SVF, the number of cultivable

cells (Figure 22) was evaluated.
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Figure 22. Effect of the vapor-phase of essential oils (oregano (VP-OEQ) and white thyme (VP-WTEQ)) on (A) biofilm
formation and (B) pre-formed biofilms of antifungal-resistant Candiida isolates. Biofilms of Candida albicans Ca2,
Candida guilliermondii Cgil, Candida glabrata Cg7/ and Candida krusei Ckl were developed in the absence
(control) and presence of the VP-EOs. * indicate statistical reduction of biofilms cell cultivability in comparison with

the respective control (* p< 0.1, ** p< 0.01, *** p< 0.001, **** p< 0.0001).

Generally, the VP-EOs of both oils led to inhibition of biofilm formation and reduction of mature
biofilm. The results related to biofilm formation revealed that both EOs had a high inhibitory effect on all
tested isolates (Figure 22.A). In fact, VP-OEO was able to completely inhibit the formation of C. albicans
Ca2 and C. guilliermondii Cgil biofilms. In addition, a significant reduction, ranging from 1-5 orders of
magnitude (Log CFU cm?), in comparison to the absence of VP-EOs was observed in the formation of C.
glabrata and C. krusei Ck1. Moreover, the VP-OEQO was also able to completely reduce mature biofilms

(24 h) of C. albicans Ca2, C. glabrata Cg7 and C. guilliermondii Cgil (Figure 22.B). However, with VP-
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WTEOQO only a small reduction was observed to the different species, ranging from 0.2- 2 orders of
magnitude (Log CFU cm?), both in the formation of biofilms and in mature biofilms (Figure 22). The
significant difference observed in the antifungal activity of the two EOs may be a result of the main
bioactive compounds of the EOs or due to a synergistic action between the minor and major compounds
[36]. In fact, the antifungal activity of EOs can differ greatly even within the same plant species, according
to their origin and chemical profile (Subhapter 11.2).

Curiously and according to previous results when the VP-EOs was able to reduce mature biofilms,
its impact was higher than on biofilm formation (Figure 22). The results obtained in this work agree with
those results obtained in Chapter I, where SDB was the medium used, this means that the effect of VP-
EOs is not affected by SVF as growth medium and that this fluid allows the dissolution of the volatile and
bioactive compounds. Inclusive, the results obtained with SVF predict /7 vivo behavior, suggesting a
potential effective application of VP-EOs as prophylactic or therapeutic treatment for biofilm-related VVC.
In fact, also Wang et a/. and Pietrella et a/. [37,38] verified that EO was highly effective in accelerating
the elimination of C. albicans in vivo, from the vagina of experimentally infected mice, by prophylaxis and

therapeutic treatments.

4. Conclusions

In the present study, was compared the planktonic growth and biofilm formation of Candida
species, between SDB and under simulated fluid vaginal (SVF) conditions in order to validate an /n vitro
model. SVF was evaluated as reliable and capable of mimic the vaginal environment and allow the
assessment of drug/compound permeation, in this case VP-EQs, intended for vaginal administration.
Indeed, this study demonstrates that the SVF medium offers a reliable and predictive tool for mimicking
these environments and allow, in fact, to evaluate the behaviour of VP-EOs intended for vaginal
administration. Thus, a potential application of VP-EOs as a prophylactic or therapeutic treatment for VWC
is suggested. Of the two EOs tested (oregano and white thyme), VP-OEOs showed the highest antifungal
activity.
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CHAPTER 111.2

VAPOR-PHASE OF WHITE THYME ESSENTIAL OIL EFFECT ON CANDIDA ALBICANS AND LACTOBACILLUS

GASSERICOLONIZATION IN A RECONSTITUTED HUMAN VAGINAL EPITHELIUM
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Figure 23. Subchapter I1l.2 workflow.

The development of new therapies for vulvovaginal candidiasis must take into consideration the
potential impact on other colonizing species. Thus, the main goal of this subchapter was to evaluate the
effect of the vapor-phase of white thyme essential oil, on Candida albicans biofilm formation and on co-
colonization of a reconstituted human vaginal epithelium by C. albicans together with the vaginal species

Lactobacillus gasseri.

This subchapter is based on the following publication; Fernandes L, Silva I, Costa R, Silva S, Mira Pereira
N, Costa-de-Oliveira S, Henriques M, Rodrigues ME. Vapor-phase of white thyme essential oil effect on Candida
albicans and Lactobacillus gasseri colonization in a reconstituted human vaginal epithelium (In submission)

Presented as Video abstract: Fernandes L, Costa R, Silva S, Henriques M, Rodrigues ME. Efeifo da fase de
vapor de dleos essenciais em Candida albicans e Lactobacillus gasseri aderidos a epitélio vaginal humano
reconstituido. Congresso internacional em lingua portuguesa Microbiologia 2022, Online, 2022.

And oral presentation: Fernandes L, Costa R, Silva S, Mira Pereira N, Costa-de-Oliveira S, Henriques M,
Rodrigues ME. Vapor-phase of white thyme essential oil effect on Candida albicans and Lactobacillus gasseri
colonization in a reconstituted human vaginal epithelium. 5™Congress of Baltic Microbiologists (FEMs grant), 2023,
Vilnius, Lithuania.
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1. Introduction

The balance of the vaginal ecosystem is the result of synergy and complex interactions between
the host and different microorganisms present in the microbiome that colonizes the vaginal mucosa
[39,40]. Indeed, vaginal microbiota includes a diverse range of beneficial microorganisms, predominantly
constituted by the Lactobacillus species. Such beneficial bacteria include Lactobacillus crispatus,
Lactobacillus jensenii, Lactobacillus iners and Lactobacillus gasseri, that coexist with the human host in
mutualism, with the host providing nutrients and the bacteria protecting the vaginal environment from the
colonization of pathogenic microorganisms [41]. Indeed, Lactobacillus species play a key protective role
in preventing gynecological diseases [42,43]. Vulvovaginal Candidiasis (VVC) is a prevalent infection of
the vaginal mucosa caused by Candida species [2,44]. To note, Lactobacillus species were reported to
inhibit various virulence traits of Candida species including their adherence to epithelial cells, suppressing
the possible attachment of fungal cells [45]. In addition, these bacterial cells secrete biosurfactants and
release hydrogen peroxide and lactic acid that inhibit growth of Candida species and also formation of
invasive hyphae [45].

Likewise, Lactobacillus species, Candida species are also present in the vaginal microbiota as a
commensal microorganism, however, certain factors such as broad-spectrum antibiotics, pregnancy,
immunosuppression or contraceptives can lead to its transition to a pathogenic microorganism [2].
Candlida albicans is the most frequent species that causes VWC [21]. This infectious disease is often
treated with antifungal drugs, especially azoles. However, these agents are fungistatic and cells exposed
repeatedly to these antifungals lead to adaptation and consequent resistance [39,46]. Thus, the increase
of drug resistance combined with the high incidence of VVC highlights the need to develop new therapeutic
approaches, more effective, without the risk of inducing resistance, for the prevention and treatment of
this gynecological infection. However, it is imperative that the development of these new therapies do not
disrupt the vaginal microbial homeostasis, in particular the difference naturally colonizing Lactobacillus
species. Thus, the present study aims to evaluate the induced effect of a previously developed therapy
(Subchapter Ill.1) in the vaginal species L. gasseri; and also on C. albicans. This therapy consists of
exposure to the vapor-phase of white thyme essential oil (VP-WTEQ), after evaluation the toxicity of this
therapy in a toxicological model of Galleria mellonella larvae. Previous work has demonstrated that VP-
EOs exhibit strong antifungal activity against drug-resistant Candida species thus emerging as an
interesting alternative for VWC treatment (Subchapter 11.3 and Ill.1). Furthermore, after exposure to VP-
EO, significant inhibition of biofilm formation and the ability to destroy mature biofilms of drug resistant

vaginal Candidaisolates was observed (Subchapter I1.3).
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2. Materials and Methods

2.1 Microorganisms and culture conditions
In this study, 3 C. albicans clinical isolates resistant to one of antifungal agents (fluconazole,
ketoconazole and caspofungin) belonging to a collection of yeasts created by the Candida Research Group
of the Centre of Biological Engineering of University of Minho [21], and a reference strain of Lacfobacillus
gasseri ATCC 33323 (acquired from DSMZ), were used. The Candida isolates and L. gasseri were kept
in Sabouraud Dextrose Broth (SDB; Liofilchem, ltaly) and in Mann Rogosa and Sharpe broth (MRS,
Liofilchem) broth, respectively, both with 20 % (v/ v) glycerol (Biochem Chemopharma, France), at -80 +
2 °C. These species were sub-cultured from the frozen stock onto Sabouraud Dextrose Agar (SDA;
Liofilchem) (Candidaisolates) and MRS agar (L. gasser) plates and incubated for 24 h at 37 °C, L. gasseri
was incubated in a 5 % CO. environment in saturated humidity. Before the test, the pre-inoculum of C.
albicans was prepared in SDB with colonies grown on SDA plates (18 h at 37 °C and under agitation at
120 rev/ min) and L. gasseriwas pre-cultured in MRS Broth twice with 1 % (v/ v) taken directly from the
cryovial (24 h at 37 °C in an environment of 5 % CO: in saturated humidity). So, the cellular suspensions
were centrifuged and washed twice with Phosphate Buffered Saline (PBS) (5000 g for 10 min, at 4 °C).
The assays of this work were carried out in simulated vaginal fluid (SVF). SVF consisted of 58 mM
NaCl (Biochem Chemopharma, France), 33 mM glucose (Biochem), 18 mM KOH (AppliChem), 2 mM
Ca(OH): (Frilabo), 1.75 mM glycerol (Biochem), 6.7 g Ltyeast nitrogen base (YNB) (Difco), 6.7 mM urea
(Frilabo) and acetic acid (17 mM; pKa 54.76) and lactic acid (22 mM; pKa 53.85) were added to maintain
the pH at 4.2, as described in subchapter IIl.1.

2.2 Essential oils

The antifungal activity of VP-WTEO (7hymus satureiodes, florame®, France) was evaluated. White
thyme EO (WTEOQ) was tested 100 % pure and stored in the dark at room temperature. From the analysis
carried out by the company florame®, it became known that the major compounds in the WTEO are
borneol (31 %), o-terpineol (16 %) and carvacrol (9 %) (Subchapter II.1). For this analysis, the company
used Gas Chromatography (GC) with Flame-lonisation Detection (FID): the hydrogen carrier gas; the polar
Elite-WAX column (100 % polyethylene glycol) (60 m/ 0.25 mm/ 0.25 pum) and the non-polar Elite-5
columns (5 % diphenyl, 95 % dimethylpolysiloxane) (60 m/ 0.25 mm/ 0.25 pum) (Annex 1.4).
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2.2.1 Essential oil cytotoxicity

The cytotoxicity of the WTEO was tested using the /n vivo Galleria mellonella larvae model [47].
For that, a group of 10 G. mellonella larvae was exposed to VP-WTEOQ for 72 h. Initially, G. mellonella
larvae were raised in the dark at 25 °C, with a diet based on pollen grains. Afterward, the larvae selected
according to the development stage, approximately 250 mg, were placed in glass Petri dishes in the
presence of the WTEO (25 uL-placed in a glass well), allowing the diffusion of the oil without direct contact
with the larvae, in a controlled atmosphere with a volume of 1.5x 10¢ cme. After that, larvae were kept at
37 °Cin the dark, without nutrition. As a negative control, a set of larvae was maintained under the same
conditions, except for exposure to VP-WTEQ. The survival and morphology of the larvae were monitored,
and survival curves were constructed, as described by Araujo et al. [47]. In this type of test, larvae are

considered dead when they show no movement after touch.

2.3 Susceptibility of Candida albicans to white thyme essential oil
The disk diffusion method based on Barry and Brown [48] and as described in the previous chapter,
was used to evaluate the effect of WTEO on drug-resistant clinical isolates of C. albicans (Cal, Ca2, Ca3).
Swabs dipped in the cell solution adjusted to 1 x 10¢ cells mL! were used to inoculate SDA plates. After
the plates were completely dry, 25 uL of the WTEO (100 %) was applied in sterile white disks (Liofilchem®)
on the plates. Negative (vegetable oil) and positive (cell suspension) controls were performed. The plates

were incubated at 37 °C for 24 h and inhibition zone diameters were measured (mm).

2.4 Antifungal activity of vapor-phase of white thyme essential oil on biofilms

The effect of the VP-WTEO on biofilm formation and on mature biofilms (24 h-old) of C. albicans
(Ca2) was evaluated. Biofilms were developed as described in Chapter Il in order to allow the diffusion of
volatile compounds and their interaction with microorganisms. To determine the effect of VP-WTEO on
biofilm formation, 1 mL of Candida cell suspension adjusted to 1 x 10 cells mL* was transferred to a
glass well and 25 L of WTEO (100 %) was discarded on a sterile blank disk. The set was kept inside a
glass plate and the plates were incubated (24 h at 37 °C, 120 rev/ min). Once formed, the biofilms were
incubated in the presence of VP-WTEQ for another 24 h. As a control, biofilms were formed without
exposure to VP-WTEO for 24 h or 48 h.

The VP-WTEQ effect on biofilms was analysed by (2.4.1) quantification of biofilm biomass by
staining with crystal violet (CV) and (2.4.2) determination of metabolic activity by XTT reduction assay

[26,49].
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2.4.1 Quantification of Candlida biomass
For biomass quantification, biofilms were fixed with 1 mL of methanol, after 15 min was removed
and allowed to dry at room temperature. After drying, 1 mL of CV (1 %) was added to each well and
incubated for 5 min. Then, the biofilms were washed with sterile ultrapure water and completely dry, and
afterwards 1 mL of acetic acid (33 %) was added. Thus, 200 L of this solution, from each glass well,
was transferred to a microtiter plate and the absorbance of each condition was read at 570 nm in

triplicate, using a microtiter plate reader (Thermo Scientific™ Multiskan™ FC, Finland).

2.4.2 Quantification of metabolic activity of Candida cells
Biofilm metabolic activity was determined by the XTT (2,3-(2-methoxy-4-nitro-b-sulphophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) reduction assay. For this, the culture medium was
removed, and biofilms washed with PBS. Then, 200 L of a solution containing 10 ug uL* of phenazine
methosulfate (PMS, Sigma-Aldrich, USA) plus 100 ug pL* of XTT (Sigma-Aldrich) was added to each
well and incubated for 3 h at 37 °C (130 rpm) in the dark. Then, similar to the previous procedure, 150
WL from each glass well was transferred to a microtiter plate and the colorimetric changes were measured

at 490 nm using a microtiter plate reader (HEALES “MB580", Shenzhen, China).

2.5 Effect of vapor-phase of white thyme essential oil in colonization of Candida albicans and
Lactobacillus gasseri of a reconstituted human vaginal epithelium

The commercially reconstituted human vaginal epithelium (RHVE) (0.5 cmz?; SkinEthic Laboratories,
France) was used as a mean to mimic an /n7 vitro model of vaginal candidiasis to study the effect of the
VP-WTEOQ on colonization prompted by C. albicans and/or L. gasseri [50,51]. For that, RHVE tissue
inserts (0.5 cm?) were placed in glass wells. To study single species infection, 4 RHVE tissues were
infected with 1 mL of standardized suspension (1x 107 cells mL) of C. albicans or L. gasseri strains
separately, prepared as previously described in the SVF. In dual species studies, C. albicans suspension
(500 pL; 2x 107 cells mLt) was combined with £. gasserisuspension (500 uL; 2x 107 cells mL) and used
to infected two RHVE tissues. To determine the effect of VP-WTEQO on microorganisms RHVE colonization,
two infected tissues of each condition were incubated in the presence of 25 ulL of WTEO (100 %) on glass
petri dishes. As negative control, two infected tissues of each condition were tested in the absence of the
WTEO. All tissues were incubated at 37 °C in a 5 % CO. environment in saturated humidity, with agitation

of 120 rpm for 24 h.
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After the incubation, the tissues were washed with PBS to remove non-adherent microorganism’s
cells. Subsequently, the tissues were used for (2.5.1) histological analysis and for (2.5.2) molecular
studies. Additionally, the activity of lactate dehydrogenase (LDH) was also evaluated to evaluate indirectly

the damage of microorganisms caused on the epithelium (2.5.3) [b1].

2.5.1 Histological analysis and microscopic observation

The part of the RHVE tissue intended for histology processing was initially fixed in 2 % (v/ V)
paraformaldehyde and stored at room temperature. Using standard histological techniques, tissue was
embedded in paraffin wax and 20 um sections were cut and placed on HistoBond+ coated microscope
slides. Afterwards, the sections were dewaxed by processing through xylene, immersed in ethanol and
then in water and stained with the periodic acid Schiff method (staining of keratinocytes and Candlida or
Lactobacillus cells). Then, the sections were analyzed in bright field using an Olympus BX51
epifluorescence microscope coupled to a DP72 digital camera (Olympus Portugal SA, Portugal) and the

images were acquired using Olympus Cell-B software.

2.5.2 Quantification of Candlidaand Lactobacillus cells in RHVE
Candlida’sand Lactobacillus’DNA present in tissues under different conditions was extracted using
the DNA extraction kit (DNeasy Blood & Tissue Kit, Qiagen). The DNA from each tissue was quantified
using the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA). Both species were
quantified using qRT-PCR (quantitative real-time PCR) employing a CF X96 gRT-PCR system (Bio-Rad,
Berkeley, USA). For quantification, a final reaction volume of 10 uL was prepared, consisting of 2 L of
DNA, 5 ul of working concentration SsoFast EvaGreen Supermix, 0.1 ulL of each primer (Table 7) and 2.8

ulL of H.0. Negative controls were performed, replacing the DNA with nuclease-free water.

Table 7. Primers for real time-PCR assay for quantification of Candida albicans and Lactobacillus gasseri cells in

reconstituted human vaginal epithelium

Target Primer | Sequence (5'->3")

Candlida albicans Forward | GAGCGTCGTTTCTCCCTCAAACCGCTGG
Reverse | GGTGGACGTTACCGCCGCAAGCAATGTT
Lactobacillus gasseri | Forward | AGGCACTAGAAGCCGATGAA

Reverse | CACTGCGTCTTCCTTCAACA

The PCR cycling conditions for the L. gasseri and C. albicans involved of an initial denaturation

step at 98 °C (2 min) or 95 °C (3 min), then 40 cycles of denaturation at 98 °C (5 s) or 95 °C (10 s)
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and primer annealing at 55 °C (5 s) or 55 °C (30 s), respectively. The same PCR protocols were used
to construct calibration curves (threshold cycle (CT) values vs Log of cells) for both species (Figure 24),

obtained from serial dilutions of known cell concentrations, as described by Alves ef al. [51].
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Figure 24. The standard calibration curve of threshold cycle (CT) values vs Log number of cells.

2.5.3 Lactate dehydrogenase (LDH) assay
To measure epithelial cell damage, the CytoTox-ONE Homogeneous Membrane Integrity Assay kit
(Promega) was used to determine the release of LDH from the RHVE in the culture medium. LDH activity
was analyzed in a spectrophotometer (FLUOstar OPTIMA; BMG Labtech, Ortenberg/Germany) at 560 nm
excitation and 590 nm emission. The LDH released during infection or co-infection and treatment with
VP-WTEQ for both species was expressed as LDH activity in relation to the infected epithelium and the
untreated epithelium. Also, the VP-WTEOQ effect on tissue expressed as LDH activity relative to tissue with

SVF (control) was evaluated. All experiments were performed in triplicate.

2.6 Statistical analysis
The results were statistically analysed using the Prism software package (GraphPad Software
version 8.01). One-way ANOVA (analysis of variance) or two-way ANOVA was performed, Tukey s multiple
comparison test. Results were expressed as mean + standard deviation (SD) and the statistical analyses

performed were considered significant when p<0.05.
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3. Results and Discussion

Under healthy conditions, the vaginal mucosa is inhabited by several microorganisms, including
bacteria and fungi, which normally coexist and interact with each other and with the host. However,
several factors can upset this balance and lead to the development of diseases [41]. In fact, it is well
established that the decreased of vaginal lactobacilii population is linked with the decrease in vaginal
health. Thus, it is imperative the development of new therapeutic approaches for VVC, that do not cause
an imbalance and disruption in the remaining microbiota.

According to previous work, EOs and especially the VP-EOs have shown great antifungal activity
against drug-resistant Candlida species (Subchapter 1.3 and lll.1). Therefore, it is crucial to understand
the effect induced by this new alternative (VP-EOs) in vaginal Lacfobacillus species as well. For this, in
the first step, the cytotoxicity of VP-WTEQ was evaluated. The model of G. mellonellalarvae is widely used
to study the effectiveness of new antimicrobial compounds, immune responses and, in this study,
cytotoxicity. Among other advantages, the wax model is suitable for these toxicological studies due to its
functional and structural similarity to the innate immune response of mammals [52]. Therefore, the in
vivo toxicity of VP-WTEOQ was evaluated from G. mellonella, where it was found that after 72 h of exposure
to VP-WTEO, there was no evidence of toxicity (Figure 25). In fact, 100 % of larvae remained alive with no

significant differences in larvae exposed and not exposed to VP-WTEO.
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Figure 25. Vapor-phase of white thyme essential oil (VP-WTEO) toxicity measured in in vivo Galleria mellonella

model. Survival curves of G. mellonella larvae exposed to VP-WTEO and respective control (without exposure to VP-

WTEOQ). There was no significant difference between control and VP-WTEQ exposure.
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Then, the antifungal activity of WTEO against planktonic cells of resistant antifungal isolates of C.
albicans (n=3) was evaluated (Table 8) through the agar disk diffusion method, evaluated by the halo

diameter formed (Dra).

Table 8. Anti-Candlida activity of white thyme essential oil on drugresistant vaginal isolates. Results obtained from
the agar disk diffusion method and zones of inhibition measured through the diameter of the halo (D) in

millimeters (mm)

Species Isolate Dtae (Mm)
Cal 22.8 £ 0.5

C. albicans Ca2 225+1.7
Ca3 247 +0.6

The analysis of Table 8 shows that WTEO induced a large inhibitory effect in all clinical isolates,
with Do ranging from 22.5 mm to 24.7 mm. These results agree with other studies that also reported
high antifungal activity of WTEO against drug-resistant strains of various Candida species [53-57]. The
anticandidal activity of thyme has been suggested to be related to morphological changes in Candida
cells including shrinkage of the cell membrane, disruption of cell membrane permeability and leakage of
intracellular material [58,59].

WTEOQO is complex mixture of compounds extracted by steam distillation of flowering tops,
characterized by high concentrations of borneol, a-terpineol and carvacrol. Hammer et a/. [60] observed
that the components with lower values of Minimum Inhibitory Concentration (MIC) and Minimum
Fungicidal Concentration (MFC) in Candida species were terpinen-4-ol and o-terpineol. Indeed, the
antimicrobial activity of terpenes, at higher concentrations has been attributed to their interactions with
cell membranes and consequent total loss of homeostasis and severe membrane damage and death,
and at relatively low concentrations, these interactions can result in changes such as inhibition of
respiration and change in permeability [60-63]. Furthermore, these components also showed relatively
rapid killing effects against C. albicans in time-of-kill assays. In addition to this compound, borneol was
previously reported to disrupt C. albicans biofilm formation [63].

However, the diffusion method results are only an initial screening of the work, since the EOs effect
can differ depending on the direct application or only exposure to the vapor-phase. The antifungal activity
when applied directly depends on its diffusibility and solubility in the liquid phase, while the activity when
only exposed to VP-EOs depends on its volatility [16, 64]. So, the VP-WTEOQ effect on Candida biofiim

formation and on pre-formed biofilms of fluconazole and ketoconazole resistant strain (C. albicans Ca2)
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was then evaluated, this strain was selected as it presented an extremely high level of resistance to
fluconazole (Subchapter 11.3). In this sense, some factors were quantified to determine the VP-WTEO
effect, such as the number of cultivable cells (data presented in previous subchapter Ill.1), biofilm

biomass (Figure 26.A), and the metabolic activity of biofilm cells (Figure 26.B).
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Figure 26. Effect of the vapor-phase of white thyme essential oils (VP-WTEO) on the biofilm formation and pre-
formed biofilm of antifungal-resistant Candida albicans Ca2. (A) Biofilm biomass (Abs CV) and (B) metabolic activity
(Abs XTT). * indicate statistical reduction of biofilms cell cultivability in comparison with the respective control (*

p<0.1, " p<0.01, ** p< 0.001, **** p< 0.0001).

Previous work demonstrated that VP-WTEO led to the inhibition of biofilm formation and reduction
of mature biofilm of C. albicans Ca2 (Subchapter lll.1). So, from this result previously obtained with the
results of the biomass quantification and the metabolic activity of the biofilm cells, it was observed that
the VP-WTEO has an effect against the drug resistant C. albicans biofilms. Indeed, the cell cultivability of
biofilms developed in the presence of the VP-WTEQO showed a significant reduction, ranging from 1 to 2
orders of magnitude (Log CFU cm?), in comparison to the absence of VP-WTEO (Subchapter IIl.1).
Regarding the quantification of biomass and metabolic activity, the results showed a significant reduction,
ranging from 18 - 56 % (Figure 26.A) and 37 % (Figure 26.B), respectively. This set of results confirms
the effectiveness of VP-WTEO in these two stages of biofilms, not only in inhibition biofilms formation, but
also impacting already biofilms formed in an already organized structure. In fact, previous work has
reported that the vapor generated by EOs has a greater antimicrobial impact compared to the EOs liquid
phase when applied by direct contact. Furthermore, a study carried out by Wang et a/. [65], demonstrated

that the anti-C albicans activity of borneol (major constituent of WTEQ) in the vapor-phase was significantly
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greater than in the liquid phase. The authors observed that concentrations lower than the MIC values of
the liquid phase of borneol reduced (60 - 99 %) the germ tube formation of C albicans ATCC 10231 [65].
Germ tube formation and biofilm integrity in Candlida species, mainly C. albicans, are important virulence
factors. The germ tube (filamentous form) allows penetration into deeper layers of the mucosa and confers
greater resistance to phagocytosis, facilitating the transition from the state of harmless symbiosis to a
pathogen [63]. The fact that the antifungal activity of EO molecules in the vapor-phase does not require
direct contact, suggests that such EOs can be used in the prevention and treatment of several diseases,
such as VWC.

The effect of new antifungal therapies on other colonizing species is extremely important. Therefore,
in this work a RHVE was used and co-colonization by C. albicans and L. gasseri was induced. This
procedure aimed to evaluate the effect of the developed therapy (VP-WTEQ) on beneficial species of the
vaginal microbiome, such as Lactobacillus. For this purpose, the species of L. gasseri was selected due
to its predominance in vaginal environments and also because it was recently shown to inhibit growth of
C. albicans, both in planktonic and in mixed biofilms, resulting in enhanced loss of yeast cell viability
[66-68]. The infection, co-infection and subsequent VP-WTEO effect of RHVE by C. albicansand . gasseri
were evaluated after 24 h and the results confirm the efficacy of VP-WTEQ against the C. albicans

colonization (Figure 27 and 28).
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Figure 27. Effect of the vapor-phase of white thyme essential oil (VP-WTEO) on single and co-colonization of Candlida

albicans with Lactobacillus gasseri of the reconstituted human vaginal epithelium (RHVE) after 24 h. (A) Number
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of cells (Log cells/ tissue) on single and mixed colonization in relation to the treated RHVE (VP-WTEOQ). * indicate
statistical reduction of number of cells in comparison with the respective control (*** p< 0.001, **** p< 0.0001).
(B) Relative lactate dehydrogenase (LDH) activity measured in the culture supernatants after 24 h of single and co-
colonization in relation to simulated vaginal fluid (&) and VP-WTEOQ effect (*). */& indicate statistical reduction of

LDH activity in comparison with the respective control (#p< 0.1, ***p< 0.001).

Reconstituted human vaginal epithelium (RHVE) VP-WTEO effect on colonization of the RHVE
without VP-WTEO exposure

Control
(synthetic vaginal fluid) 2

C. albicans infection

L. gasseri infection

Figure 28. Effect of the vapor-phase of white thyme essential oils (VP-WTEQ) on single and mixed colonization of
Candida albicans and Lactobacillus gasseriin reconstituted human vaginal epithelium (RHVE) after 24 h. Image

acquired by epifluorescence microscopy. The bar represents 50 um and 20 um.

The results obtained from the PCR analysis (Figure 27.A) show a significant decrease in the number
of cells occurring both in simple colonization (p< 0.001) and in co-colonization with L. gasseri (p<

0.0001). Furthermore, this reduction on colonization, after VP-WTEO exposure is notably observed in
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tissue images (Figure 28). Regarding the effect of exposure of L. gasseri to VP-WTEO, there is no
interference in the number of cells when it is present in co-colonization with C. albicans.

These data can also be confirmed by microscopic imaging of the RHVE (Figure 28), where the
Lactobacillus species remain in the tissue after exposure to therapy and, even when co-colonize with C.
albicans occurs, only this last species is affected. These results are extremely important, as these data
demonstrate the therapy affects C. albicans and does not interfere with L. gasseri cells. This fact is very
important, because the decrease of Lacfobacillus in the vaginal microflora would harm the host and
enhance VVC. Indeed, the role of Lactobacillus species as general probiotics and as an inhibitor for VWC
development and other gynaecological diseases has been previously demonstrated [66,69-75]. Zang| ef
al. [70] demonstrated that Lacfobacillus species can improve the treatment of VWC. Furthermore, they
observed that the organic acids produced by Lactobacillus species positively influence the effectiveness
of antifungal treatment by increasing the permeability of the fungal plasma membrane structure. Also,
Dos Santos et al. [75] showed that some Lacfobacillus strains produced biosurfactants that exhibited
considerable anti-adhesion and anti-biofilm activities against C. albicans.

The results obtained from the LDH assays are consistent with the last results (Figure 27.B). The
LDH assay is used to assess the level of damage to the cell plasma membrane. When the plasma
membrane is damaged, LDH is released into the cell culture medium [76]. LDH activity levels revealed
no significant effects between VP-WTEQ exposure in RHVE compared to control (SVF) (Figure 27.B). This
result could also be confirmed by the microscopic image observation (Figure 28), where RHVE exposed
to VP-WTEO did not undergo morphological changes. Therefore, it is possible to conclude that VP-OEO
treatment does not cause relevant tissue damage and its application seems to be safe for a future
application. Furthermore, these data confirm the results of the /n7 vivo absence of cytotoxicity (Figure 25).
A significant increase in LDH was observed when tissue was colonized by C. albicans in both conditions,
single (p< 0.1) and mixed colonization (p< 0.001). In turn, a significant decrease (p< 0.1) of LDH was
observed when only L. gasseri was present. As expected, Candida species are able to cause vaginal
epithelium damage [51,77], while the Lactobacillus cells assumed a protector role. In fact, the
effectiveness of applying Lactobacillus as a prophylaxis has been well-founded in long-term administration
[41]. Reid et al. [74] demonstrated that the administration of Lactobacillus probiotics in recommended
amounts can restore host-microbial and immune homeostasis. Regarding the applied treatment, an
important fact can be drawn from the data obtained, VP-WTEO exposure allowed a significant decrease
(p<0.1) in epithelium damage when colonization by C. albicans occurs, in both conditions (Figure 27.B).

Although an increase in LDH activity was verified when /. gasseriwas exposed to VP-WTEQ, together with
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C. albicans (simulating to the vaginal flora), there was a decrease in the damage level. So, it can be

concluded that VP-WTEO significantly reduced Candida species, controlling the growth of this fungus.

4. Conclusions
EOs have been suggested as potential sources of alternatives and new therapeutic products, with
fewer side effects, lower toxicity and better biodegradability when compared to available antimicrobial
agents. In this study, WTEO was selected, and its anti-Candlida activity in the liquid phase and vapor-
phase was demonstrated. Biofilm formation and biofilm integrity in Candida are important virulence
factors, and overall, the VP-WTEOQ results demonstrated the antifungal potential of this therapy, as it was
able to interfere with both forms. The possibility of interfering with these more resistant structures, such

as biofilms, is a promising therapeutic strategy.
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CHAPTER IV

EFFECT OF OREGANO ESSENTIAL OIL IN CANDIDA INFECTION

Vulvovaginal candidiasis (VVC), one of the most prevalent vaginal infectious diseases, faces
increasing challenges attributed to drug-resistant Candida strains. Considering the therapeutic limitations,
essential oils (EOs) are emerging as promising alternatives due to their high antimicrobial activity. Among
these, oregano essential oil (OEQ) stands out for its proven efficacy against Candlida species resistant to
conventional treatments. Nevertheless, the direct application of OEO presents some limitations, including
cytotoxicity. Interestingly, vapor-phase of essential oils (VP-EOs) have more advantages than their direct
application. Therefore, focusing exclusively on the vapor-phase application seems to be particularly
effective. Thus, a comprehensive study of the mode of action of the vapor-phase of the OEO becomes
crucial for potential clinical applications.

In addition to vapor-phase application, microencapsulation emerges as an innovative approach to
address the challenges associated with the direct application of OEQ. This method aims to overcome the
problems associated with OEO, providing protection, and facilitating a controlled and prolonged release
of the OEQ. Microencapsulation serves as a strategic solution, addressing concerns about cytotoxicity and
enhancing the overall therapeutic potential of OEO.

These advances mark a significant step in the search for effective and safe treatments for VWC,
offering a comprehensive approach to harnessing the benefits of EOs while minimizing the associated

disadvantages.
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CHAPTER IV.1

EFFECT OF VAPOR-PHASE OREGANO ESSENTIAL OIL ON RESISTANT CANDIDA SPECIES BIOFILMS:

MECHANISMS OF ACTION

Effect of vapor-phase
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Figure 29. Subchapter IV.1 workflow.

Oregano essential oil has gained attention for its remarkable efficacy against Candida species. This
suggests that OEO may offer a valuable solution for the treatment of VWC. This subchapter aims to
evaluate the effect of vapor-phase of oregano essential oil (VP-OEQ) on biofilms of antifungal-resistant
vaginal isolates of Candlida species (Candida albicans and Candida glabrata) and determine its mode of
action. Furthermore, a reconstituted vaginal epithelium was used to mimic vaginal conditions and

evaluate the effect of VP-OEO on Candida species infection.

This subchapter is based on the following publication: Fernandes L, Costa R, Silva S, Henriques M, Costa-
de-Oliveira S, Rodrigues ME. Effect of Vapor-Phase Oregano Essential Oil on Resistant Candida Species Biofilms:
Mechanisms of Action. Microbiol Spectr 2023;11. https://doi.org/10.1128/SPECTRUM.05124-22.

And presented as poster: Fernandes L, Costa-de-Oliveira S, Costa R, Silva S, Henriques M, Rodrigues ME.
Effect of vapor-phase essential oil on resistant Candida species: Mechanisms of action. FEMS Conference on
Microbiology 2022, Belgrade, Serbia.

And part of this subchapter was presented as poster: Fernandes L, Blazquez E, Tejada A., Ribeiro,A, Silva
S, Mira N, Cuss6 L, Costa-de-Oliveira S, Rodrigues ME, Henriques M. Oregano Essential Qil: An Effective and Non-
Toxic Approach for prevent or treat Resistant Candlida Species. Congress of Microbiology and Biotechnology 2023
(FEMs grant), 2023, Covilha, Portugal.
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1. Introduction

Antimicrobial resistance is increasing over time, threatening the effective prevention and treatment
of an ever-increasing range of infectious diseases [1]. One of the most common and frequent fungal
infections is candidiasis, ranging from superficial mucosal infections (oral cavity, vagina, penis,
gastrointestinal tract, or other parts) to systemic and potentially fatal diseases (disseminated candidiasis)
[2]. Indeed, vulvovaginal candidiasis (VVC) affects millions of women of reproductive age every year,
causing physical discomfort, pain, and mental distress and representing considerable direct and indirect
costs [3,4]. WC is caused by Candida species, namely, Candida albicans and Candida glabrata, both
phenotypically and genetically different [5]. Although C. albicans is more frequently associated with
candidiasis, the incidence of infections caused by C. glabrata is increasing, showing overall greater
resistance to common antifungal agents, especially azoles [6-8]. These species are associated with
biofilm formation, one of the main virulence factors associated with increased resistance to antifungal
agents [6,7]. Even though several years ago, antifungal agents exerted a potent effect, these agents are
currently no longer effective [9]. Thus, discovering new and effective alternative therapies or
improving/reinventing already used therapies is fundamental.

From the past until today, plants and their derivatives have been employed in traditional medicine,
alternative medicine, or phytotherapeutic applications for the prevention and treatment of several
diseases [10]. In this sense, essential oils (EOs) have been suggested as potential sources of new
therapeutic products due to their antileishmanial, antiviral, anti-inflammatory, antioxidant,
hepatoprotective, antitumor, and antimicrobial activities [11,12]. Furthermore, EOs have advantages such
as fewer side effects, less toxicity, and better biodegradability than available antimicrobial agents [13].
These natural products are biosynthesized by glandular trichomes and other secretory structures in
plants, being liquids that are particularly rich in volatile molecules such as monoterpenes and
sesquiterpenes with their oxygenated derivatives (phenols, oxides, esters, ketones, and aldehydes),
phenylpropanoids (alcohols, aldehydes, phenols, and short-chain aliphatic hydrocarbon), and nitrogenous
or sulfured components [14,15]. The inhibitory activities of EOs against many fungal pathogens have
been widely reported [16], including EOs from the Lamiaceae family such as Origanum species and
Thymus species, which have been described as being particularly effective against various
microorganisms, particularly Candida species [17-21]. In fact, oregano EO (OEO) was able to inhibit, /n
vitro, the germination and development of the filamentous form of C. albicans [8,17,22]. Moreover,

Hacioglu et al. [23] also showed previously that OEQ inhibits the three phases of Candida biofilms, i.e.,
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their adhesion, formation, and mature state. Those authors also showed the ability to reduce biofilm
formation by up to 50 % when biofilms were formed on surfaces previously coated with OEO [23].

The literature provides information about the impact of the direct application of EOs on Candida
species [10,11,16], but few data are available on the antifungal effect of the vapor-phase of essential oils
(VP-EQs) [24], mainly on Candlida species biofilms. Despite this, studies have shown that VP-EO showed
greater antimicrobial activity than its liquid phase [25,26].

The objective of this subchapter was to evaluate the abilities of the vapor-phase of oregano essential
oil (VP-OEOQ) to inhibit biofilm formation and destroy mature biofilms of antifungal-resistant vaginal isolates
of Candida species. Furthermore, the mode of action of VP-OEO against two antifungal-resistant vaginal

isolates of Candida species (C. albicans and C. glabrata) was evaluated.

2. Materials and Methods

2.1 Oregano essential oil

This study evaluated the antifungal activity of oregano (Origanum compactum) EO (Florame,
France) with 100 % purity. OEO samples were stored at room temperature under dark conditions.

Chromatographic analysis (gas chromatography [GC]) of the OEO was performed by Florame
(Saint-Rémy-de-Provence, France) (Annex I.5). The OEO samples were introduced into the GC system
(6890 GC and 5975 mass spectrometry [MS] systems) under the following conditions: a 1-pL injection
split of 1/200 was used, an HP5 MS capillary column (30 m/ 0.25 mm) with a film thickness of 0.25 um
was used, the column temperature was 60 °C to 250 °C, helium was used as the carrier gas at a
constant flow rate of 1.0 mL min?, and the mass range was set at 40 to 450 atomic mass units (amul).

The acquisition time was 100 min.

2.1.1 Oregano essential oil cytotoxicity
To assess the toxicity of VP-OEQ, the Galleria mellonella survival model was used, and the rate of
larval survival was determined. For this, 10 G. mellonelia larvae were placed into glass petri dishes
containing a glass well where the oil was placed (controlled atmosphere with a volume of 1.5 x 10s cm?),
allowing its diffusion without contact with the larvae (Subchapter Ill.2). Larvae were stored at 37 °C under
dark conditions, and larval survival was monitored over 72 h. In addition, the total number of hemocytes
present in the hemolymph of the larvae after exposure to VP-OEO was evaluated at 4 h and 72 h, as

described previously by Aratjo et al. [27]. Briefly, 5 larvae sanitized with 70 % (v/ v) ethanol were
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punctured in the abdomen with a sterile needle, and the hemolymph was collected into a sterile microtube
and diluted 10 times in phosphate-buffered saline (PBS). Next, the hemocytes were counted with a
Neubauer chamber, and the results were presented as the logarithm of the concentration (Logw). The
control was carried out in the same way, without the larvae being exposed to VP-OEO. All experiments

were performed in triplicate in a minimum of three independent assays.

2.2 Microorganisms and culture conditions

In this study, 13 drug-resistant Candidaisolates, C. albicans (n=3), C. glabrata (n=8), C. krusei
(n=1), and C. guilliermondii (n = 1), belonging to the Biofilm Research Group of the Centre o Biological
Engineering, were used (Subchapter 11.3). The clinical isolates were subcultured from a frozen stock
(Sabouraud dextrose broth (SDB; Liofilchem) medium with 20 % (v/ v) glycerol at =80 °C + 2 °C) onto
Sabouraud dextrose agar (SDA; Liofilchem) plates and incubated for 24 h. Prior to testing, a preinoculum
was prepared in SDB with colonies from the SDA plates for 18 h at 37 °C under agitation (120 rpm).
Next, the cellular suspensions were centrifuged and washed twice with PBS (5,000 x g for 10 min at 4
°C).

For biofilm assays, vaginal Candida isolates cells were cultivated in simulated vaginal fluid (SVF).
SVF consisted of 58 mM NaCl (Biochem), 18 mM KOH (AppliChem), 2 mM Ca(OH). (Frilabo), 1.75 mM
glycerol (Biochem), 6.7 mM urea (Frilabo), 33 mM glucose (Biochem), and 6.7 g L yeast nitrogen base
(YNB;(Difco)). In addition, natural compounds in the vaginal fluid, such as acetic acid (17 mM; pKa,
54.76) and lactic acid (22 mM; pKa, 53.85), were added to maintain the pH at 4.2 as described

previously in subchapter Ill.1 [28,29].

2.3 Planktonic antimicrobial susceptibilities to oregano essential oil

The inhibitory effects of direct contact with OEO (DC-OEO) and VP-OEQ on the growth of 13 drug-
resistant Candlida isolates were first evaluated by the agar disk diffusion method, as described in the
previous chapters and by Tran ef a/. [30] and Vihanova ef a/. [31], with some modifications. Briefly, the
agar surface was inoculated using a swab dipped in a cell suspension adjusted to 1 x 10¢ cells mL. After
the inoculum was dried, a sterile filter paper disk (6 mm) (Liofilchem) was impregnated with 25 pL of
OEO and directly and indirectly (for vapor-phase action) applied, that is, placed on top of the plates on
the cell suspension (direct application) and placed on the cover of the SDA plate, without touching the
cell suspension, and incubated inverted (indirect application). Plates with disks without OEO were also

included as controls. All plates were then sealed with parafilm and incubated at 37 °C, and the diameters

113



EFFECT OF VAPOR-PHASE OREGANO ESSENTIAL OIL ON RESISTANT CANDIDA SPECIES BIOFILMS: MECHANISMS OF ACTION | CHAPTER IV.1

of the zones around the disks were measured within 24 h. All experiments were performed in triplicate.
The experiments were carried out in glass petri dishes due to the high corrosive power of 100 % EOs,

according to Chapter II.

2.4 Effect of the vapor-phase of oregano essential oils on biofilms

The antifungal effects of the VP-OEOs on both biofilm formation and mature biofilms (24 h old) of
two fluconazole-resistant Candida isolates (C. glabrata Cg8 and C. albicans Ca2) were evaluated. The
Candlida isolate biofilms were developed as described previously in Chapter Il and Il and by Stepanovi¢
et al. [32]. After the pre-inoculum was resuspended and washed twice with PBS, the initial cell
concentration was adjusted to 1 x 10¢ cells mL* in SVF. Next, the cellular suspension was transferred to
glass wells inside glass petri plates (1 mL/ well) (controlled atmosphere with a volume of 1.5 x 10s cm?)
and incubated aerobically for 24 h (120 rpm at 37 °C). The effect of the VP-OEO was evaluated from two
different perspectives: (i) prophylactic treatment, where the therapeutic agent (25 pL of OEOs [100 %])
was placed on a sterile blank disk, which was positioned near the wells (the set was kept inside a glass
plate), and added at time zero, and (ii) infection treatment, where the therapeutic agent was added to
preformed biofilms (24 h).

After 24 h of treatment, the wells were washed with a saline solution, and the resulting biofilm-cell
suspensions were then serially diluted in PBS, plated onto SDA plates, and incubated aerobically for 24 h
at 37 °C. Next, the number of grown colonies was counted. The results were expressed as Log CFU per

milliliter. The experiment was performed in triplicate with three independent assays.

2.4.1 Determination of the mechanism of action

2.4.1.1 Biofilm time-dependent killing assay
After the above-described assays, it was decided to perform this part of the study only with C.
glabrata Cg8 and C. albicans Ca2 biofilms. The effect of VP-OEO on these species was evaluated by a
time-dependent killing assay. This assay was performed according to methods described previously by
Sumiyoshi et al. [33], with some modifications. Candida biofilms were formed as described above.
Inhibition of both biofilm formation and preformed biofilms over time after exposure to VP-OEO (0, 2, 4,
8,12, 14,17, 18, and 24 h) was measured. For this, after antifungal treatment and subsequent washing

with a saline solution, the suspensions were serially diluted in PBS, plated onto SDA plates, and incubated
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aerobically (24 h at 37 °C). Afterward, the number of grown colonies was counted, and the results were

expressed as Log reductions in the CFU per milliliter. Each analysis was performed in triplicate.

2.4.1.2 Flow cytometry

According to the biofilm time-dependent killing assay, preformed and mature biofilms of C. glabrata
Cg8 and C. albicans Ca2 after 10, 12, 14, and 18 h of exposure to VP-OEO were analyzed by flow
cytometry. Biofilms were formed as described above, and samples of 1 mL were collected after VP-OEO
exposure. Candida cells killed by treatment with 70 % ethanol for 20 min and Candida cells without
treatment were used as controls. The cells were centrifuged at 4 °C for 3 min at 10,000 x g, the pellets
were resuspended and washed twice with PBS, the suspension concentration was adjusted to 1 x 10¢
cells mLt, and the cells were counted in a Neubauer chamber, as described previously by Pina-Vaz ef al.
[34]. Two fluorescent probes were used, propidium iodide (Pl) and FUN-1 {2-chloro-4-[2,3-dihydro-3-
methyl-(benzo-1,3-thiazol-2-yl)-methylidene]phenylquinolinium iodide}. To evaluate cell membrane
integrity, cell suspensions were incubated for 30 min in the presence of Pl (1.0 ug mL?) (Sigma-Aldrich,
Munich, Germany) in the dark at room temperature. To assess the metabolic activity, the cellular
suspensions were centrifuged, and the pellets were resuspended in sterilized H:0 supplemented with 2
% glucose and incubated in the presence of 0.5 uM FUN-1 (Invitrogen Molecular Probes, OR, USA) for
30 min with protection from light. For each isolate, nonstained cells (autofluorescence) and the
fluorescence of nontreated and dead controls were also evaluated. The samples were analyzed with a
FACSCalibur cytometer (BD Biosciences, Sydney, Australia) equipped with 3 photomultipliers (PMTs),
standard filters, and a 15-mW, 488-nm argon laser using CellQuest Pro software (version 4.0.2). The cell
scattergram (forward scatter [FS] and side scatter [SS]) and the intensity of fluorescence at fluorescent
channel FL1 (green fluorescence, 530 nm), FL2 (yellow-green fluorescence, 575 nm), and FL3 (red
fluorescence, 630 nm) were logged using a logarithmic scale.

Pl results are expressed as a percentage of cells showing high fluorescence in FL3, and FUN-1
results are expressed as the staining index (Sl), defined as the ratio between the mean fluorescence of
the treated cell suspensions (VP-OEQ) and the value corresponding to the control cells (no exposure to

VP-OEOQ), in FL2 [34]. Each assay was performed in triplicate.

2.4.1.3 Confocal laser scanning microscopy analysis
In order to evaluate the cell morphology and viability of C. glabrata Cg8 and C. albicans Ca?2
biofilms (biofilm formation and preformed biofilms) after 12 h of exposure to VP-OEQ, the Live/ Dead
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BacLight bacterial viability kit (Molecular Probes, Leiden, The Netherlands) was employed. Briefly, biofilms
were formed on glass coupons (inserted into the glass wells, as described above) after 12 h of exposure
to VP-OEOQ, for both biofilm formation and preformed biofilms, and the coupons were washed with 0.85
% NaCl and then stained for 15 min in the dark with a mixture of SYTO-9 ((Invitrogen Molecular Probes,
OR, USA) (3 uL mL*) and PI (3 uL mL?). Samples were observed using an Olympus (Tokyo, Japan) BX61
model FluoView 1000 confocal scanning laser microscope. The combination of optical filters consisted of
a laser excitation line at 488 nm, emission filters BA 505 to 540 nm (green fluorescence) with an
excitation line at 559 nm, and emission filters BA 575 to 675 nm (red fluorescence). Images were
acquired and analyzed with the FV10-Verd.1.1.5 program (Olympus). The assay was repeated two

independent times with two technical replicates.

2.5 Effect of oregano essential oil on Candlida species infection of a reconstituted human vaginal
epithelium

To mimic human vaginal conditions, a commercially reconstituted human vaginal epithelium
(RHVE) (0.5 cm2; SkinEthic Laboratories) was infected with Candida species (C. glabrata Cg8 and C.
albicans Ca?2), and the effect of VP-OEO on vaginal candidiasis attenuation was evaluated. For this,
epithelia were infected with a cell suspension of C. glabrataand C. albicans (initial concentration adjusted
to 1 x 10¢ cells mL* in SVF). Epithelia devoid of Candida cells but with SVF exposed and unexposed to VP-
OEOQ were used as controls. All epithelia were incubated for 24 h (120 rpm at 37 °C). After incubation,
the tissues were washed once with PBS to remove nonadherent Candida cells. Epithelia were then
bisected, with one half being used for histological analysis (2.5.1) and the other half being used for

molecular studies (2.5.2) [35].

2.5.1 Microscopic observation

RHVE tissue for microscopic analysis was fixed in 2 % (v/v) paraformaldehyde, stored at room
temperature, and embedded in paraffin wax using standard histological techniques. RHVE sections
(20 um) were cut, placed onto HistoBond+-coated microscope slides, and dewaxed by processing through
xylene, followed by immersion in ethanol and then in water. The prepared sections were then stained
using the periodic acid-Schiff method for keratinocyte and Candida cell staining.

After histological processing, samples were analyzed in bright field using an Olympus BX51
epifluorescence microscope coupled with a DP72 digital camera (Olympus Portugal SA, Portugal). All

tissue images were acquired using Olympus Cell-B software.
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2.5.2 Quantification of Candlida cells
DNA present in the tissues was extracted using a DNA extraction kit (DNeasy blood and tissue kit;
Qiagen). Candida cells were quantified using real-time PCR by employing a CFX96 real-time PCR system
(Bio-Rad, Berkeley, CA, USA). Each reaction mixture consisted of 10 uL of a working concentration of
SsoFast EvaGreen supermix, 0.2 uL of each primer (Table 9) and 4 uL of DNA, in a final reaction mixture

volume of 20 puL.

Table 9. Primers for real time-PCR assay for quantification of Candida albicans and Candida glabrata cells

Target Primer | Sequence (5'->3")

Candlida albicans Forward | GAGCGTCGTTTCTCCCTCAAACCGCTGG
Reverse | GGTGGACGTTACCGCCGCAAGCAATGTT
Candida glabrata Forward | ATTTGCATGCGCTTGCCCACGAATCC
Reverse | ACGTCTGATCCAATCAATGGCTGGTGA

Negative controls were performed using a reaction mixture with nuclease-free water replacing the
DNA template. PCR cycling conditions consisted of an initial denaturation step at 94 °C for 3 min followed
by 40 cycles of denaturation at 95 °C for 10 s and primer annealing at 55 °C for 30 s. For each Candida
isolate, calibration curves (CT [threshold cycle] versus Log cells) were constructed using the same PCR
protocol as the one described above (Subchapter l1.2), from serial dilutions of Candida cell

concentrations, as described previously by Alves et a/. [35].

2.5.3 Lactate dehydrogenase assay

The release of lactate dehydrogenase (LDH) from the RHVE into the culture medium was used as
a measure of epithelial cell damage using the CytoTox-ONE homogeneous membrane integrity assay kit
(Promega). The LDH released during infection and VP-OEQ treatment for the two Candida strains was
expressed as LDH activity relative to the values for untreated C. albicans Ca2 and C. glabrata Cg8. In
addition, the effect of VP-OEO on tissue, expressed as the LDH activity relative to that in tissue with SVF
(control), was also evaluated. LDH activity was analyzed in a spectrophotometer (FLUOstar Optima; BMG
Labtech, Ortenberg, Germany) at a 560-nm excitation wavelength and a 590-nm emission wavelength.

All experiments were performed in triplicate.
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2.6 Statistical analysis
The results were statistically analyzed using the Prism software package (version 8.01; GraphPad
Software). One-way analysis of variance (ANOVA) was performed, and means were compared by applying
Tukey’s multiple-comparison test. The statistical analyses performed were considered significant when

the p value was < 0.05.

3. Results and Discussion
The high incidence of resistant Candida species and the associated negative consequences and
therapeutic limitations make it crucial to develop effective, inexpensive, and nontoxic alternative
treatments. In this sense, OEO has demonstrated good fungicidal and bactericidal activities against
different pathogens [36-38]. Recent studies also showed that the volatile part of the EO (VP-EQ) has
interesting antimicrobial activity (Subchapter 1.3 and Ill) [39,40]. Thus, considering the highly effective
anti-Candida activity evidenced by OEO described in the literature, it is essential to deepen the knowledge
of the effect of the vapor-phase of this oil alone, a phase that is often neglected.
In the first stage of this study, the /7 vivo toxicity of VP-OEO was evaluated using the G. mellonella
model [27]. After 72 h of exposure of larvae to VP-OEOQ, the results revealed that was no evidence of
toxicity. In fact, until 72 h, all larvae remained alive (Figure 30.A), with no significant differences in the

total numbers of hemocytes in the larval hemolymphs (Figure 30.B) exposed and not exposed to VP-OEQ.
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Figure 30. Toxicity of the vapor-phase of oregano essential oil (VP-OEOQ) measured in a Galleria mellonella model.
(A) Survival curves of G. mellonella larvae exposed to VP-OEO and the respective controls (without exposure to VP-
OEQ). (B) Total numbers of hemocytes counted in G. mellonella larvae after 4 and 72 h of exposure and those

unexposed to VP-OEO.
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After verifying the nontoxicity of VP-OEOQ, the antifungal activity of VP-OEO against antifungal-resistant
vaginal isolates of several Candida species was evaluated, and the effect of VP-OEO was compared with
that of direct contact with OEO (DC-OEQ). For this, an initial screening of the OEO against antifungal-
resistant vaginal isolates of C. albicans, C. glabrata, C. guilliermondii, and C. kruseiwas performed using

the disk diffusion method (DC and VP) (Table 10).

Table 10. Anti-Candida activity of oregano essential oil on drug-resistant isolates evaluated through the disk-diffusion

method by contact direct (DC-OEQ) and vapor-phase (VP-OEQ)

Oregano essential oil
Inhibition zone (mm)

Species Isolate

Direct contact Vapor-phase
(DC-OEQ) (VP-OEQ)
Cgl 527 +25 547 +2.1
Cg2 51.0+5.6 57.3+25
Cg3 38.0+2.8 31.3+£23
C. giabrata Cgd 68.0 + 3.5 56.0 + 5.3***
Cgb 51.7+29 50.0 + 3.0
Cgb 57.7+4.0 44.0 £ 3.6***
Cg7 43.0+25 36.0+3.6
Cg8 383+1.2 36.3+2.3
Cal 53.7+3.2 30.3 £ 2.9%***
C. albicans Ca2 46.3+4.2 35.3+3.8"
Ca3 53.3+6.1 27.5 £ 2.1****
C. krusei Ckl 50.8 +2.2 43.7 + 3.2*
C. guilliermondii C§i1 62.0+2.7 77.3 +3.1***
Asterisks indicate statistical significance between DC-OEO and VP-OEQO (* p< 0.1, ** p<0.01, *** p<0.001, ****

p < 0.0001)

Both DC-OEO and VP-OEO were able to inhibit the growth of all tested isolates but with different
impacts (inhibition zones of 27 to 77 mm), and different results were obtained depending on the Candlida
species. The effects of DC-OEO and VP-OEQO were similar in almost all of the C. glabrata isolates except
the C. glabrata Cgd and C. glabrata Cgb. In these two strains, VP-OEO had a smaller effect than DC-OEO
(p<0.001). In contrast, significantly reduced effects on C. albicans and C. krusei were obtained with VP-
OEO (p<0.1 and p<0.0001, respectively), and the opposite was observed for C. guilliermondii
(p<0.001). In fact, C. guilliermondii proved to be more susceptible to both DC-OEO and VP-OEOQ. The
different antifungal activities of DC-OEOQ and VP-OEO may result from the characteristics of the EOs.
Indeed, in the liquid phase (DC-EQ), the activity of the EOs depends on two factors, the diffusibility and
solubility of the EOs in the medium, while the effect of VP-EO depends only on the volatility of the EO [26].

For the study of the mechanism of action of EOs or volatile substances, volatility and hydrophilicity or
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lipophilicity must be factors to be considered. Indeed, the lipophilic character allows interaction with lipid
structures of the fungal cell membrane, allowing easy penetration and modifying cell membrane
properties such as permeability and fluidity. Consequently, fungal cells suffer structural damage that can
result in cell death [39]. However, the lipophilic molecules in the aqueous medium associate to form
micelles, suppressing the fixation of EOs on the microorganism, while in the VP-EQ, it allows free fixation
[40]. The level of lipophilicity is related to the polar functional groups in its constitution [41].

According to these data, it can be said that the results obtained during this work are closely related
to the composition of the OEQ (Table 11). This EO contained the following major components: carvacrol
(36.97 %, v/ v), thymol (21.44 %, v/ v), p-cymene (15.27 %, v/ v), and y-terpinene (13.35 %, v/ V).
However, several factors must be considered to predict the volatility of compounds, such as molar mass,
vapor pressure, molecular structure (the existence of functional groups), Log K.. (octanol/water partition

coefficient), and polarity.

Table 11. Compounds identified (%) in oregano essential oil, and their characteristics, such as vapor pressure (mm

Hg), water solubility (mg L) and Log K

Compound, Vapor pressure

molecular formula In oregc;no oil Tt?:ztlrzr (mm Hg) 30|ub(|:]l:y E)water Log Ka
and molar mass ° (at 25 °C) g
CH,
Carvacrol OH 1250
CuwHw0 36.97 0.029 (at 25 °C) 3.49
(150.21 g mol") " High solubility
CH,
Thymol 900
CwH10 21.44 o 0.038 (at 25 °C) 3.30
(150.22 g mol") Moderately soluble
HaC CH,
CHa
pCymene 23.4
(134.21 g mol") Moderately soluble
CHg”™ CHs
CHs
Y-terpinene 8.68
CuHis 13.35 1.1 (at 23.5 °C) 4.36
(136.23 g molY) Low solubility
CHy” “CHs
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Table 11. Compounds identified (%) in oregano essential oil, and their characteristics, such as vapor pressure

(mm Hg), water solubility (mg L) and Log Know (continuation)

Compound,
P In oregano oil Molecular Vapor pressure Solubility in water
molecular formula % (mm Hg) (me L) Log Ko
Q) mg L?
and molar mass structure (at 25 °C) g

CHs
o-terpinene 5.915
CuHis 2.04 1.66 (at 25 °C) 4.53

(136.23 g mol") CHg™ “CHs Low solubility
o- caryophyllene CHy " 0.014
S ot e 0.008 6.59
CisHa 1.97 (at 25 OC)
(204.36 g mol") CHy Low solubility
HaC OH
Linalool 1590
| . 2.97
CuwH:0 1.55 CH, 0.16 (at 25 °C)
(204.35 g mol) | High solubility
HsC~ “CHj
CH,
Myrcene 5.6
CuHs 1.39 (|3H2 2.29 (at 25 °C) 4,17
(136.23 g mol") HiC ! CHy Low solubility
a-thujene S 2.91
0.89
CuHis 4.77 (at 25 °C) 4.02
(136.24 g mol") Low solubility
a-pinene s 2.49
CioHue 0.66 7@ 4.75 (at 25 °C) 4.83
(136.24 g mol) e Low solubility
H3C
Terpinen-4-ol 386.6
CiwH:0 0.63 0.048 (at 25 °C) 3.26
(154.25 g mol") Moderately soluble
Limonene e “Hs 4,58
CuHus 0.55 1.54 (at 25 °C) 4.38
(136.24 g mol") Low solubility

CH,

pCymene, y-terpinene, o-terpinene, myrcene, o-thujene, a-pinene, and limonene are the most
volatile components (vapor pressure of >1). As monoterpenes (such as vy-terpinene, a-terpinene,
myrcene, a-thujene, o-pinene, and limonene) do not have functional groups, these compounds have the

highest vapor pressure and therefore are the most volatile and also the most lipophilic (higher Log Ka).
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Indeed, Mufioz et a/. [42] demonstrated previously that limonene acts on yeast genetic material, leading
to damage to the cell wall and intracellular structures, including nuclear alterations, and induces dramatic
structural changes in organelles, accompanied by cell wall disruption. Of the monoterpene compounds,
the cyclic monoterpenes o-thujene and o-pinene are the most volatile (4.75 to 4.77 mm Hg of vapor
pressure), although they are present at a lower percentage of the total oil composition. Nobrega et al.
[43] showed previously that a-pinene showed significant antifungal activity against Candida isolates and
fungicidal action and proved to be effective in inhibiting fungal structures such as pseudohyphae and
promoting a marked decrease in blastoconidia. Linalool and terpinen-4-ol are also monoterpenes but with
alcohol function, so these compounds are more hydrophilic.

In turn, p-cymene, carvacrol, and thymol are aromatic compounds with a benzene ring; however,
p-cymene, as it is not a phenol, unlike carvacrol and thymol, which have the hydroxyl group attached
directly to the benzene ring, becomes less volatile and hydrophilic. Several studies have shown that
carvacrol (high solubility) and thymol (moderate solubility) exerted interesting anti-Candida in vitro activity
as determined by broth microdilution (DC), even against fluconazole-resistant Candida tropicalis and C.
glabrata strains [44-46]. Indeed, high concentrations of carvacrol may be directly related to germ tube
inhibition and are also often considered mainly responsible for modifying membrane permeability [22,47 -
49]. However, studies that compared the antimicrobial effects of EOs and purified components, such as
carvacrol, in equal concentrations showed that EOs were more effective than the purified compounds
[50]. Thus, the synergism between carvacrol and other components at lower concentrations may be more
effective than purified carvacrol [22]. In fact, carvacrol together with thymol can facilitate the entry of EO
compounds through the fatty acid chains that make up the lipid bilayers of the membrane and,
consequently, modify the permeability and fluidity of cell membranes [51].

Deep fungal infections, caused mainly by Candlida species, are associated with biofilm formation
that leads to the development of resistance and, consequently, become extremely difficult to treat with
conventional antifungal agents [562-54]. Therefore, the effects of the VP-OEO on Candida biofiim
formation and preformed biofilms of two antifungal-resistant strains were evaluated. In this sense, vaginal
isolates of C. albicans and C. glabrata were selected: C. albicans Ca2 presents extremely high-level
resistance to fluconazole (Chapter Il and Ill), and C. glabrata Cg8 presents resistance to fluconazole and
ketoconazole, a less common azole. Thus, the results obtained from this assay showed that VP-OEO
induced the total inhibition of these two species under the two conditions tested, that is, biofilm formation
and preformed biofilms (Figure 31). Exposure to VP-OEQ for 24 h led to reductions of approximately 6 Log
CFU mL* and 10 Log CFU mL* (p <0.0001) for C. albicans Ca2 and C. glabrata Cg8, respectively. Thus,

122



EFFECT OF VAPOR-PHASE OREGANO ESSENTIAL OIL ON RESISTANT CANDIDA SPECIES BIOFILMS: MECHANISMS OF ACTION | CHAPTER IV.1

these results showed the great effectiveness of VP-OEQ against both the establishment of a biofilm and

mature biofilms.
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Figure 31. Effect of the vapor-phase of oregano essential oil (VP-OEO) on biofilm formation and preformed biofilms
of the antifungal-resistant Candida isolates (A) Candida albicans Ca2 and (B) Candlida giabrata Cg8. * indicate a
statistically significant reduction in biofilm cell cultivability in comparison with the respective controls (*, P <0.1;

** P<0.01; ***, P<0.001; ****, P <0.0001).

These results are supported by previous study (Subchapter 11.3) where the antifungal activity of tea
tree VP-EO (VP-TTEQ) was evaluated: VP-TTEO induced a significant inhibitory effect on biofilm formation
(2 to 3.5 Log reductions) and caused a significant reduction in mature biofilms (3 to 5 Log reductions)
(subchapter 11.3). In fact, it has been shown that due to their diffusibility and mode of contact, EOs can
be effective in controlling biofilm cultures compared to planktonic cells [26]. Furthermore, Karpanen et
al. [55] noted previously that thymol showed increased activity against Staphylococcus epidermidis cells
growing in biofilms compared to planktonic cells; thus, those authors suggested that thymol, being a
phenolic compound, has hydrophilic and hydrophobic properties that may increase the diffusion of this
compound in a biofilm and allow its access to fungal cells where it alters the permeability of the plasma
membranes. In this study, although thymol has a low vapor pressure value (0.038 mm Hg), it is one of
the main constituents of OEQ, so it can be suggested that the observed effect of VP-OEO on the C. albicans
Ca2 and C. glabrata Cg8 biofilms is due, in part, to this compound.

The mechanisms of action of EOs in their liquid phase have been described in the literature by
several authors [39,47]. However, the antimicrobial activity mediated by the VP-EO is often neglected,
underestimated, or ignored, so there are few studies focusing on the mechanisms of action of the VP-EO

alone. A recognized and important fact is that the mechanism of action of the EOs can diverge according
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to the way in which the EOs come into contact with microorganisms; therefore, it is crucial to try to
understand the mode of action involved in the effect of VP-EQ. For this, assessments of cell damage and
metabolic activity with VP-OEO were performed by flow cytometry and confocal laser scanning microscopy
(CLSM) analyses. Flow cytometry has been used to determine the quantitative and qualitative properties
of cells isolated from biofilms. Thus, the effect of VP-OEO was based on the detection of increased
membrane permeability of Candida cells to propidium iodide (Pl) (percentage of dead cells) and the
measurement of metabolic activity using the dye 2-chloro-4-[2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-
methylidene]phenylquinolinium iodide (FUN-1) (staining index [SI]), from the moment when VP-OEQO

started to exert an effect on cell viability according to a time-dependent killing assay (Figure 32 and 33).
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Figure 32. Effects of the vapor-phase of oregano essential oil (VP-OEO) on (A) biofilm formation and (B) preformed

biofilms of Candlida albicans Ca2. Evaluated by a (1) time-killing assay, (2) cell viability, and (3) metabolic activity

(an SI of <1 indicates metabolic activity). (C) Confocal laser scanning microscopy images of C. albicans Ca2

biofilms (biofilm formation and preformed biofilms) after 12 h of exposure to VP-OEQ. CLSM images show the

staining patterns for live cells (SYTO-9 [green]) and dead cells (propidium iodide [red]). * indicate a statistically

significant reduction in biofilm cell cultivability compared to that at the previous time point (* p<0.1; ** p<0.01;

*** p<0.001; *** p<0.0001).
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Figure 33. Effects of the vapor-phase of oregano essential oil (VP-OEQ) on (A) biofilm formation and (B) preformed

biofilms of Candida glabrata Cg8. Evaluated by a (1) time-killing assay, (2) cell viability, and (3) metabolic activity

(an SI of <1 indicates metabolic activity). (C) Confocal laser scanning microscopy images of C. glabrata Cg8
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biofilms (biofilm formation and preformed biofilms) after 12 h of exposure to VP-OEQ. CLSM images show the
staining patterns for live cells (SYTO-9 [green]) and dead cells (propidium iodide [red]). * indicate a statistically
significant reduction in biofilm cell cultivability compared to that at the previous time point (* p< 0.1; ** p<0.01;

*** p<0.001; *** p<0.0001).

The time-dependent killing assay is used to study the activity of an antimicrobial agent and can
determine the fungicidal (>3 Log. CFU mL?) or fungistatic (<3 Logi. CFU mL+) activity of an agent over
time Sumiyoshi ef a/. [33]. Thus, from this assay, it was found that after 10 to 14 h of exposure to VP-
OEQ, a reduction in cell viability begins. In reality, after 12 h of exposure to VP-OEO, 100 % of C.
albicans Ca2 cells were already Pl stained (Figure 32.B2) in mature biofilms, although during biofilm
formation, only 50 % of cells were stained with Pl (Figure 32.A2). The same effect was observed in relation
to metabolic activity at 12 h, where mature biofilms showed no metabolic activity (Figure 32.B3), while
during biofilm formation, cells ceased to have metabolic activity only after 18 h of exposure to VP-OEO
(Figure 32.A3). Since after the absorption and accumulation of FUN-1 in the cell's cytoplasm, the probe
is converted only by metabolically active yeast cells, the fluorescence intensity was significantly higher
in Candida cells exposed to VP-OEQ than in untreated cells (control), corresponding to an Sl of >1. Thus,
an Sl of >1 after treatment indicated a serious impairment of yeast metabolism [56].

To confirm the cell morphology and viability of C. albicans Ca2 and C. glabrata Cg8 biofilms
(formation and preformed biofilms) after 12 h of contact with VP-OEQ, the biofilms were observed by
confocal microscopy (Figure 32.C and 33.C). Visualization by live/ dead staining showed a reduction in C.
albicans Ca2 biofilms after exposure to VP-OEO (Figure 32.C). The control shows green, which means
that the 24-h-old and 48-h-old biofilms had developed, and most of the cells were alive. However, biofilms
exposed to VP-OEO presented more dead cells (red staining) and a poorly developed and sagging
architecture (Figure 32.C) compared to the untreated biofilm.

Regarding the effect of VP-OEO on C. glabrata Cg8, it was found that VP-OEOQ started to exert an
effect after 12 to 14 h of exposure (Figure 33.Al and Figure 33.B1), relatively later than for C.
albicans Ca2 (Figure 32). In fact, from the microscopy images (Figure 33.C), it seems that 12 h of
exposure to VP-OEO did not interfere with the structure of the biofilms; despite this, biofilms had more
dead cells (red), for both biofilm formation and mature biofilms. Indeed, there was a total loss of metabolic
activity and damage to the cell membrane only after 18 h of exposure to VP-OEO, with 100 % of the cells
being stained with PI, for both biofilm formation and mature biofilms, although, there was also a great

difference in cell viability at 14 h between mature biofilms (50 % Pl-stained cells) and biofilm formation
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(only 4 % Pl-stained cells), with the same trend being observed for C. albicans Ca2 cells (Figure 32). This
trend observed in the two Candida species, with VP-OEQ having a faster effect on mature biofilms than
on the formation stage, contradicts what was expected since mature biofilms present greater resistance.
Interestingly, these results are in agreement with those of previous studies in which the impact of EO (VP-
TTEO) was greater on mature biofilms than on biofilm formation; Subchapter 1.3 suggests that the
mechanism of action of EOs on biofilms can be potentiated by characteristics acquired by mature biofilms.

Based on these findings, two of the mechanisms of action of VP-OEQ are interference with the
integrity of the Candida membrane and interruption of cell metabolism. VP-OEO seems to cause serious
primary cellular damage to Candida cells once the passage of Pl into the cells occurred in a significant
way, with this aspect being indicative of the existence of membrane damage/lesions. In fact, after
membrane destabilization, cells lose their proper homeostasis, which leads to an organic imbalance that
blocks their metabolic functions, and consequently, cells lose functionality [9,57]. As described above,
carvacrol, one of the main constituents of OEO (36.97 %), may be directly related to the modification of
membrane permeability by chemical reactions with amino and hydroxylamine groups of membrane
proteins [22,47-49]. Corroborating the results of this research, Lopez et al. [58] previously observed that
the inhibition of planktonic cells of C. albicans by exposure to VP-OEO can be attributed largely to
carvacrol. Furthermore, Niu et a/. [59] found that carvacrol induced reactive oxygen species (ROS)
production and mitochondrial dysfunction in C. albicans; still, those authors suggested that carvacrol
treatment led to the apoptosis of C. albicans cells independent of ROS production.

The reconstituted human vaginal epithelium (RHVE) model has been successfully used as a model
for antifungal drug delivery and for studies of the /n7 vifro mechanisms of tissue degradation and virulence
gene expression after infection with Candida species [35]. Thus, in the last step of this research, the
RHVE was used to mimic vaginal conditions and evaluate the effect of VP-OEO on the attenuation
of Candida species infection (Figure 34).

The colonization of the RHVE by Candida species was evaluated after 24 h, and the results confirm
the effectiveness of VP-OEO against colonization by both Candida species (Figure 34). The greatest effect
was observed against C. albicans Ca2, with a reduction in numbers of around 2 Logs (p<0.001) in the
RHVE exposed to VP-OEO (Figure 34.Aand 34.B). Instead, although the effect of VP-OEO on C.
glabrata Cg8 was not as pronounced as that on C. albicans Ca2, the cell concentration in the control was

also considerably lower, as shown in Figure 34.B.
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Figure 34. Effect of the vapor-phase of oregano essential oil (VP-OEQ) on Candida species infection of the
reconstituted human vaginal epithelium (RHVE). (A) Candida albicans Ca2 and Candida glabrata Cg8 infection of
the RHVE and effect of VP-OEQ after 24 h. (B) C. albicans Ca2 and C. glabrata Cg8 infection of the RHVE after 24 h
(Log CFU per milliliter). (C) Relative lactate dehydrogenase (LDH) activity measured in the RHVE culture supernatant
after 24 h of incubation with the C. albicans Ca2 and C. glabrata Cg8 strains compared to the untreated epithelium
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(without VP-OEQ) and effect of VP-OEO compared to simulated vaginal fluid. * indicate a statistically significant
reduction in biofilm cell cultivability in comparison with that of the respective control (*** p<0.001;

****p <0.0001).

LDH is a stable cytosolic enzyme that is released after cell lysis, and the amount of color formed
during the LDH assay is proportional to the number of lysed cells [60]. Thus, to quantify possible damage
to the RHVE induced by VP-OEQ, LDH activity levels were measured after 24 h of exposure (Figure 34.C),
and the results revealed no significant effects on the RHVE compared to the control SVF. These results
highlight the safe application of the EO and confirm the /n7 vivo cytotoxicity results (Figure 30). In addition,
there was also a significant decrease (p<0.0001) in the amount of LDH released by the RHVE infected
by Candida species when treated with VP-OEO compared to the untreated RHVE infected with the same
strains of C. albicans and C. glabrata. So, the RHVE model confirms the effectiveness of VP-OEO for the

treatment of Candida vaginal infections.

4. Conclusions

The antifungal agents used for Candlida therapy are often toxic and have low efficacy, particularly
against resistant strains of Candida species. The replacement of these agents with natural substances is
a field to be investigated to reduce the concentration of antifungal agents and increase the effectiveness
of treatments. The clinical application of EOs may be discouraged due to their lipophilic character, which
makes them potentially toxic when used neat or at high concentrations. However, this study shows that
the application of VP-OEQ is safe, does not present cytotoxicity, and is active against both Candida species
(C. albicans and C. glabrata). In fact, the results demonstrated that VP-OEO causes damage to the cell

membrane and disrupts the cell metabolism of both Candida species studied.
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CHAPTER IV.2

DESIGN AND EVALUATION OF MICROENCAPSULATED OREGANO ESSENTIAL OIL AS AN ALTERNATIVE

TREATMENT TO CANDIDA ALBICANS INFECTION
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Figure 35. Subchapter IV.2 workflow (Created with BioRender.com (BT26ABXE9C)).

The application of essential oils has some limitations, and to overcome them, micro or
nanoencapsulation emerged as an efficient technique. The main goal of this subchapter was to produce
and characterize microparticles of keratin loaded with oregano essential oil (OEO-KMP “s) and evaluate
their anti-Candlida activity through /n vitro and /n vivo experiments. Additionally, the study evaluated the

impact of OEO-KMP “s on Lactobacillus species, which are beneficial bacteria in the vaginal microflora.

This subchapter is based on the following manuscript; Fernandes L, Tejada A, Blazquez E, Araujo D, Ribeiro
A, Silva S, Cusso L, Costa-de-Oliveira S, Rodrigues ME, Henriques M. Development and evaluation of
microencapsulated oregano essential oil as an alternative treatment for Candida albicans infections. (In
submission)

And part of this subchapter was presented as poster: Fernandes L, Blazquez E, Tejada A., Ribeiro,A, Silva
S, Mira N, Cusso L, Costa-de-Oliveira S, Rodrigues ME, Henriques M. Oregano Essential Oil: An Effective and Non-
Toxic Approach for prevent or treat Resistant Candida Species. Congress of Microbiology and Biotechnology 2023
(FEMs grant), 2023, Covilha, Portugal.
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1. Introduction

Vulvovaginal candidiasis (VVC) is a common fungal infection that affects women and can manifest
at different stages of life, with peaks during pregnancy or when the immune system is weakened [61]. At
the beginning of VVC infection, patients may experience itching, redness, and burning of the vulva and
vaginal mucosa, leading to frequent urination, dyspareunia, dysuria, and a consequent impaired quality
of life [61]. Candida albicans is the most common found species, accounting for approximately 20 % to
90 % of the recovered isolates [62]. One of the main virulence factors of C. albicans is the yeast-to-hyphal
transition, which occurs after adhesion to the epithelial cells of the vulvovaginal mucosa. Subsequent
invasion by hyphae activates epithelial signaling pathways leading to pro-inflammatory responses and
subsequent biofilm formation [61]. The eradication of fungal biofilms requires critical medical
intervention, including antifungal treatment through different routes of drug administration [63]. Presently,
azole antifungals are the main choice for preventing and treating invasive fungal infections. However,
these agents have several limitations and disadvantages, including drug resistance and adverse effects
[64]. Its longterm use is associated with hepatotoxicity and hormone-related effects, including
gynecomastia, alopecia, oligospermia, azoospermia, decreased libido, impotence and hyponatremia [64].
In this context, natural products are currently being evaluated for their antimicrobial activity in order to
develop alternative therapies, with lower costs, fewer adverse reactions and thus less negative impact
[65].

Previous studies have reported that essential oils (EOs) and their vapor-phase (VP-EQs) exhibit
antifungal activities against Candlida species, having biocompatibility and low cost [47,66,67] (Chapter I
and ). Oregano EO has been shown to have anticandidal properties (Subchapter Ill.1 and IV.1). In fact,
subchapter IV.1 demonstrated high antifungal activity of VP of OEO (VP-OEQ), with a significant reduction
in C. albicans and Candida glabrata biofilms, interfering with membrane integrity and metabolic activity.
However, the EOs activity depends on several factors such as photosensitivity, high volatility, low water-
miscibility and degradability at high temperature, which reduces their bioavailability. Therefore, micro or
nanoencapsulation has been investigated as an effective technique to protect, control and prolong the
release of EOs, improve the water-solubility and bioavailability of lipophilic compounds, and minimize the
inconvenience caused by possible EOs side effects [68,69]. Among the numerous typed drug delivery
systems, such as liposomes or nanoliposomes, nanoemulsions, films or nanogels, microparticles are
promising due to their permeation and retention effect [70].

Proteins have drawn attention due to their potential as drug carriers and for controlled drug release.

In this sense, several types of protein can be used for fabricating microcapsules, such as keratin. Keratin
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is a natural protein found in different sources such as wool, human hair, nails, feathers and horns or
hooves [71,72]. This compound is a promising option for building drug carriers due to its biodegradability,
biocompatibility, absorbability, non-immunogenicity and reduction sensitivity [70,73]. Moreover, due to a
cysteine-rich structure and the presence of several functional groups, such as amid, carboxyl or sulfhydryl,
can be easily modified with biomolecules to improve its solubility, stability and can be applied in a wide
range of biomedical and biotechnological applications [71]. Indeed, keratin-based drug carriers have been
explored, including micro or nanoparticles, nanogels or films [72].

Thus, the aim of this part of this work was to produce and characterize keratin microparticles
(KMPs) loaded with oregano essential oil (OEO-KMP "s) and to evaluate the anti-Candida activity of OEO-
KMP “s using /n vitro and in vivo assays. The effect of OEO-KMP’s on Lacfobacillus species, beneficial

bacteria in the vaginal microflora, was also evaluated.

2. Materials and Methods

2.1 Oregano essential oil encapsulated into microparticles of keratin

2.1.1 Oregano essential oil and conditions

In this study, oregano EQ (Origanum compactum, florame®, France) (100 % pure) was
encapsulated in keratin microparticles. The OEO was stored in a desiccator at room temperature and
protected from light. The chromatographic analysis is detailed in the subchapter IV.1 (Annex 1.5).

In this work two synthetic fluids were used: simulated vaginal fluid (SVF) and simulated sweat fluid
(SSF). The SVF was prepared according to subchapter Ill.1 and SSF was adapted from the international
standard ISO 105-E01:2013 [74] and consisted in 6.25 g L* of NaCl (Biochem Chemopharma, France),
0,625 g L'of L-histidine monohydrochloride monohydrate (Sigma-Aldrich) and 2,5 g L* disodium hydrogen
orthophosphate anhydrous (Merck- Sigma-Aldrich), the pH was adjusted to 5.5 with acetic acid (Fisher

chemical).

2.1.2 Keratin extraction and purification
Keratin was extracted from natural wool samples. The wool samples were washed according to the
IAEA/RL/50 1978 instructions to remove contaminants and lipids. The washing process involved several
steps: first, the samples were washed with distilled water and acetone, with agitation at 250 rpm for 20

min, in four alternating cycles; then, the wool samples were subjected to a bleaching process using a kit,

132



DESIGN AND EVALUATION OF MICROENCAPSULATED OREGANO ESSENTIAL OIL AS AN ALTERNATIVE TREATMENT TO CANDIDA ALBICANS INFECTION | CHAPTER V.2

followed by thorough washing until all residues were removed; after this, the samples were kept at 37 °C
overnight.

The protocol, adapted from Tinoco et a/. [75], was followed for keratin extraction, and it consisted
of a solution that was prepared using urea (8 M), sodium metabisulfite (0.5 M), and sodium dodecyl
sulfate (SDS) (0.2 M). The volume-to-mass ratio of dry hair (in grams) was consistently held at 10:1.
Afterward, the mixture underwent heating at 100 °C for 30 minutes. Subsequent steps included
incubation at 37 °C with agitation at 500 rpm overnight, followed by centrifugation at 4000 rpm for 15
minutes, and the resulting supernatant was subsequently filtered. The keratin solution obtained was
dialyzed for five days using a dialysis membrane with a 14 kDa cut-off (Merk-Sigma), with the distilled
water being changed twice daily. After five days, the solution was centrifuged for 15 min at 4000 rpm,
and, as in the previous step, the resulting supernatant was filtered. The quantification of protein
concentration was performed using the method (Bio-Rad), according to the manufacturer's instructions

[76]. Subsequently, the keratin was lyophilized for subsequent use.

2.1.3 Preparation of the keratin microparticles for encapsulation of oregano essential oil
The protein solutions were prepared with phosphate buffer saline (PBS 1x) pH 7.4 to a final
concentration of 10 mg mL* with 5 % (v/ v) of OEQ. For the homogenization process, the samples were
subjected to ultrasound cycles (total time: 6 min; cycles: 8 s and 2 s; amplitude: 40 %) by a high-intensity
ultrasonic equipment (SONICS, Vibra-CellTM). The free OEO was separated from the particle’s
formulations, by size-exclusion chromatography using a 5 kDa of cut-off PD-10 Desalting Column (GE-

Healthcare), according to manufacturer’s protocol [77].

2.1.4 Determination of oregano essential oil encapsulated into microparticles of keratin
encapsulation efficiency
The encapsulation efficiency (EE) of OEO within the keratin microparticles was measured using a
standard calibration curve of OEO in ethyl acetate (Figure 36). This curve was obtained using the
maximal peak absorbance values of different OEO concentrations, recently prepared, measured by UV-
Vis spectrophotometer (275 nm) (Synergy H1; BIOTEK). Then the free OEO was extracted from the
aqueous phase with ethyl acetate and analyzed by spectrophotometry. Each sample was assayed in
triplicate. The EE of OEO was evaluated by the difference between the initial oil concentration in the

sample and the free oil concentration after encapsulation.
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Figure 36. The standard calibration curve of oregano essential oil (OEQ) in ethyl acetate.

2.1.5 Physicochemical properties of the oregano essential oil encapsulated into microparticles of

keratin
The physicochemical properties (mean size diameter, polydispersity index (PDI) and surface
charge (&-potential)) of the OEO-KMP * s were measured using a Zetasizer Nano ZS (Malvern Instruments)
at 25 °C. The samples were measured with a 1:10 dilution with PBS (1x) and read in triplicate. The

stability of the OEO-KMP “s was monitored for 5 months. The results of this assay are presented as the

mean + standard deviation.

2.1.6 Evaluate the oregano essential oil encapsulated into microparticles of keratin release, in vitro
To measure the amount of OEO released, a standard calibration curve in SFV was obtained using

the maximal peak absorbance values of different OEO concentrations prepared with SFV (Figure 37),

using a UV-Vis spectrophotometer.
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Figure 37. The standard calibration curve of oregano essential oil (OEQ) in simulated fluid vaginal (SFV).
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The /n vitro release of OEOs for 72 h was accomplished using a dialysis membrane (14 kDa cut-
off). For this, 2 mL of the solution OEO-KMP "s was placed inside the dialysis membrane and incubated
in 15 mL of SFV, with agitation (250 rpm) at room temperature and in dark conditions. At specific time
intervals, 200 uL of the SFV solution was withdrawn in triplicate and spectrophotometrically analyzed
by absorption reading at 275 nm. The amount released (%) was determined by comparing the released
oil with the initial concentration of OEO encapsulated. The stability of OEO-KMPs in interaction with SFV
was also evaluated, encompassing an analysis of their physicochemical properties, including average

diameter, PDI and surface potential €, as previously described.

2.1.7 Oregano essential oil encapsulated into microparticles of keratin cytotoxicity

To assess the /n vivo skin toxicity of OEO-KMP s, the Galleria mellonella model was used. 7he G.
mellonella larvae were maintained on a diet based on pollen grains at 25 °C in the dark and carefully
selected at the final stage of development when the weight was approximately 250 mg, as described
previously by Araujo ef al. [27]. Then, 5 uL of OEO-KMP 's was spread over the G. mellonella |arvae
body (n=10), two control groups were carried out under the same conditions, one with PBS (n=10) and
the other with the empty keratin solution (n=10). The three set of larvae were kept at 37 °C and in dark
conditions. Morphological state (movement, cocoon formation and melanization) and larvae survival
were monitored over 72 h. The results were shown as the percent survival (%) and health index. The

experiment was performed in two independent assays.

2.2 Evaluate the oregano essential oil encapsulated into microparticles of keratin effect on the
Candiida infection /n vifro assays

2.2.1 Microorganisms and culture conditions

This study used Candida albicans SC 5413 obtained from the American Type Culture Collection
(ATCC) and Lactobacillus gasseri ATCC 33323 (acquired from DSMZ). The C. albicans species were
subcultured from a frozen stock (Sabouraud dextrose broth (SDB; Liofilchem) medium with 20 % (v/ v)
glycerol (Biochem Chemopharma, France), at -80 + 2 °C onto Sabouraud dextrose agar (SDA;
Liofilchem) plates and incubated for 24 h at 37 °C. The L. gasseriwas kept in Mann Rogosa and Sharpe
broth (MRSB; Liofilchem) broth with 20 % (v/ v) glycerol at -80 + 2 °C. This specie was subcultured from
the frozen stock onto MRSB (1 %) and incubated for 72 h at 37 °C and 5 % CO. environment in saturated
humidity as described in subchapter 111.2.
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2.2.2 Oregano essential oil encapsulated into microparticles of keratin effect on planktonic Candida
albicans cells

The inhibitory effect of OEO-KMP "s on the growth of C. albicans was evaluated by the agar disk
diffusion method, as described previously and by Tran et a/. [78]. Briefly, the SDA surface was inoculated
using a swab dipped in a cell suspension adjusted to 1x 10t cells mL:. After the inoculum was dried, a
sterile filter paper disk (6 mm) (Liofilchem) was impregnated with 25 uL of OEO-KMP “s. Plates with
disks without OEO-KMP s were also included as controls. Incubation of all plates occurred at 37 °C,
and the diameters (mm) of the zones surrounding the disks were measured within 24 h.

The broth microdilution method according to Clinical and Laboratory Standards Institute (CLSI)
guidelines (CLSI M27-A4), with some modifications, was used. Briefly, the initial cell concentration for
C. albicans was adjusted for 1x 10° and 1x 10¢ Colony-Forming Units (CFU) mL in SFV and dispensed
into 96-well round bottom microtiter plates with the OEO-KMP “s solution, both in a proportion of 1:2.
Positive controls (C. albicans suspension) and negatives controls (SFV or keratin solution) were included.
Microtiter plates were incubated at 37 °C for a duration of 24 h. It was not possible to compare the
turbidity of the solution between the conditions, as described in CLSI M27-A4, since OEO-KMP s is an
opaque liquid. Then, each well was sub-cultured onto SDA plates and incubated for 24 h at 37 °C and
the number of grown colonies (CFUs) was counted. The results were expressed as Log CFU mL-.

Both experiments were performed in triplicate with three independent assays.

2.2.3 Oregano essential oil encapsulated into microparticles of keratin effect on single and mixed
Candida albicans and Lactobacillus gasseri biofilms in vitro
The effect of the OEO-KMP "s on single and mixed C. albicans and [. gasseri biofiims was
evaluated. Biofilms were developed as described in the previous chapters and by Stepanovi¢ ef al/. [32].
Briefly, the C. albicans pre-inoculum in SDB was prepared and incubated for 18 h at 37 °C under
agitation (120 rev/ min) and L. gasseri was pre-cultured in MRSB with 1 % (v/ v) taken from the
subculture during 24 h at 37 °C in an environment of 5 % CO: in saturated humidity. Then, both cellular
suspensions were centrifuged and washed twice with PBS (5000 g for 10 min, at 4 °C).
To study the effect in single C. albicans and L. gasseribiofilms, 1 mL of standardized suspension
(Ix 107cells mL* prepared in SFV) of C. albicans and L. gasseristrains, separately, was transferred to 24-
well plate. For mixed-species cultures, 500 uL of C. albicans suspension was combined with 500 uL of
L. gasseri suspension, both suspensions adjusted for 2x 107 cells mL. The 24-well plates were incubated

(24 h at 37 °C, 120 rev/ min). Then, several volumes of OEO-KMP "s (5, 12.5, 25, 50, 150 and 250 pL)
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were applied, for an additional 24 h. As positive control, biofilms were formed without any contact with
the OEO-KMP "s while SVF was used as negative control. The number of cultivable cells in the single and
dual biofilms was calculated using the CFU counting methodology. For this, the biofilms were washed
with PBS to remove planktonic fraction and the suspensions with biofilm cells were serially diluted in PBS
and then passed to SDA for single biofilm, SDA supplemented with 20 mg L of gentamycin and MRSA
supplemented with 1 mg L* of amphotericin B for dual biofilms. The plates were incubated (5 % CO.
environment, at 37 °C for 24 h), and the number of colonies grown was counted and translated into CFU

per milliliter (Log (CFU mL»)).

2.3 Evaluation of the effect of the oregano essential oil encapsulated into microparticles of keratin in
a mouse model

2.3.1 Microorganism culture
Candlida albicans SKCA23-ACTgLuc strain was grown on SDA chloramphenicol plates (Condalab,
Spain) overnight at 37 °C prior to the experiments. The inoculum with a concentration of 1.33 x 10¢
CFU mL in PBS was made by selecting two to three colonies from the 24 h culture of C. albicans

SKCA23-ACTgLuc in SDA and adjusting with Neubauer chamber.

2.3.2 Candida albicans infection and the treatment with oregano essential oil encapsulated into
microparticles of keratin
Twenty-one BALB/c mice (Charles River) of 6 — 8 weeks and 19.29 + 2 g were housed under a
12-h light-dark cycle at 23 °C and 1 °C and 50 % and 5 % humidity in the animal facility of Hospita/
General Universitario Gregorio Marafion, Madrid, Spain (ES280790000087). All animal procedures
conformed to EU Directive 2010/63EU and national regulations (RD 53/2013). All animal procedures
were approved by the HGUGM. Animal Experimentation Ethics Committee, the local Ethics Committees,
and the Animal Protection Board of the Comunidad Autonoma de Madrid (PROEX 083/18). All animals
were allowed access to food and water ad libitum.
Mice were divided into two groups: infected untreated (n= 10) and infected treated with OEO-
KMP “s (n=11). Over time, the body weight of each animal was monitored. Mice were injected with 178-
Estradiol (E2) 0.5 mg mL: dissolved in sesame oil (Sigma-Aldrich, USA). After 72 h, 2 x 10¢ cells of C.
albicansin 15 pL of PBS were inoculated into the vagina, as described by Relloso ef a/. [79]. Following a
24-hour infection period, 15 pL of OEO-KMP "s containing an OEO concentration of 17.88 mg mL+ (for

the treated group) or PBS (for the untreated group) were administered intravaginally. Microbiological
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cultures from the vaginal lavage and vaginal tissue samples were obtained after 24 h of OEO-KMP "s or
PBS (control) applications, to assess the presence of C. albicans and Lactobacillus species and measure
the toxicity of the treatment in the vaginal tissue, respectively.

In all the procedures, animals were awake except at final point, when mice were anesthetized with
3% sevoflurane in 100 % oxygen for vaginal lavages and sacrificed for the removal of vaginas for

histological studies.

2.3.2.1 Quantification of Candida albicans and Lactobacillus species
Vaginal lavage was performed by flushing the vaginal vault with 50 uL of sterile PBS. This process
was repeated four times, utilizing a 100 L pipette tip, as described in previous studies by Salinas-Mufioz
et al. and Relloso et al. [79,80]. Following the lavage, serial dilutions were performed. These dilutions
were subsequently incubated onto two types of agar plates: SDA for C. albicans quantification and MRSA
for quantifying Lactobacillus species. The agar plates were subsequently incubated for 24 h at 37 °C.

After incubation, the CFU’ s were counted to determine the microbial content in the samples.

2.3.2.2 Histopathological analysis of mucosal tissues

After the animal sacrifice, vaginal tissue was initially fixed in 4 % (w/ v) formaldehyde (Kaltek, Italy)
and stored at room temperature. Then, vaginal tissue was embedded in paraffin wax and sections of 20
um were cut and placed on HistoBond+ coated microscope slides. After that, by processing in xylene, the
tissues were deparaffinized and immersed in ethanol and water. Staining was carried out by the periodic
acid-Schiff method. Then, the vaginal tissues were examined in a bright field using an Olympus BX51
epifluorescence microscope coupled to a DP72 digital camera (Olympus Portugal SA, Portugal) and the
images were acquired using Olympus Cell-B software.

Candidafree and infected vaginal tissues subsequently treated with OEO-KMP s were examined
for histopathological changes in the mucosal tissues. The evaluation involved examining various factors,
including epithelial lesions, glandular cystic dilatation, inflammatory infiltrates, hemorrhage, vascular
proliferation/degeneration, edema/fibrosis, necrosis, and calcifiers in the vaginal epithelium. A scoring
system was employed to quantify the severity of these factors, with scores ranging from O (no alterations)
to 4 (very severe). These scores were then summed to determine the level of vaginal irritation, categorized
as minimal (1-4), mild (5-8), moderate (9-11), or severe (12-16) [81]. The criteria for evaluation were
based on standards outlined in the Biological evaluation of medical devices, particularly the tests for

irritation and skin sensitization [82].
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2.4 Statistical analysis

All results obtained during this study were statistically analysed using the Prism software package
(GraphPad Software version 8.0.1). In the microparticles characterization, one-way ANOVA (analysis of
variance) and Tukey "s multiple comparations test were used to compare the different hours with the
initial time. For the analysis of the OEO release rate two-way ANOVA and Dunnett s multiple comparisons
tests were used to compare the different hours with the initial rate. The same test was used to compare
the effect of OEO-KMP “s on biofilms versus untreated biofilm. For all /n vitro assays, three independent
experiments were carried out and each analysis was performed in triplicate. In /7 vivo assay, non-
parametric test and Mann-Whitney test were used, and one of the points was removed as it was
considered an outlier. The experiments were carried out with a confidence level of 95 %. Statistical

significance was assumed at p <0.05.

3. Results and Discussion

3.1 Oregano essential oil encapsulated into microparticles of keratin characterization

The possible toxicity, strong taste, chemical instability, restricted administration routes and volatility
of OEQ limit its application [83]. In this sense, micro or nanotechnology is receiving particular attention
to overcome these obstacles. In fact, this technology allows EOs protection from light and temperature
alterations, increasing their solubility in aqueous environments, prolonging the release, and improving
their bioaccessibility and bioavailability [84]. Electrospray, spray and precipitation methods have been
used for the synthesis of micro and nanoparticles of keratin for drug delivery applications [85]. In the
present work, the OEO-KMP "s were produced by ultrasound cycles through a high intensity ultrasonic
and characterized regarding OEO-KMP “s morphological and physicochemical parameters, such as OEO
encapsulation efficiency, particles stability (PDI, size and surface charge) and OEO release profile.

EE is a crucial characteristic for evaluating and validating micro or nanocapsules as a delivery
system [86]. Indeed, a high OEO EE of 99.42 + 0.10 % was obtained, which clearly, demonstrates the
high capacity of keratin load OEO during the homogenization process by ultrasound cycles. In fact, this
method is a facile and versatile synthetic tool for nanostructured materials [87]. Moreover, microcapsules
formed from keratin have shown attractive properties, such as high excellent biocompatibility, surface
area, biodegradability and easy functionalization, being a promising option for controlled and targeted
administration of compounds [88]. Furthermore, the significant hydrogen and disulfide bonds confer to
keratin some mechanical properties, such as rigidity, stability, strength and resistance to proteolytic

degradation [73].

139



DESIGN AND EVALUATION OF MICROENCAPSULATED OREGANO ESSENTIAL OIL AS AN ALTERNATIVE TREATMENT TO CANDIDA ALBICANS INFECTION | CHAPTER V.2

Also, the proper functioning of the nano or micro delivery systems is deeply influenced by their
size, shape, dispersion and surface chemistry [89,90]. In addition, the ability of microcapsules to retain
OEO can vary depending on time and storage conditions. Because of the importance of these factors in

OEO delivery application, in this study the OEO-KMP "s properties were evaluated over time (Figure 38).
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Figure 38. Characterization of keratin microparticles prepared in Phosphate-buffered saline (PBS) encapsulating
oregano oil (OEO-KMP " s) for 5 months (155 days). (A) particle size (Z-average) and polydispersity (PDI); (B) surface
charge (zeta-potential). *indicate statistical difference in particle size when compared to the results obtained at

time O (initial conditions) (*p< 0.1, **p< 0.01, ****p< 0.0001).

Although there was a slight statistical difference (p< 0.01) on days 1 and 30, and a significant
difference (p < 0.0001) between day 1 and day 155, the OEO-KMP “s particles exhibit a mean size (Z-
average) of approximately 500 nm over 90 days of storage (Figure 38.A). These differences observed
might be related with some rearrangements on the protein network on OEO-KMP surface. The small
dimensions of micro or nanoparticles enable them to cross diverse biological barriers, facilitating the
transportation of drugs to various levels inside the microorganism [90]. In fact, as particle size decreases,
specific surface area, reactivity, and the bioavailability of encapsulated drugs increase, leading to an
amplified functional capacity of the bioactive agent, remarkably improving antimicrobial efficacy [90].

The PDI serves as a metric to evaluate the uniformity of particle sizes. Relatively to the OEQO-KMP "s,
the values of this parameter were between 0.2- 0.3, without significative difference for 155 days (Figure
38.A). A PDI value below 0.3 indicates a well-proportioned size distribution in a colloidal system,
minimizing the risk of precipitation [90,91].

Zeta-potential stands as another crucial parameter. In addition to being a good indicator of the
stability of particles in suspension due to the extent of electrostatic repulsion/attraction between particles
but also as an indicator of particle involvement with biological systems [90]. Relatively to OEO-KMP 's,

this parameter also remained stable over time (Figure 38.B), between -14 and -15 mV due to the carboxyl
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groups within keratin [70]. From the standpoint of colloidal stability, a colloidal suspension highly negative
is considered stable, the repulsive forces prevent agglomeration, thus contributing to the overall stability
of the system [75]. Therefore, based on these three parameters, it can be concluded that the OEO-KMP’s
prepared are stable and uniform in neutral agueous media (PBS).

The selection of the EQ, along with the decision regarding the delivery system, impacts the achieved
therapeutic [90]. A good drug delivery system should be able to encapsulate molecules and release them
over time under physiological conditions [71]. The /n vitrorelease profiles of OEO encapsulated in keratin-

based particles, particles was studied by incubating the OEO-KMP “s in SVF and SSF for 72 h (Figure 39).

L

-& Simulated vaginal fluid

- Simulated Sweat fluid

OEO release (%)

Figure 39. In vitro release profiles of oregano essential oil from keratin-based particles in simulated vaginal and
sweat fluids, over 72 h. * indicate statistical difference compared to the results obtained at time 0 h (*p< 0.1, **p<

0.01, ***p< 0.001, ****p< 0.0001).

The OEO release reached approximately 50 % and 20 % in the first 8 h of incubation in SVF and
SSF, respectively (Figure 39). After 72 h of incubation, there was a maximum OEO release of 65 % in SVF
and 30 % in SSF. This difference can be related to the affinity of the OEO compounds with the release
medium, allowing a higher and faster rate of oil release [92,93]. The release rate of active compounds
from polymeric nano/microcapsules is dependent on several factors which may be related to the
properties of the substance incorporated in the microcapsules, such as solubility or desorption of the
surface-bound or adsorbed substance, or the matrix properties of the nanocapsules such as the diffusion
of the substance through the matrix, erosion or degradation/disintegration of the matrix, penetration of
the release medium through the matrix or the combination of erosion and diffusion processes [92,94].

Moreover, it was observed that the OEO release profiles showed an increased effect in the first hours of
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incubation before reaching a stable release profile. The higher initial release can be attributed to the OEQOs
molecules adsorbed on the particle surface and to the EO entrapped near the surface of the matrix, since
the rate of dissolution of the substance near the surface is high, the amount of substance released will
be also high in the first few hours [92,94].

In addition, the stability of the OEO-KMP "s was evaluated after 72 h of contact with both fluids
(SSF and SVF) and it was observed that the size of the OEO-KMP “s showed significant differences when
in contact with the SVF (p< 0.0001) (Table 12) compared with OEO-KMP “s in PBS at time O (Figure 38).
This may indicate that the particles when in contact with SVF undergoes structural changes, allowing the
release of OEQ. Moreover, the differences observed on particles sizes when incubated in both fluids can

be related to the fluids’ pH, since SVF has the lowest pH (4.2) compared to SSF of 5.5.

Table 12. Characterization of keratin microparticles prepared in Phosphate-buffered saline (PBS) encapsulating
oregano oil (OEO-KMP *s) when in contact with simulated vaginal fluid and simulated sweat fluid for 72 h. * indicate

statistical difference in particle size when compared to the results obtained at time O (Figure 38) (**** p< 0.0001)

Particle size PDI Zeta- potential

(Z-average nm) (mV)
Phosphate-buffered saline 517.8 +8.09 0,213 +0.03 -14.00 £ 0.40
Simulated vaginal fluid 1809.00 + 273.41**** 0.347 +0.20 -12.55+0.14
Simulated sweat fluid 484,55 + 14.83 0.336 £ 0.02 -14.05 + 0.50

Following the analysis of OEO-KMP's stability, it becomes essential to evaluate the cytotoxicity of
this formulation. To this end, considering the final application involves contact with vaginal tissue, the
response resulting from the interaction between OEO-KMP's and the surface of G. mellonellalarva's body
was examined. Similar to the prior investigation involving VP-OEQ (subchapter 1V.1), in this current
research, there was no indication of toxicity after 72 h of larval contact with keratin solution or OEO-KMP’s
formulations. Indeed, until 72 h, all larvae maintained their viability (Figure 40.A), and there were no
significant differences in the larval health index (Figure 40.B) following contact with PBS, keratin solution
or OEO-KMP's. Hence, it can be concluded that the application of OEOQ-KMP "s is considered safe without
manifesting any surface irritation signal. Several studies have indicated a reduced occurrence of side
effects with nanostructured systems, which incorporate lower drug doses without compromising
therapeutic efficacy [95]. Consequently, these nanocarriers have been explored for diverse applications

to address the limitations associated with conventional formulations [95].
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Figure 40. Keratin microparticles encapsulating oregano oil (OEO-KMP “s) cytotoxicity measured in Galleria
mellonella model. (A) Survival curves of G. mellonella larvae in contact with OEO-KMP “s and respective controls
(without exposure to OEO-KMP “s and keratin solution) during 72 h; and (B) G. mellonellalarvae health index after

24, 48 and 72 h in contact with OEO-KMP "s and respective controls.

3.2 Impact of oregano essential oil encapsulated into microparticles of keratin on Candida
albicans growth in vitro

The high incidence of C. albicans and the therapeutic limitations and associated negative
consequences make it crucial to develop effective alternative to the current treatments. In this context,
the previous subchapter IV.1 demonstrates that the application of VP-OEO is safe and effective against
both C. albicans and C. glabrata, inducing changes in membrane integrity and metabolic activity. So,
another possible strategy to apply this EO would be encapsulation in keratin microcapsules, allowing a
more controlled and safer release of the OEO.

As previously mentioned, the OEO-KMP’s have dimensions of approximately 500 nm and several
studies corroborate that particles with dimensions around 500 nm facilitate the penetration of delivery
systems into fungal cells [96]. The inhibitory activity of the OEO-KMP "s on the planktonic growth of the
C. albicans was evaluated using the disk-diffusion agar method, and the results showed a halo of 17.3 +
0.28 mm. Furthermore, employing the broth microdilution method, it was observed that OEO-KMP's led
to complete inhibition (6- 7 Log reduction) of C. albicans in its planktonic state. Moreover, it was evident
that the keratin solution had no impact on the growth of fungal cells. These findings indicate that OEO-
KMP's exert a more pronounced effect when cells grow in liquid medium. This observation reinforces the
notion that the release rate of OEO-KMP’s depends on the characteristics of the culture conditions.

Candida infections are often associated with biofilm formation, leading to resistance development

and, consequently, the need for more potent therapies that can induce changes in the beneficial vaginal

143



DESIGN AND EVALUATION OF MICROENCAPSULATED OREGANO ESSENTIAL OIL AS AN ALTERNATIVE TREATMENT TO CANDIDA ALBICANS INFECTION | CHAPTER V.2

microbiota. It is therefore essential to confirm that this alternative treatment does not cause an imbalance
in the remaining microbiota. Indeed, beneficial bacteria play an important protective role in preventing
gynecological diseases. In a previous work (subchapter 1l1.2), it was shown that the vapor-phase of white
thyme EO (VP-WTEO) had a significant inhibitory effect on the number of C. albicans cells colonizing a
reconstituted human vaginal epithelium (RHVE) without changing the number of L. gasseri cells, making
this application a safe alternative for the remaining vaginal microbiota. Despite the indication on the safety
of VP-WTEO towards L. gasseri, it was important to evaluate if OEO, being more potent, might exert a
more pronounced impact on Lactobacillus species. So, in this study, the OEO-KMP “s concentration that
inhibits/damages C. albicans biofilms but does not influence the permanence and viability of
Lactobacillus species was determined. To this end, the OEO-KMP’s effect in the OEO concentration range
0.23- 11.6 mg mL* on single biofilms of C. albicans (Figure 41.A) and on mixed biofilms of C. albicans
(Figure 41.B) and L. gasseri (Figure 41.C) was evaluated. In both types of biofiims, single or mixed, the
effect of OEO-KMP's followed the same pattern, with the concentration of 0.45 mg mL" eradicating
completely (p< 0.01) the C. albicans biofilm. So, the results demonstrated that only 2.5 % of OEO-KMP "s
corresponding to 0.45 mg mL* of OEO encapsulated allows to eradicate C. albicans mature biofilms and
preserve the L. gasseri, at the same time (Figure 41). Therefore, a safe concentration for eradicating C.

albicans biofilms has been determined at 0.45 mg mL+ of the OEO-KMP "s.
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Figure 41. Effect of the keratin microparticles encapsulating oregano oil (OEO-KMP “s) on single and mixed
infection of Candida albicans with Lactobacillus gasseri. (A) Single infection of C. albicans; (B) Mixed infection (C.
albicans/; (C) Mixed infection (L. gasseri). *indicate statistical reduction of biofilms cell cultivability in comparison

with the respective control (**p< 0.01, *** p< 0.001, **** p< 0.0001).
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3.3 In vivo effect of oregano essential oil encapsulated into microparticles of keratin on Candida
albicans infection

A well-designed vaginal drug delivery system based on microparticles encapsulating a drug, should
ensure even distribution throughout the vaginal cavity, prolonged retention at the administration site, and
sustained drug release without causing adverse effects on the local vaginal epithelium [95,97]. In this
sense, the mouse vaginal model is an appropriate tool to mimic human vaginal conditions as much as
possible and to evaluate new therapies, as well as to verify the host’s defenses against fungal infections
[98,99]. So, in this work, the efficacy of OEO-KMP’s /n vivo was evaluated using an experimental VWC
mouse model (Figure 42.A). For this, a mouse model with VVC was established with the support of E2, a
hormone which is an effective precipitator of VVC. This hormone allowed mice colonization by C. albicans,
since, unlike the human vaginal flora, Candida species is not naturally present as a colonizing organism
in the vaginal flora of mice [98,100]. E2 allows the reduction of extravasation of neutrophils, effector cells
that can phagocytose pathogens and mediate tissue damage, being one of the first lines of defence
against invading pathogens [101]. Thus, female BALB/c mice were infected intravaginally with C.
albicans, and the dose of E2 was reinforced, to maintain the ideal conditions for inducing infection (Figure
42 7). After 24 h of infection, the OEO-KMP’s or PBS (control group) were applied intravaginally, allowing
the formulation to encounter the localized infection during 24 h, as shown in Figure 42 .A. After this time,
vaginal lavages were performed and the amount of C. albicansin the vaginal canal was quantified by CFU
counting. The mice were then sacrificed, and the vaginal tissues isolated and analysed under a
microscopy. Over time, the body weight of each animal was also monitored, an important parameter that
allows the detection of side effects of the treatment on the animal's health, which can be reflected in
excessive weight gain or loss [102]. Throughout the entire procedure, infection and subsequent treatment,
there were no significant changes in the body weight of the treated animals compared to the control

group. In fact, with the same pattern being observed over time (Figure 42.B).
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Figure 42. Effect of OEO-KMP ‘s on mice model of vaginal candidiasis. (A) Timeline of Candida albicans infection
and OEOQ-KMP “s treatment of mice; (B) Mice weight according to the timeline of infection; (C) C. albicans and
Lactobacillus cells detected in mice vaginal lavage fluid (Log CFU mLY) represented is the median with 95 %
confidence interval (*p < 0.05); (D) Histological images of vaginal tissue stained with periodic acid-Schiff (PAS),

increasing magnification along the column: I. Mice uninfected (negative control); Il. Mice infected with C. albicans,
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untreated (positive control); lll. Mice infected with C. albicans, treated with OEO-KMP "s for 24 h after infection. (a)
layer of superficial squamous epithelial cells, (b) basal membrane, (c) lamina propria (d) vaginal lumen, (e) and (f)
C. albicans cells and (g) neutrophils. The results were registered under 10x and 20x magnification. The data

presented in this study are representative of at least two independent experiments.

The results of the CFUs in vaginal lavages showed a significant difference (p< 0.1) between the
treated group of animals and the untreated animals after 24 h of OEO-KMP "s application. In fact, a single
intravaginal application of OEO-KMP "s (0.69 mg of OEQ) induced a 1 Log CFU mL* reduction in C.
albicans cells compared to control (untreated mice) (Figure 42.C). This result suggests that a single
intravaginal application of OEO-KMP's is able to control the growth of C. albicans in an environmental
niche.

A downward trend in Candida infection is evident, despite this dispersion in /7 vivo assays that can
be considered usual, as it entails several factors that can influence the initial infection and subsequent
treatment, mainly the hormonal cycle of the female mice. In fact, during the menstrual cycle, the female
reproductive tract is highly susceptible to changes in sex hormones [101,103]. In humans, the menstrual
cycle lasts approximately 28 days and consists of three main phases: (a) follicular phase, (b) ovulatory
phase, and (c) luteal phase; in rodents this cycle, called the estrous cycle, lasts approximately 4- 5 days
and the 3 corresponding phases are called (a) proestrus, (b) estrus and (c) metestrus [101,103]. During
the different phases of the cycle, the vaginal epithelium changes, and in the luteal phase it keratinizes
and hardens, resulting in epithelial thickening and desquamation during menstruation [100]. Indeed,
hormonal effects may have implications for the development and treatment of VVC, the recurrence of VWWC
is frequently observed during pregnancy and in the late luteal phase, occurring just prior to menstruation
[104]. Kalo-Klein et al. [105] observations revealed that C. albicans filamentation and consequently
infection was maximal during the luteal phase. Goncalves et a/. [104] also reported that C. albicans is
susceptible to hormone-induced biofilm dispersion. Therefore, controlling the estrous cycle in mice can
be challenging due to their relatively rapid cycle, even with the administration of E2.

Moreover, one of the crucial aspects of this therapy is that it preserves the remaining microflora,
particularly the Lactobacillus species, as shown in Figure 42.C. A single intravaginal application of OEO-
KMP's does not seem to disrupt the population of Lactobacillus population present in the murine
microflora, which remains at a concentration of approximately 1 x 107 CFU mL® without significant
differences compared to untreated mice. As mentioned above, this factor is imperative and it is worth

noting that bacteria are the main component of the human microbiome and beneficial bacteria play a
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fundamental role in maintaining fungi in a commensal state, acting as the first line of defence against
fungal infection [106].

To better understand the effect induced by the treatment with OEO-KMP's in the vaginal
environment, the vaginal tissues were histologically examined. Thus, vaginal tissues of healthy animals
(negative control) (Figure 42.D.1).were compared with tree conditions of infected mice: untreated and
non-lavage (Annex Ill), untreated with lavage (positive control) (Figure 42.D.Il). and treated animals (Figure
42 .D.IIN). The vagina is a fibromuscular canal, in its relaxed state, the vaginal wall collapses and obliterates
the lumen and the epithelium appears "pleated". This fibromuscular canal contains the following layers:
mucosal layer: squamous stratified epithelium (mucosal layer) (Figure 42.D (a)); lamina propria: dense
connective tissue, rich in elastic fibres, well vascularized (Figure 42.D (c)); muscular layer: smooth muscle
and adventitial or serous layer: lax connective tissue. The oval structures and red filaments seen in the
vaginal tissue images were identified as C. albicans cells (Figure 42.D (e and f)).

The histological images showed that infected tissue (without any vaginal treatment or lavage) is
more degraded by the infection compared to the untreated, with the access of C. albicans hyphae
observed in the layer of superficial squamous epithelial cells (Annex Ill). This suggests that the application
of PBS alone after 24 h of infection may relieve the tissue infection process, leading to a reduction in the
damage induced by the Candida species. Potential tissue damage from irritation includes hyperplasia,
necrosis, changes in the stratum lucidum and corneum of the vaginal epithelium, detachment and
separation of cells, vascular changes or damage to the vessel walls (arterioles and capillaries) [107-109].

Furthermore, the images revealed that the vaginal tissues infected with C. albicans (Figure 42.D.11),
possessed a notable production of keratin by squamous cells, with identifiable mycotic forms, coupled
with an intense exocytosis of the epithelium by neutrophils, sometimes (or frequently) aggregated on the
surface of the epithelium with the formation of subcorneal pustules. Moreover, it is possible to observe
the vaginal lumen with intense desquamation (desquamated cells and keratin remains) and with
accumulation of neutrophils (Figure 42.D.Il). Furthermore, the images show a decrease on vaginal tissues
lesions with the treatment of mice with OEO-KMP, resulting in a decreased of the accumulation of
inflammatory cells (neutrophils) and in formation of a superficial layer thinner with a clear reduction in
intense desquamation (sloughed cells and keratin debris) in the vaginal lumen (Figure 42.D.Il).

According to the literature, these layers are composed of bundles of keratin intermediate filaments,
which form as epithelial cells differentiate and die. The most superficial keratinized layers are only loosely
attached and are constantly lost (shedding) and replaced. As cells in the deeper (basal) layer divide and

move towards the surface, they undergo several morphological and biochemical changes and when they
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reach the surface, they undergo a process of keratinization. This process is important as it helps to
support the surface layer of the vaginal epithelium, making it more resistant to mechanical damage,
variations in pH, and infectious agents [107]. In this study, after Candlida infection this mechanism is
observed, so it could be a protective mechanism together with neutrophils. Despite the injection of
estradiol, this defense cells appear to be present in the vaginal lumen (Figure 42.D.1l). Moreover, the
presence of cells of microorganisms smaller than Candida species is evident. These microorganisms
probably correspond to bacteria naturally present in the vaginal fluid of mice, potentially including the
lactobacilli, consistent with the results obtained concerning Lactobacillus persistence (Figure 42.C). While
variations in tissue damage and the presence of Candida cells were observed within the same group (a
phenomenon considered common in /7 vivoassays), it is notable that fewer Candlida cells were associated
with an increased presence of small structures, potentially indicative of Lacfobacillus, as discussed earlier.

To support these conclusions, the assessment of vaginal irritation after the experimental procedure
in the different groups was based on a histopathological evaluation of four parameters in the vaginal
tissue: epithelial lesions, inflammatory infiltrates, vascular congestion, and edema/fibrosis (Table 13)

[82].

Table 13. Histopathological evaluation of vaginal irritation after infection and 24 h of rectovaginal application of
PBS (positive group) or OEO-KMP’s. Score interpretation: minimal (1- 4), mild (5- 8), moderate (9- 11), and severe
(12- 16)

Parameters Healthy tissue | Infected tissue without | Infected tissue | Infected tissue and treated
(negative control) any vaginal treatment or | untreated (control | with OEO-KMP's
lavage positive)
Epithelial lesions 0 4 3 1
Inflammatory infiltrates 0 4 3 3
Vascular congestion 0 3 2 0
Edema/fibrosis 0 1 1 0
Total score 0 12 9 4

Healthy tissue exhibits stratified squamous epithelium with dense subepithelial connective tissue,
with no sign of damage, obtaining a score of 0. On the other hand, the infected and non-interfered tissue
scored 12 (severe tissue damage) (Annex lll). In this group, there was a high degree of inflammatory
infiltration, with the keratin layer appearing to be dissolved and with the presence of necrotic tissue
remains and there was also vascular congestion. In the untreated infected group, although there was less
tissue damage than in the previous group, a score of 9 (moderate) was obtained, primarily due to
inflammatory infiltrate and remnants of necrotic tissue. The tissue from mice treated with the OEO-KMP "s

obtained a score of 4 indicating minimal damage, which is considered suitable for clinical trials of vaginal
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products [81]. However, there is accumulation of inflammatory cells associated with C. a/bicans infection.
Inflammation of the reproductive tissue is assessed by the magnitude of inflammatory infiltrates such as
neutrophils, macrophages, and lymphocytes [110]. These results suggest that while a single application
of OEO-KMP "s can be used safely, the presence of inflammatory cells highlights the ongoing need for
repeated treatment to address the inflammation associated with C. a/bicansinfection. In fact, the potential
expulsion of therapy, influenced by the dynamics of vaginal fluid and the self-cleaning action of the vaginal
tract, can lead to incomplete administration of sufficient doses [95,97]. Consequently, multiple doses a
day are often necessary to achieve the desired therapeutic effects [95,97]. Indeed, this, /7 vivo, study is
considered preliminary, and one of the limitations is related to the small number of mice used, which
made it impossible to explore specific theories, perform repeated treatments and investigate other related
issues in greater depth.

Furthermore, it is crucial to recognize that the mouse model of vaginal candidiasis, while a valuable
research tool for studying vaginal candidiasis due to its similarities to the chronic nature of the disease in
women, still exhibits differences from human vaginal candidiasis in several physical aspects. These
distinctions include the lack of Candida species as part of the vaginal microbiota, requiring exogenous
estrogen to initiate fungal colonization, and differences in vaginal pH [79,111]. Consequently, it is
essential to evaluate this therapy in alternative animal models, potentially including larger species, to

obtain a more comprehensive understanding of their potential effects in cases of VVC in women.

4, Conclusions

This work confirmed the stability of OEO-KMP’s over time and their /n vifroand in vivo effectiveness
against C. albicans infection. These findings constitute an important step towards understanding the
potential of OEO-KMP’s as antifungal agents. Significantly, our research demonstrated that a single
application of OEO-KMP’s effectively reduced C. albicans levels in an /n vivo vaginal model while
maintaining the Lactobacillus species population, providing the theoretical basis for the potential future
clinical use of OEO-KMP’s as antifungal agents, which may have a less harmful effect on women's health.
The choice of this delivery method (KMP) aligns with the natural origin of OEO and its potential to minimize
adverse effects. Therefore, one possible application of this therapy is its incorporation into a topical lotion
for vagina use. It is worth noting that although the /n7 vivo study in a murine model was successful, further
investigation and complementary research is required to consolidate these findings. This research
emphasizes the potential of OEO-KMP’s as a novel, natural, and effective antifungal treatment, opening

door to safer and more effective approaches to treating C. albicans infections in women's health.
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CHAPTER V

GENERAL DISCUSSION, FINAL REMARKS AND FUTURE WORK

In this thesis, the exploration of essential oils (EQ), particularly the vapor-phase, as a natural
therapy for Candidainfections, has revealed promising results. This study initially confirmed the efficacy
of several EOs against Candida auris (Subchapter I.1 and 1.2), followed by the evaluation of the
effectiveness of these EOs against drug-resistant Candlida vaginal isolates, targeting the treatment or
prevention of Vulvovaginal Candidiasis (VVC) (Subchapter 1.3). Throughout this process, the
methodology had to be adapted and optimized (Subchapter 1I.1), and the impact of this therapy on the
vaginal microflora was also verified (Subchapter 11.2). Lastly, the EO that demonstrated the most potent
antifungal effect against Candida species, oregano oil, was selected and the mode of action of its vapor-
phase was determined (Subchapter Ill.1). Furthermore, another possible application of oregano EO
for VWWC, namely microencapsulation, was explored and culminated in the evaluation of its impact on
Candida infections in /n vivo experiments (Subchapter [11.2).

Thus, this thesis proposes a potential, inexpensive, and nontoxic alternative treatment for
preventing and treating infections caused by Candida species, focusing on VWC, based on a natural
product. These new approaches have several advantages for women, including lower costs and easy
access, since the vapor-phase presents an easier method of application avoiding contact with the skin,
and its microencapsulation provides a controlled release over time. Consequently, this natural therapy
reduces the negative impact on women's health. Despite this, the conclusion of this thesis has opened

up a vast field with numerous possibilities for further exploration and optimization.
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General Discussion and Final Remarks

Nowadays, there has been a notable increase in the occurrence of human fungal infections,
particularly caused by Candida species. Conventional antifungal drugs, including azoles, polyenes, and
echinocandins, have their limitations, such as notable side effects and sometimes inadequate
fungicidal efficacy. The virulence factors of Candlida species, being responsible for increased tolerance
resistance and pathogenicity, are relevant therapeutic targets of these agents. Nonetheless, a
significant limitation of many commercially available antifungals is their inability to effectively inhibit
these factors, exhibiting a fungistatic effect. Which, in turn, contributes to the emergence of drug-
resistant strains over time, making conventional antifungals increasingly less effective. Consequently,
there is a growing demand for the discovery of novel, more effective, and less toxic therapeutic agents.

The search for substituting antifungal agents with natural substances is a promising area of
research that can potentially lead to a reduction in the application of conventional antifungal agents,
which has been excessive in recent years. Data collected during this thesis highlight the antifungal
potential of Essential oils (EOs) as complementary strategies or alternative treatments to commonly
used commercial antifungals. Extensive research into the antifungal effect of EOs has been reported,
both for their direct use as biological agents and as a basis for developing novel drugs with promising
therapeutic applications. On the other hand, the direct application of these natural compounds may
present an important disadvantage in terms of toxicity and, consequently, many studies reported in the
literature use very low concentrations of EOs, not exploiting their maximum potential. Therefore, this
thesis presents two approaches to the EOs application. The first involves their vapor-phase, which
avoids skin contact and potential irritability or burning sensations, facilitating its application (for
instance, on women's underwear). The second method is the EOs encapsulation in microcapsules,
providing protection from light and temperature alterations, increasing solubility in aqueous
environments, controlled release over time, and improving bioaccessibility and bioavailability.

The initial Chapter of this thesis focuses on the evaluation of the impact of EOs, as a natural
and alternative therapy, on Candida species strains that exhibit resistance to conventional antifungal
treatments. Among the species exhibiting drug resistance, Candlida auris has recently emerged as a
significant global health threat. In fact, C. auris is acknowledged as a notorious nosocomial pathogen
associated with high mortality rates, resulting from its high transmissibility, incorrect utilization of
antifungal drugs, phenotypic plasticity, hard identification, and easy adaptation to stressful conditions.
Several factors contribute to the increased virulence of C. auris, including its multidrug resistance,

capacity for biofilm development, and the ability to evade the innate immune system's response. So, a
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deeper understanding is imperative for the efficient treatment, prevention, and control of C. auris
infections. Thus, the first step was to analyze the effect and treatment capability of four EOs (tea tree,
niaouli, white thyme and cajeput) against planktonic and biofilm growth of C. auris. The results of this
work showed that these EOs were able to inhibit the C. auris planktonic growth, with an MICs between
0.78 and 1.56 % and halos of 20- 21 mm for white thyme and tea tree EOs and 13- 14 mm for cajeput
and niaouli. In addition, these EOs were also able to completely inhibit biofilm formation. Moreover,
white thyme and cajeput completely eradicate pre-formed biofilms, while tea tree and niaouli
significantly reduce it. The findings from this part of the work emphasize the remarkable effectiveness
of these four EOs in inhibiting planktonic growth and entirely preventing the formation of C. auris
biofilms. Collectively, these results indicate that the application of these four EOs, with a particular
emphasis on white thyme and cajeput, presents a highly efficient alternative for both preventing and
treating infections originating from C. auris biofilms. So, this part of the work demonstrates that EOs
are a possible alternative therapy for this important pathogen.

The effectiveness of EOs can vary considerably, even when dealing with species within the same
genus, according to their chemical profile. Determining the exact antifungal properties of EOs is often
challenging and may be attributed to the EQs' primary bioactive compounds or may result from a
synergistic interaction between the primary and secondary components. So, in this thesis, the
antifungal activity of several EOs from 7hymus species, namely 7Thymus vulgaris, Thymus zygis,
Thymus satureioides and Thymus mastichina against planktonic cells and biofilms of C. auris was
assessed and compared. Importantly, it was noticed a completely different range of action between the
EQOs from the same genus. While 7. wuigaris showed the highest antifungal effect with a halo of 59.75
mm, 7. mastichina on the other side presented a halo of 13.13 mm, showing low activity. In addition,
7. wulgaris also showed significant action in the vapor-phase mode. The chemical composition
determination of 7Aymus EQs demonstrated that these EOs have different chemical profiles, including
the number of phenolic compounds, which justify the different antifungal actions. So, from this
research, it was observed that the EOs efficiency differs substantially between the four species of
Thymus, with EOs from 7. wulgaris and 7. zygis being considered a great contribution to the treatment
of C. aurisinfections. As a result, the properties of each species should not be generalized to comprise
the entire genus, and it becomes essential to specify the particular species and chemotype for accurate
evaluation. Therefore, the selection of natural therapies should always take into account EOs

composition.
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From this perspective, the application of natural therapies, specifically EOs, emerges as a
promising choice for the prevention and treatment of Vulvovaginal candidiasis (VVC), the focus of this
thesis. VWC has been considered a public health problem characterized by a high incidence rate, and
significant implications for women's quality of life and health, representing huge treatment challenges.
The increasing demand for intensive antifungal therapies has contributed to the emergence of resistant
Candlida strains to conventional antifungal agents. It should be noted that some antifungal-resistant
isolates used in this study were obtained from women, some of whom had clinically significant
conditions, such as pregnancy and immunosuppression. In these cases, preventing and quickly treating
WC is extremely important. So, there is an urgent need for effective therapeutic solutions to deal with
the challenge of antifungal resistance and with the control of highly resistant biofilms. Therefore, a
section of this thesis was dedicated to evaluating the impact of EOs, previously tested on C. auris, on
drug-resistant Candida vaginal isolates. The results revealed high antifungal activity of four EOs (tea
tree, cajeput, niaouli and white thyme) against drug-resistant vaginal isolates, including some extremely
high resistance to common antifungals, such as C. albicans, C. glabrata, C. guilliermondiiand C. krusei.
In addition, the vapor-phase of EO (VP-EQ) with the highest antifungal activity (tea tree) showed a
significant inhibitory effect on the biofilm formation (maximum of 4 Logs of reduction) of all tested
isolates and was able to provoke an expressive reduction on mature C. albicans biofilms (3 Logs of
reduction). Additionally, the vapor-phase of tea tree EO (VP-TTEQ) showed a significant inhibitory effect
on the biofilm formation of all tested isolates and was able to cause an expressive reduction in mature
C. albicans biofilms. Thus, this part of the thesis suggests that VP-EQs are an effective solution for
preventing biofilm-related VVC in at-risk women, including women using intrauterine devices (IUDs) or
with suppressed immune systems, or pregnant women. In this part of the thesis, tea tree, cajeput, and
niaouli essential oils demonstrated significant antifungal activity, while VP-TTEO exhibited notable
preventive effects against biofilm-related VVC caused by antifungal-resistant strains.

Overall, this first Chapter demonstrates that EOs are a possible therapeutic alternative and a
future perspective for the hard fight against C. auris and drugresistant Candida vaginal isolates.
Importantly, it was also suggested that VP-EO is a promising solution to prevent biofiim-related VWC
caused by antifungal-resistant strains. However, the selection of EOs as natural therapy should always
consider the EOs composition, as observed in the work regarding the effect of Thymus EOs, where the
efficacy against C. auris differed significantly between different EOs.

The traditional dosage forms for VWC treatment include topical creams, oral formulations, and

ointments, with a growing preference and consequent focus of this thesis for drug administration via
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the vaginal route. In this sense and despite the favorable outcomes achieved from EOs against clinical
vaginal isolates of drug-resistant Candida strains, there was a need to optimize the conditions to closely
replicate vaginal environment. This was essential to obtain a more comprehensive understanding of
the antifungal properties of EOs and their potential effect on the VWC treatment. From this point of view,
the choice of culture medium is a crucial step in the development of the process, with a strong impact
on both cell growth and the evaluation of the effect of the therapy. So, the most appropriate culture
medium, similar to vaginal conditions, was identified and optimized. Synthetic vaginal fluid (SVF) was
chosen and compared with the more commonly used culture medium, Sabouraud Dextrose Broth
(SDB), in order to validate an /7 vitro model. The results showed that Candida isolates maintained the
same biofilm formation capacity and morphology in both media (SVF and SDB). This demonstrates that
SVF does not interfere with their growth, morphology or virulence factors, including the biofilm
formation. Furthermore, under the same conditions, the ability of vapor-phase of oregano and white
thyme essential oils (VP-EOs) was also evaluated, to inhibit biofilm formation and to destroy mature
biofilms of vaginal isolates. The results confirmed that EOs effect agrees with results acquired,
previously, with SDB. This means that the effect of VP-EOs is not affected by the SVF medium, and that
this fluid allows the dissolution of the volatile and bioactive compounds. Therefore, it can be deduced
that the SVF medium offers a reliable and predictive tool for simulating vaginal environments. It
effectively allows the evaluation of the behavior of VP-EOs designed for vaginal administration,
confirming a potential effective application of VP-EOs as a prophylactic or therapeutic treatment for
biofilm-related VVC.

Another crucial factor that must be considered in the development of new therapies for VWC is
their potential impact on other naturally colonizing species, known as the microbiome, that colonize
the vaginal mucosa. Of particular concern are those species, such as Lactobacillus species, that are
believed to play a beneficial role in maintaining the vaginal environment's homeostasis. From this
perspective, the impact of the vapor-phase of white thyme essential oil (VP-WTEQ) on the vaginal
species Lactobacillus gasseri in co-colonization with C. albicans of a reconstituted human vaginal
epithelium (RHVE) model was evaluated. The effect of VP-WTEQ on C. albicans biofilms (formation and
mature biofilms) was initially confirmed, these results revealed that the VP-WTEO had a significant
inhibitory effect on C. albicans biofilm formation and was able to induce a significant reduction in their
mature biofilms. Furthermore, it was observed a significant reduction in the number of C. albicans cells
colonizing the RHVE without any alteration in the number of cells of L. gasseriin the presence of the

VP-WTEOQ. Additionally, tissue damage was assessed, and no significant differences were observed
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between the treated tissue and the negative control, which confirmed the results of the cytotoxicity test
conducted in the Galleria mellonella model. So, this research confirms the efficacy of VP-WTEO in
controlling the C. albicans proliferation without causing significant disruptions to other vital species in
the vaginal microflora, particularly Lactobacillus. This preservation of the lactic flora allows the
protective role of these microorganisms in the vaginal mucosa.

The results of this third Chapter demonstrate that the SVF medium offers a reliable and
predictive tool for mimicking these environments and this model can predict and confirm the potential
effect of VP-EOs on vaginal infections induced by Candida species, being a safe alternative for the
remaining vaginal microbiota, respecting the possible survival of Lacfobacillus species.

Throughout this thesis, oregano essential oil (OEQ) stood out for its remarkable antifungal
efficacy against drug-resistant Candida species. However, their clinical application may be discouraged
by their lipophilic nature, which can lead to potential toxicity when used in pure form or at high
concentrations. So, in the fourth Chapter, two methods for safely applying OEO in the context of VWC
are presented: one through the vapor-phase, and the other through microencapsulation. Additionally,
a crucial aspect of this Chapter involves elucidating the mode of action of the vapor-phase effect. To
this end, the effect of the vapor-phase of oregano EO (VP-OEQ) on biofilms of antifungal-resistant vaginal
clinical isolates of Candlida species (Candida albicans and Candida glabrata) and the necessary time
of exposure to VP-OEO was first evaluated and then its mode of action was determined. Furthermore,
an RHVE was used to mimic vaginal conditions and evaluate the effect of VP-OEO on Candida species
infection. The results revealed high VP-OEQ antifungal activity, with a significant reduction of 4 log CFU
in Candida biofilms. Importantly, the results show that the mechanisms of action of VP-OEQ are related
to membrane integrity and metabolic activity. In addition, the epithelium model confirms the
effectiveness of VP-OEO.

The second part of this final Chapter involves the development and evaluation of
microencapsulated OEO (OEO-KMP " s) as an additional alternative approach for the application of OEO
in the treatment of Candida infections, as mentioned above. After production and characterization
regarding the morphological and physicochemical parameters of the OEQ-KMP's, their effect against
C. albicans (both in planktonic state and biofilm) was evaluated /7 vifro. Subsequently, the study moved
on to /n vivo models involving female BALB/C mice. These mice were intravaginally infected and then
treated with OEO-KMP’s which were analyzed regarding C. albicans and Lactobacillus species growth.
The results showed that OEO-KMP s remained stable over time and exhibited high encapsulation

efficiency and a controlled rate of OEO release was observed. The OEO-KMP "s size was suitable for
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penetration inside fungal cells, leading to a total inhibition of the C. albicans planktonic growth.
Furthermore, the application, /n vitro, of only 2.5 % OEO-KMP " s eradicates mature C. albicans biofilms
while preserving the Lactfobacillus species. In in vivo studies, a single intravaginal application of OEO-
KMP “s induced a reduction of C. albicans growth (0.6 Log CFU mL?). Moreover, one of the most
important factors is that this therapy keeps intact the remaining microflora concerning the Lactobacillus
species.

In conclusion, these studies highlight the promising efficacy of OEO as an alternative for VWC
treatment. Both approaches, VP-OEO and OEO-KMP, showed effective antifungal activity against drug-
resistant strains while preserving vaginal health. These therapeutic options not only combat antifungal
resistance but also potentially propose a safer option for women's health due to their natural
characteristics, presented several advantages, such as lower costs, easy access, an easier mode of

application, avoidance of skin contact, and, therefore, fewer negative impacts on women'’s health.
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Future Work

In this thesis, the exploration of EOs as a natural therapy for Candida infections has demonstrated
promising results, indicating its potential practical application in preventing and treating these infections.
However, the search for alternative therapies in this sense involves a diverse range of natural options that
can and should be further investigated. Therefore, in future research, whether continuing along this

thematic line or exploring similar natural compounds, several aspects should be considered, including:

e While oregano oil stands out, followed by white thyme and tea tree oil, along with cajeput and
niaouli, for their effectiveness against resistant Candida strains, it is important to highlight
that EOs represent a vast world of possibilities. As natural alternatives, their exploration
should extend beyond Candida treatment to include other fungal and even bacterial

infections.

e (. aurisis one of the most recent and alarming species, and in-depth studies of phenotypic
characterization, pathogenicity, and resistant behavior are crucial to finding efficient
treatments and precise procedures to prevent and control its infections. Furthermore, studies
to analyze the mechanism of action of EOs in liquids and the vapor-phase in C. auris cells

will be important.

e (Candida organisms have the ability to form multi-species biofilms either of Candida-Candida
species as well as of Candidabacteria species. Thus, future studies to determine the efficacy

of VP-EOs on multi-species biofilms will be also useful.

e In this thesis, the evaluation of the impact of the vapor-phase of white thyme on Lactobacillus
gasseriwas observed, which is considered a very specific study. In future research, it will be
crucial to extend these studies to examine other essential oils and other strains of
Lactobacillus species. This will allow for a more comprehensive exploration of potential
interactions between different Candida and Lactobacillus species and the consequent impact

of this therapy.

e Flow cytometry and fluorescence /i situ hybridization (FISH) are techniques that had the
potential to significantly improve this research. So, a more extensive utilization of these
techniques would be advantageous. For instance, flow cytometry can be used to quantify the

efflux of Candlida species, as the positive regulation of multidrug efflux pumps is an important
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mechanism of resistance in these species. It can also be used to determine the dormancy of
Candida cells after therapy or to investigate the expression of surface markers and
phagocytosis. The FISH technique can be used to better differentiate between Candida cells

and Lactobacillus cells.

The /n vivo study carried out in this thesis, using the animal model of mice was preliminary,
so further study of this technique exploring several factors, such as the use of larger animals,
analyzing the hormonal cycle of the animals (which can interfere with the infection and
subsequent treatment) would be very advantageous. These additional studies would offer
complementary data that could contribute to a more comprehensive understanding of the

mode of action of the oils.

An important phase of this research would involve assessing the impact of essential oils on
Candlidainfection through a clinical study. A potential collaborator for this phase could be Dr.
Raquel Costa, who has the knowledge and resources required to conduct these trials,

supporting the evaluation of treatment effects in women with vulvovaginal candidiasis.
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1.1 Chemical and physical analysis of tea tree essential oil (Lot 903025) report provided by the company

florame® (Saint-Rémy-de-Provence, France).

[.1.1 Identification:

Name (International Nomenclature of Cosmetic Ingredients (INCI)/CTFA): Melaleuca alternifolia
(Tea tree) leaf oil

Latin name: Melaleuca alternifolia

N° CAS: 85085-489

N° EINECS (European Inventory of Existing Commercial Chemical Substances): 285-377-1

[.1.2 General characteristics:

Botanical family: Myrtaceae

Product acquisition: Steam distillation of leaves and terminal branches

Main molecules : Terpinen-4-ol, y-terpinene, a-terpinene

Shelf life: Contains no preservatives, can be stored in its original state away from light, air and
heat according to the best before end (BBE).

[.1.3 Lot characteristics:

Origin: South Africa

Quiality: Organic (certified by Ecocert SAS F32600)

Texture / Color / Odor: Clear fluid liquid / colorless / characteristic
Refractive index (20°C): 1.4775

Density (20°C): 0.893

Rotary power (20°C): 9.9°

[.1.4 Lot information:

Distillation date: 12/2018
BBE: 12/2023

[.1.5 Chromatographic analysis conditions:

Device: GC with dual FID detection

Carrier gas: Hydrogen

Polar column: Elite Vax (100 % polyethylene glycol) 60 m / 0.25 mm / 0.25 um

Nonpolar Column: Elite 5 (5 % diphenyl 95 % dimethylpolysiloxane) 60 m/0.25 mm/0.25 um

Analysis date: 03/09/2019
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Figure 43. Chromatographic profile (polar column) obtained for the tea tree essential oil (Lot 903025) .

Table 14. Polar column analysis of tea tree Oil (Lot 903025)

Order
peaks

Molecules Retention Area Area

name time (min)  (uV*sec) (%)

ALPHA THUYENE+ALPHA PINENE 7621 17470863 323
BETA PINENE 9537 35106.71 0.65
MYRCENE 9.816 25279.06 047
ALPHA PHELLANDRENE 10.874 3876573 0.72
11.063 18877 32 035

ALPHA TERPINENE 11.580 55437594 1024
LIMONENE 12108 5653077 104
1.8 cineole + beta phellandren 12.496 19952839 368
GAMMA TERPINENE 13.790 1171977.05 2164
PARA CYMENE 14.505 7806417 1.44
TERPINOLENE 15011 18227345 337
21.650 4934 52 0.09

23110 4023 26 007

ALPHA GURGUJENE 24626 13106.23 024
24798 200832 005

24914 12694.02 023

LINALOL 25510 1929258 036
TERPINENE-4-OL 27.292 2304102688 4254
27.445 947294 017

27.578 881555 0.16

TRANS BETA CARYOPHYLLENE 27720 4739094 087
27.982 1839372 034

28.456 512879 0.09

AROMADENDRENE 28978 163687.62 0.30
29 064 319868 006

ALLOAROMADENDRENE 29.464 10698.0/ 0.20
29.818 282220 0.05

29.932 438449 008

ALPHA TERPINEOL 30.567 175826.61 3.25
30660 747076 014

LEDENE 30.812 3493293 064
31.498 469254 0.09

31.687 487087 0.09

31799 864104 016

32 167 4012063 074

B SELINENE 32.322 741244 014
DELTA CADINENE 33.007 4688096 0.87
33.886 6256.89 012

35.628 258223 005

41623 340867 006

42971 543712 010

43126 448982 008

43.345 8506.54 0.16

GLOBULOL 43629 1539376 028
VIRIDIFLOROL 43928 717549 013
44 614 310144 006

44903 5668.286 0.10

1288 910 5416221 .91 100 00
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Figure 44. Chromatographic profile (non-polar column) obtained for the tea tree essential oil (Lot 903025).

Table 15. Non-polar column analysis of tea tree essential oil (Lot 903025)

Order
peaks

139

Molecules Retention Area Area
name time (min) ~ (uV*sec) (%)

ALPHA THUYENE 12.457 3829914 071
ALPHA PINENE 12819 13575117 252
SABINENE 14.344 2538525 047
BETA PINENE 14578 3544141 066
MYRCENE 14.856 39017.45 072
ALPHA PHELLANDRENE 15.621 1970014  0.37
ALPHA TERPINENE 16206 54896631 10.19
PARA CYMENE 16.493 8034496 1.49
LIMONENE 16.688 5839853 1.08
BETA PHELLANDRENE 16.763 3676126 0.68
1,8-CINEOLE 16.904 16321377 303
17.324 258868 0.05

GAMMA TERPINENE 18.108  1151919.23 2138
18.424 519296 010

TERPINOLENE 19.365  186181.12 346
19.657 2961.01 0.05

19.837 1236957 023

LINALOL 20.891 19478.89  0.36
21.741 1379586 026

21.829 360585 007

TERPINEN-4-OL 23.810 227345635 4220
ALPHA TERPINEOL 24176 17485130 325
ALPHA COPAENE 24.343 5309.95 010
24813 749093 0.14

32.286 301381 006

ALPHA GURJUNENE 33.788 1336252 025
TRANS BETA CARYOPHYLLENE 34.249 1346954 0.25
AROMADENDRENE 35.069 53710.14  1.00
35.192 459032 0.09

35.451 496053 009

35.645 420251 008

ALLOAROMADENDRENE 35.970 1704486 032
36.333 1270977 024

36.990 482962 009

37.085 857032 016

LEDENE 37.302 4421527 082
BICYCLOGERMACRENE 37.388 4552547 085
DELTA CADINENE 38.276 4204494 078
38.422 886537 0.16

38.681 634161 013

39.902 416042 0.08

40.259 317096 006

GLOBULOL 40.887 15687.58  0.29
VIRIDIFLOROL 41218 13036.92 024
41525 2967.01 0.06

42296 576316 0.1

42.444 874030 016

42,977 483616  0.09

1351683  5386800.33 100.00
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1.2 Chemical and physical analysis of cajeput essential oil (Lot 801736) report provided by the company
florame® (Saint-Rémy-de-Provence, France).

[.2.1 Identification:
e Name (INCI/CTFA): Melaleuca leucadendra Cajeput oil
e Latin name: Melaleuca cajaputi
e N° CAS: 85480-37-1
e N° EINECS: 287-316-4

[.2.2 General characteristics:
e  Botanical family: Myrtaceae
e  Product acquisition: Steam distillation of organic cajeput leaves
e  Main molecules: 1,8-cineole, a-terpineol, Terpinolene

e  Allergens: Limonene, linalool, geraniol
o  Shelf life: Contains no preservatives, can be stored in its original state away from light, air and
heat according to the BBE. (5 years from the date of distillation)

[.2.3 Lot characteristics:
e  Origin: South Africa
e  Quality: Organic (certified by Ecocert SAS F32600)
e Texture / Color / Odor: Clear liquid/ pale yellow/ nice fresh
e Refractive index (20°C): 1.4676
e Density (20°C): 0,914
e  Rotary power (20°C): -1.2°

[.2.4 Lot information:
e Distillation date: 09/2017
e BBE: 09/2022

[.2.5 Chromatographic analysis conditions:
e  Device: GC with dual FID detection
e  (Carrier gas: Hydrogen
e  Polar column: Elite Vax (100 % polyethylene glycol) 60 m / 0.25 mm / 0.25 um
e  Nonpolar Column: Elite 5 (5 % diphenyl 95 % dimethylpolysiloxane) 60 m/0.25 mm/0.25 um

Analysis date: 12/02/2019
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Figure 45. Chromatographic profile (polar column) obtained for the cajeput essential oil (Lot 801736).

Table 16. Polar column analysis of cajeput essential oil (Lot 801736)

Order
peaks

Molecules Retention Area Area

name time (min) (uV*sec) (%)

ALPHA PINEME+ALPHA THUYENE 7478 7881030  1.00
BETAPINEME 0278 5000847 123
MYRCEME 10540 45175 170
ALPHA PHELLAMDRENE 10.728 E00404 D20
10.857 280855  0.07

ALPHA TERPINEME 11.140 2252828 054
LIMOMENE 11752 21443302 518
1.8CINECLE 12280 248500717 &0.01
Trans Beta Ccimene 12.214 8072217 1.88
PARA CYMEME 12.000 1824858 044
TERPINOLEME 14.487 5157482 124
22187 772752 D19

ALPHA COPAENE 22533 282430 0.08
23118 630871 015
LINALOL 24,301 13314250 3.21
25711 308345 007

26107 2571.82 0.8

TERPINEN-4-OL 26,273 283200 007
TRANS BETA CARYOPHYLLENE 26,460 3800064 002
26,550 5810441 140

26,867 3B27.07 0.09

27,255 281507 0.7

20,031 18028.05 D044

ALPHA CARYOPHYLLEME: 29215 4002065 009
29,401 TIE438 018

alpha terpineal 30,050 491423.02 1186
30520 303834 010
30,600 287243 008
GERMACRENED 30925 1605654 038
BETA SELINENE 31.0652 3380842 082
ALPHA SELINENE 31208 3674726 080
32160 372804 000
32314 350315 0.00
DELTA CADINEME 33135 012083 025
MERAL 34 260 BE2047 018
GERAMIOL 35.253 14832.84 038
O¥YDE DE CARYOPHYLLENE 43.401 3046542 088
45215 375078 0.00
45353 308283 007
45.440 282328 008
4517 10618.04 028
10 EP1 GAMMA EUDESMOL 48,105 621852 015
47188 B24828 020
Al PHA ELDESMOL 47 408 20335684 049
BETA EUDESMOL 47.787 2136282 052
48 445 288280 007
1308204 414278725 100.00
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Figure 46. Chromatographic profile (non-polar column) obtained for the cajeput essential oil (Lot 801736).

Table 17. Polar noncolumn analysis of cajeput essential oil (Lot 801736)

Order
peaks

14
15
18
21

BN SBRUNEESIIINIESRAS PRUEEYNERN

Molecules Retention Area Area

name time (min) (uV*sec) (%)

ALPHA THUYEME 12.487 g033 8z 020
ALPHA PINEME 12.846 TAEEATE 171
BENZALDEHYDE 12.024 T44.72 018
SABINEME 14.818 536100 123
MYRCEME 14.000 81407652 1.81
ALPHA PHELLANDRENE 15.857 171737 028
ALPHA TERPINENE 18.180 2447428 0.54
PARA CYMEMNE 18.507 18413.07 043
CIMEDLE 17.124 201831541 B4.83
GAMMA TERPINEME 18.022 TEEEE00 171
TERPINOLENE 10,368 ARTTE 31T 1.31
LINALOL 18.737 147078.71 327
BORMEOL 22009 1817 025

TERPIMEN-4-0L 23513 41001.50 0.1
ALPHA TERPINEDL 24214 50320728 1119
26.640 16114.28 036

31347 201749 006

ACETATE DE GERANYLE o122 1115022 025
ALPHA COPAENE 32 887 2836.07 006
34,200 6086084 140

34 853 288458 006

35350 447382 010

35 584 aMe.58 007

ALPHA CARYOPHYLLENE 36 673 4130017 002
35,430 7i3Boz 016

36511 oe10.44 0

O GERMACRENE 6,602 W7I7.22 033
3BT 475888 0.1

BETA SELIMENE 7m0 AT460.30 128
7207 408312 0.00

ALPHA SELINENE 37.338 40054.20 D.8@
I7.678 1782024 040

28258 340742 008

3B.002 7708.87 017

0160 8E670.84 015

20 A28 394415 0.00

OXYDE DE CARYOPHYLLEME 41231 3000070 088
10 EP1 GANMMA EUDESMOL 42 345 420127 010
ALPHA EUDESMOL 42 580 2483428 055
43360 2638605 056

BETA EUDESMOL 43 458 2570075 D57
43 860 a213.11 020

1260604 440818215 100.00
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1.3 Chemical and physical analysis of niaouli essential oil (Lot 100378) report provided by the company
florame® (Saint-Rémy-de-Provence, France).

[.3.1 Identification:

Name (INCI/CTFA): Melaleuca viridifiora leaf oil
Latin name: Melaleuca quinguenervia

N° CAS: 132940-73-9

N° EINECS: 310-217-5

[.3.2 General characteristics:
e  Botanical family: Myrtaceae
e  Product acquisition: Steam distillation of leaves
e Main molecules: 1,8-cineole, Viridiflorol
e Allergens: Limonene, linalool, Citronellol
e Shelf life: Contains no preservatives, can be kept as is for 5 years away from light, air and
heat.

[.3.4 Lot characteristics:
e  Origin: Madagascar
e  Quality: Organic (certified by Ecocert SAS F32600)
e Texture / Color / Odor: Clear fluid liquid / colorless / characteristic
e Refractive index (20°C): 1,464
e Density (20°C): 0,910

[.3.5 Lot information:
e Distillation date: 09/2017
e BBE: 09/2022

[.3.6 Chromatographic analysis conditions:
e  Device: GC 6890 MS 5975
e  Mass range: 40-450 uma
e  Column: HP5ms/ 30 m/ 0.25 mm/ 0.25 um
e Injection divided: 1 EL - ratio 1/200
e  (Carrier gas: Helium / Flow rate: 1 mL/min
e  Oven: 2°/min, 60-250°C for 5 min
e Acquisition time: 100 min

Analysis date: 14/03/11
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Figure 47. Chromatographic profile obtained for the niaouli essential oil (Lot 100378).

Table 18. Column analysis of niaouli essential oil (Lot 100378)

Identification T
#-Thuyéne 0,11
fl-Pinéne 12,00
Camphéne 0,18
Benzaldéhyde 0,22
B-Pinéne 3,46
B-Myrcene 0,56
#-Phellandréne 0,11
l-Terpinéne 0,26
p-Cyméne
Limonéne* 57,14
1,8-Cinéole
trans-B-Ociméne 0,04
Y-Terpinéne 1,04
Terpinoléne 0,34
Benzoate de méthyle| 0,05
Linalol* 0,24
Alcool fenchylique 0,07
Isopulegol 0,13
Bornéol 0,06
Terpinén-4-ol 1,01
u-Terpinéol 8,55
Citronellol* 0,07
Patchouléne 0,06
B-Caryophylléne 1,22
-Caryophyllene 0,20
Alloaromadendrene | 0,38
B-Sélinéne 0,20
Lédéne 1,19
Y-Cadinéne 0,18
8-Cadinéne 0,16
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1.4 Chemical and physical analysis of white thyme essential oil (Lot 800180) report provided by the
company florame® (Saint-Rémy-de-Provence, France).

4.1 Identification:
e Name (INCI/CTFA): 7Thymus satureiodes (White thyme) oil
e Latin name: 7hymus satureiodes

1.4.2 General characteristics:
e  Botanical family: Lamiaceae
e  Product acquisition: Steam distillation of flowered tops
e  Main molecules: Borneol, thymol, carvacrol
e Allergens: Limonene, linalool
e Shelf life: Contains no preservatives, can be stored in its original state away from light, air and
heat according to the BBE. (5 years from the date of distillation)

[.4.3 Lot characteristics:

e  Origin: Morocco

e  Quality: Organic (certified by Ecocert SAS F32600)

o Texture / Color / Odor: Clear liquid/light yellow/characteristic
e Refractive index (20°C): 1,4843

e Density (20°C): 0,938

e  Rotary power (20°C): -6.0°

[.4.4 Lot information:
e Distillation date: 06/2016
e BBE: 06/2022

1.4.5 Chromatographic analysis conditions:
e  Device: GC with dual FID detection
e  Carrier gas: Hydrogen
e  Polar column: Elite Vax (100 % polyethylene glycol) 60 m / 0.25 mm / 0.25 um

e Nonpolar Column: Elite 5 (5 % diphenyl 95 % dimethylpolysiloxane) 60 m/0.25 mm/0.25 um

Analysis date: 19/01/2018
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Figure 48. Chromatographic profile (polar column) obtained for the white thyme essential oil (Lot 800180).

Table 19. Polar column analysis of white thyme essential oil (Lot 800180)

Order
peaks

SEORSEYRNBSRELBERERE

Molecules Retention Area Area

name time (min) (uV*sec) (%)

ETHAMNOL 5.054 TOS47D 024
TRICYCLENE 73659 99858 034
ALFHA PINENE + ipha thuyens T.B16 13674613 441
CAMPHENE 8.516 2iDag253 722
BETA PINEME 9.448 N7 08z
MYRCENE 10,726 1075314 037
10911 MATTT 00

ALFHA TERFIMEME 11.338 1492623 051
LIMONEME 11.914 28370 10
12.240 =T 0 R R =)

1.6 CINECLE 12.336 2235053 076
GANMA TERFINENE 13.406 5538202 1489
FRRA CYMEME 14.219 EZ35012 Z.15
TERPROLEME 14.652 28080 02EB
20.259 27489 O

21.448 ZrosyT  0oe

22 E01 BEES4D 023

CAMPHRE 23.541 IraTiD 128
24.265 206465 01D

LIMALDL 24.537 EE627A4 2497
25.258 JE0073 01z

25,798 1203588 041

TERPINEN-4-OL 26.075 T246193 24EB
ACETATE SORNYLE 26.736 E460605 290
BETA CARYOPHYLLENE 26.634 18797047 661
26.982 1084540 O3

Z7.684 220829 D1E
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Figure 49. Chromatographic profile (non-polar column) obtained for the white thyme essential oil (Lot 800180).

Table 20. Non-polar column analysis of white thyme essential oil (Lot 800180)

Order Molecules Retention Area Area
peaks name time (min)  (uV*sec) (%)
6  ETHAMOL 6.054 TOS4TD 034
9 TRICYCLEME 7.368 SIESEE O3
10 ALFHAPINENE + aipha thuyens 7616 12674612 441
12 CAMPHENE 8.516 089253 722
13  BETAFIMEME 3.448 AT 082
16 MYRCEME 10.726 1075314 037
19 0811 24TFT 009
M ALPHATERPIMEME 11.338 1497633 051
72 LIMONEME 11.914 28370 107
73 12.240 557410 019
3  18CINEOLE 12.336 1235053 078
I CAMMA TERFIMENE 13,406 5536202 189
19 PARMACYMEME 14,218 E295012 215
3  TERPINCOLEME 14,652 E26050 028
40 20,259 37490 011
44 21.448 IT0SFT 009
47 22 51 668540 033
50 CAMPHRE 23.541 740D 138
53 24265 286455 00
54 LIMALOL 24.537 EEEITA4 297
57 25.258 3EI0FE 012
54 25.798 1203588 041
E0  TERPINEM-2-OL 26.075 72461923 246
E2  ACETATE BORNYLE 26.736 B450605 290
£3  BETA CARYOPHYLLEME 26.534 18297047 661
B4 26557 1084840 037
&7 27654 529620 016
72 28.622 M2 012
3 28.673 439772 015
75 23.457 1266527 043
77 ALPHATERPINEOL + bamesol 30557 1377351 47
78 31.047 573733 030
79 31.216 TIE0FD 027
B0 31.450 33562 041
BS  DELTA CADINEME 32602 1663066 057
BE  GAMMA CADIMENE 3BT 1461540 050
E7 33183 288621 010
oS 35.180 33TI0 012
o7 35.455 403247 014
103 35.027 255296 008
06  OXYDE DE CARYOPHYLLENE 40,409 1124526 030
1 45065 161411 040
137 THYMOL METHYL ETHER+THYMOL 46964 6621463 2.7
129 CARMACROL 47155 25100952 GBS
135 49,960 J74BEZ 009
138 53.493 325496 011

1M79.615 282154624 10000
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1.5 Chemical and physical analysis of moroccan oregano essential oil (Lot 10468) report provided by the
company florame® (Saint-Rémy-de-Provence, France).

[.5.1 Identification:
e Name (International Nomenclature of Cosmetic Ingredients (INCI)/CTFA): Origanum wuigare/
Oregano ol

e Latin name: Origanum compactum
e N° CAS: 84012-24-8

[.5.2 General characteristics:

e  Botanical family: Lamiaceae
e  Product acquisition: Entire plant (steam distillation)
e  Main molecules: Isothymol, Thymol, g-Terpinene, p-Cymene, Pulegone

[.5.3 Lot characteristics:

e  Origin: Morocco

e Texture / Color / Odor: Clear, yellow liquid with characteristic odour
e Refractive index (20°C): 1,488

e Density (20°C): 0,925

[.5.4 Chromatographic analysis conditions:
e  Device: GC 6890 MS 5975
e  (Carrier gas: Hélium, / Flow rate: 1 mL/min
e Column: HP5ms 30 m / 0.25 mm / 0.25 pm
e  Mass range: 40-450 uma
e Injection divided: 1 L - ratio 1/200
e Oven: 60-250°C
e Acquisition time: 100 min

e Note: Verification of the analytical system: Tune OK, Vacuum OK, Absence of leaks OK.
Equipment and metrology under internal quality assurance

Analysis date: 02/03/09
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Figure 50. Chromatographic profile obtained for the oregano essential oil (Lot 10468).

Table 21. Column analysis of oregano essential oil (Lot 10468)

i
O 10O

L 1§ l -
OO0 L0030 00 3L 00

GEEESGE)

Rete?r:?:)time Identification ?Or/ff
5,301 - Thuyéne (.80
3,496 o-Pinéne 0,66
3,920 Camphéne 0,10
f,ES8 1-Ocién-3-ol 0,35
T.092 3-Octanone 012
7,263 Myrcéne 1,39
7,749 o-Phellandréne 023
7.963 3-Caréne 0.07
8,220 o-Terpinéne 20
8,592 p-Cyméne 15,27
B.715 Limonéne* 0,55
9544 trans P-Ociméne 0,05
10,053 - Terpinéne 13,35
10,382 4 -Thujanol trans 011
11,420 Dehydroparacy méne 0,28
11,844 4 Thujanol cis 0.04
12,006 Linalol*® 1,55
13,973 1.3.8-p-Menthatrigne 0,07
13,368 Bornéol 0,23
16,020 Terpinén-4-ol 0,63
16,825 o-Terpinéol 0,30
17,130 trans-Dihydrocarvone 0,08
19,773 Pulégone 0,06
19,939 Thymol methyl éther 013
23,382 Thymaol 21,44
24,049 Carvacrol (Isothymol) | 36,97
30,168 B-Caryophylléne 1.97
33,604 B-Bisabokne 0,06
33,797 D Cermacréne 0,04
36,401 6-Cadinéne 0,09
30,554 Oxyde de carvophyllene | 0,12

*Allergines
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Annex Il

II.1 Complete chromatography analysis of the composition of essential oils from 7hymus vuigaris, Thymus

zygis, Thymus satureioides and Thymus mastichina

Table 22. Complete chromatography analysis of the composition of essential oils from 7hymus vulgaris, Thymus

zygis, Thymus satureloides and Thymus mastichina, here shown in percentage (%)

Percent (%) in oil samples
T.

Rl RP Compound satureioides | T. mastichina | T. vulgaris T zygis
921 1030 Tricyclene 0.5 t T
929 1030 o-Pinene 3.0 0.2 0.2 0.2
943 1075 Camphene 5.9 0.3 0.3 0.4
959 1442 Oct-1-en-3-ol 0.2 - 0.3 0.4
962 1255 Octan-3-one - - - 0.2
967 1382 Octan-3-ol - - - 0.1
970 1118 [-Pinene 0.8 0.1 t 0.2
964 1124 Sabinene 0.1 t t T
980 1162 Myrcene 0.6 0.3 0.2 0.1
997 1171 o-Phellandrene 0.1 t t T
1010 1187 | a-Terpinene 0.0 t t T
1011 1275 | pCymene 3.8 0.8 2.2 4.3
1020 1215 1,8-cineole 2.7 8.5 10.0 7.2
1020 1204 Limonene 0.8 0.3 t T
1046 1249 | y-Terpinene 0.8 0.2 0.4 0.9
1050 1459 ESabinene hydrate 0.1 0.6 0.4
1055 1438 Z-Linalool oxide (THF) 0.1 0.4 0.1
1070 1466 E-Llinalool oxide (THF) - - 0.2
1071 1439 Cymenene 0.1 - - 0.1
1076 1288 Terpinolene 0.2 0.4 t 0.1
1082 1543 Linalool 4.5 31.9 7.2 6.6
1106 1555 cis-pMenth-2-en-1-ol - 0.2 -

1118 1515 Camphor 2.5 1.6 0.7 1.8
1119 1647 EPinocarveol - 0.4 - 0.9
1125 1673 EVerbenol - 0.2 -

1144 1664 Isoborneol 0.1 3.3 -

1145 1695 Borneol 29.3 5.8 3.4 49
1158 1597 Terpinen-4-ol 2.3 2.3 1.7 3.9
1165 1622 Myrtenal - 0.5 -

1169 1692 a-Terpineol 159 10.0 0.5 1.2
1176 1786 Myrtenol - 0.2 -

1175 n.d transDihydrocarvone - - - 0.3
1195 1830 transCarveol 0.1 0.2 -

1206 n.d Bornyl formiate 0.6 0.3 -

1214 1679 Neral - 0.3 -

1223 1601 Carvacrylmethyl oxide 0.9 0.2 0.1
1233 1842 Geraniol - 0.6 -

1240 1555 Linalyl acetate T 3.8 t T
1264 1574 Bornyl acetate 1.9 0.8 t T
1263 2183 | Thymol 1.7 4.4 63.1 26.5
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1277 2205 Carvacrol 7.0 0.5 5.5 22.7

1301 1683 Myrtenyl acetate 1.2 -

1328 1688 o-Terpenyl acetate 4.5 - 0.1

1342 1722 Neryl acetate 0.2 -

1342 1455 a-Cubebene T - -

1359 1755 Geranyl acetate 0.5 -

1369 1487 a-Copaene 0.2 - -

1376 1517 B-Bourbonene 0.1 0.2 -

1397 n.d. Isocaryophyllene T - -

1401 1526 a-Gurjunene 0.1 - - 0.1

1409 1590 ECaryophyllene 5.3 1.9 1.1 2.3

1427 1600 Aromadendrene 0.1 t 0.1 1.0

1442 1662 a-Humulene 0.2 t t T

1447 1636 alloAromadendrene 0.2 0.4 - 0.3

1466 1699 Germacrene D 0.1 0.2 -

1470 1715 f3-Selinene T - -

1479 1726 Bicyclogermacrene 0.1 0.7 -

1486 1724 a-Muurolene 0.1 0.1 -

1488 1720 Z-a - Bisabolene - - 0.8

1498 1751 y-Cadinene 0.3 0.3 -

1502 1825 ZCalamenene 0.1 0.4 - 0.1

1508 1751 8-Cadinene 0.3 - 0.1 0.2

1557 1975 Caryophyllene oxide 0.2 1.0 0.3

1553 2113 Spathulenol T 1.5 - 1.0

1562 2063 Globulol - - 1.7

1607 2153 y-Eudesmol - 0.3 -

1607 2277 Caryophylla-2(12),6(13)-dien-5-0t-0l 0.1 - -

1615 2172 T-Muurolol T - -

1615 2153 T-Cadinol 0.3 -

1622 2215 B-Eudesmol 0.8 0.2
Monoterpene hydrocarbons 16.7 2.6 3.3 6.3
Oxygen containing hydrocarbons 69.7 83.2 93 76.2
Sesquiterpene hydrocarbons 7.2 4.2 1.3 4.8
Oxygen containing
sesquiterpenes 0.3 3.9 0.3 1.9
Other compounds 0.2 0 0.3 0.7
Total identified 94.1 93.9 98.2 89.9

Compounds listed in order of their elution on the SPB-1column.

*Retention index on the SPB-1 column relative to C8 - C24 rralkanes.

*Retention indices on the SupelcoWax-10 column relative to C8 - C24 ralkanes.

t=traces (< 0.05%).
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Annex Il

l.1 Histological images of vaginal tissue of mice infected with Candida albicans without any vaginal

treatment

Mice untreated
and non-lavage

Figure 51. Histological images of vaginal tissue of mice infected with C. albicans without any vaginal treatment or
lavage, stained with periodic acid-Schiff (PAS), increasing magnification along the column. The results were
registered under 10x and 20x magnification. The data presented in this study are representative of at least two

independent experiments.
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Annex IV
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IV.2 Confirmation of publication and licensing rights of Biorender (figure 35)
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