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PUBLIKACJE NAUKOWE WCHODZACE W SKEAD CYKLU
STANOWIACEGO ROZPRAWE DOKTORSKA

PUBLIKACJA P1
Brozyna Malwina, Zywicka Anna, Fijatkowski Karol, Gorczyca Damian, Oleksy-Wawrzyniak
Monika, Dydak Karolina, Migdat Pawel, Dudek Bartlomiej, Bartoszewicz Marzenna, Junka
Adam. The novel quantitative assay for measuring the antibiofilm activity of volatile
compounds (AntiBioVol). Applied Sciences-Basel, 2020, vol. 10, nr 20, art.7343.
IF 2020 = 2,679; 100 pkt. MEIN

PUBLIKACJA P2
Brozyna Malwina, Paleczny Justyna, Kozlowska Weronika, Chodaczek Grzegorz,
Dudek-Wicher Ruth, Felinczak Anna, Golgbiewska Joanna, Goérniak Agata, Junka Adam.
The antimicrobial and antibiofilm in vitro activity of liquid and vapour phases of selected
essential oils against Staphylococcus aureus. Pathogens, 2021, vol. 10, nr 9, art.1207.
IF 2021 = 4,531; 100 pkt. MEiN

PUBLIKACJA P3
Brozyna Malwina, Paleczny Justyna, Kozlowska Weronika, Ciecholewska-Jusko Daria,
Parfienczyk Adam, Chodaczek Grzegorz, Junka Adam. Chemical composition and antibacterial
activity of liquid and volatile phase of essential oils against planktonic and biofilm-forming
cells of Pseudomonas aeruginosa. Molecules, 2022, vol. 27, nr 13, art.4096.
IF 2022 = 4,927; 140 pkt. MEIN

PUBLIKACJA P4
Brozyna Malwina, Koztowska Weronika, Malec Katarzyna, Paleczny Justyna, Detyna Jerzy,
Fabianowska-Majewska Krystyna, Junka Adam. Chronic Wound Milieu Challenges Essential
Oils' Antibiofilm Activity. Publikacja zostata udostepniona w bazie bioRxiv jako preprint,
DOI: 10.1101/2023.06.21.545846.

Laczna liczba punktow za cykl prac opublikowanych stanowigcych rozprawe doktorska
wedtug wykazu czasopism naukowych MEIN, zgodny z rokiem ukazania si¢ prac wynosi
340 punktéw. Sumaryczny Impact Factor (IF) wymienionych prac zgodny z rokiem
ich ukazania wynosi 12,137.

Badania naukowe, ktorych wyniki zostaly zaprezentowane w publikacjach wykonano
w ramach projektow Preludium 20 (nr 2021/41/N/NZ6/03305) oraz Opus 14
(nr2017/27/B/NZ6/02103) finansowanych ze zroédel Narodowego Centrum Nauki,
a takze projektu dla Mtodych Naukowcow (nr STM.D230.20.126) finansowanego ze srodkow
Uniwersytetu Medycznego we Wroctawiu.

W przygotowaniu wszystkich artykutéw naukowych, wchodzacych w sktad cyklu
stanowigcego rozprawe doktorskg, miatam wiodgcy udzial. Polegal on na opracowaniu
koncepcji badan i metodologii, wykonaniu eksperymentéw, przeprowadzeniu analiz
statystycznych, opracowaniu szkicu manuskryptu. Odpowiadatam réwniez za przygotowanie
ostatecznych wersji prac i pozyskanie finansowania badan.



STRESZCZENIE

Rozprzestrzenianie si¢ wsrdd drobnoustrojow mechanizméw opornosci na antybiotyki
prowadzi do istotnego obnizenia ich skuteczno$ci oraz stanowi globalne zagrozenie dla ochrony
zdrowia. Ze wzgledu na niewielka liczb¢ wdrazanych antybiotykow, prowadzone sg obecnie
intensywne prace nad wprowadzeniem nieantybiotykowych §rodkéw terapeutycznych
majacych stuzy¢ zwalczaniu infekc;ji.

Infekcje powodowane przez biofilmy Staphylococcus aureus i Pseudomonas aeruginosa
sg jednym z najczestszych powiklan niegojacych sie ran i zakazen kosci. Biofilm cechuje
si¢ wysokg tolerancja na konwencjonalne $rodki przeciwdrobnoustrojowe (antybiotyki, srodki
antyseptyczne, dezynfekujace), mechanizmy obrony immunologicznej cztowieka oraz czynniki
zewnetrzne. Jednym z rozwigzan proponowanych do zwalczania zakazen wywotanych
obecnoscig biofilmow jest zastosowanie olejkéw eterycznych. Cechuja si¢ one silnymi
wlasciwosciami przeciwdrobnoustrojowymi i przeciwbiofilmowymi. Jednakze metodyki
oceny ich dziatania wobec drobnoustrojow charakteryzujg si¢ wysokim stopniem niespojnosci.
Metody te nie odzwierciedlajg rowniez warunkow panujagcych w  miejscu infekcji,
przez co w ograniczonym tylko stopniu okreslaja rzeczywistg aktywnos$¢ olejkow eterycznych
w warunkach in vivo.

Celem pracy bylo opracowanie testu sluzacego ocenie aktywnoSci
przeciwbiofilmowych  lotnych  zwiazkow, ocena in  vitro  wlasciwosci
przeciwdrobnoustrojowych i przeciwbiofilmowych olejkow eterycznych oraz okres$lenie
wplywu skladu medium hodowlanego na cechy biofilmu i skutecznosé¢
przeciwdrobnoustrojowa olejkow eterycznych.

Badaniom poddano szczepy wzorcowe i kliniczne Staphylococcus aureus i Pseudomonas
aeruginosa izolowane z zakazen kosci i ran. Testowano siedem olejkow eterycznych
pochodzacych ze Zrédet komercyjnych. Drobnoustroje hodowano w standardowej pozywce
mikrobiologicznej lub w medium imitujagcym Srodowisko niegojacej si¢ rany. Analizowano
wiasciwosci przeciwdrobnoustrojowe i przeciwbiofilmowe frakcji ptynnych i lotnych olejkow
wykorzystujac metodologie standardowe oraz autorskg metode badawcza.

Otrzymane wyniki wykazaly, iz opracowana metodologia badawcza pozwala na ocen¢
wilasciwosci przeciwbiofilmowych lotnych substancji, w tym olejkow eterycznych. Olejki
tymiankowy i rozmarynowy cechowaly si¢ najwyzsza efektywnos$cia przeciwdrobnoustrojowsa
wzgledem badanych patogenow. Sktad medium hodowlanego wptywat na cechy strukturalne
i funkcjonalne biofilmu, a tym samym na poziom aktywnosci przeciwdrobnoustrojowej
testowanych zwigzkow. Wrazliwosc¢ na olejki eteryczne komorek w formie planktonicznej byta
nizsza w medium imitujgcym srodowisko rany niz w standardowej pozywce hodowlane;,
natomiast na poziom wrazliwos$ci biofilméw wptyw miat takze zastosowany uktad badawczy
oraz rodzaj uzytego olejku.

W celu wlasciwej oceny skutecznosci przeciwdrobnoustrojowej olejkow eterycznych
niezbedna jest standaryzacja metodologii badawczej in vitro, szczegélnie w odniesieniu
do analizy aktywnosci frakcji lotnych. Stosowany uktad badawczy powinien odzwierciedla¢
warunki panujace w miejscu infekcji.



ABSTRACT

The spreading of antibiotic resistance mechanisms among microorganisms significantly
reduces their effectiveness and threatens public health care worldwide. As the number of newly
implemented antibiotics is limited, efforts are being undertaken to introduce non-antibiotic
therapeutic agents for combating infections.

The major causative factors of non-healing wounds and bone infections
are Staphylococcus aureus and Pseudomonas aeruginosa biofilms. Biofilms are specific
microbial structures exhibiting high tolerance to antimicrobials (antibiotics, antiseptics,
disinfectants), human immune defense mechanisms, and environmental factors.

Essential oils [EOs] are considered a promising therapeutic option for treating
biofilm-related infections. Potent antimicrobial and antibiofilm properties characterize these
plant-derived substances. However, the in vitro methodologies for assessing their antimicrobial
activity are inconsistent and do not reflect the conditions at the site of infection. Therefore,
the results of these methods do not provide the data of EOs in vivo effect.

The aim of the present study was to develop a test to evaluate the antibiofilm
effectiveness of volatile compounds, assess in vitro the antimicrobial and antibiofilm
properties of EOs, and determine the effect of the composition of culture medium
on biofilm features and antimicrobial activity of EOs.

Standard and clinical strains of Staphylococcus aureus and Pseudomonas aeruginosa
isolated from bone and wound infections were tested. Seven EOs from commercial sources
were analyzed. The microorganisms were cultured in a standard microbiological medium
or a medium imitating a non-healing wound milieu. The antimicrobial and antibiofilm activity
of liquid and volatile fractions of EOs was evaluated using standard methodologies
and a self-developed method.

According to the results, thyme and rosemary oils exhibited the highest antimicrobial
effectiveness against the tested pathogens. The composition of culture medium affected
the biofilm features and the antibacterial activity of the analyzed compounds. The susceptibility
of planktonic cells to EOs was lower in the wound medium than in the standard culture medium,
while biofilm tolerance varied. The developed research methodology allows for the assessment
of the antibiofilm properties of volatile substances.

The standardization of the in vitro methodology, especially evaluating the volatiles,
is required to assess the factual EOs antimicrobial activity. Moreover, the applied models
should reflect the infection environment.



AUTOREFERAT

1. Wprowadzenie

Problemem naukowym analizowanym w niniejszej rozprawie doktorskiej byla ocena
in vitro aktywnosci przeciwdrobnoustrojowej i przeciwbiofilmowej frakcji lotnych i ptynnych
wybranych olejkow eterycznych wzgledem patogendéw izolowanych z zakazen kosci i ran.

Rozprzestrzenianie si¢ wsrdd drobnoustrojow mechanizméw oporno$ci na antybiotyki
prowadzi do istotnego obnizenia ich skutecznosci oraz stanowi globalne zagrozenie dla ochrony
zdrowia. Ze wzgledu na niewielkg liczbe wdrazanych antybiotykow, prowadzone sg obecnie
intensywne prace nad wprowadzeniem nieantybiotykowych §rodkéw terapeutycznych
majacych stuzy¢ zwalczaniu infekcji [1].

Infekcje powodowane przez biofilmy Staphylococcus aureus i Pseudomonas aeruginosa
sg jednym z najczestszych powiklan niegojacych si¢ ran i1 zakazen kosci [2]. Biofilm
to zréznicowana  spoteczno§¢  komoérek  drobnoustrojow  otoczonych  macierza
zewnatrzkomorkowa. Komorki w strukturze biofilmu wykazuja odmienny metabolizm, wzrost
1 transfer genéw oporno$ci w pordwnaniu do ich odpowiednikéw w formie planktonicznej
(komorek niezagregowanych, wolno-ptywajacych) [3]. Biofilm cechuje si¢ wysoka tolerancja
na konwencjonalne $rodki przeciwdrobnoustrojowe (antybiotyki, $rodki antyseptyczne,
dezynfekujace), mechanizmy obrony immunologicznej cztowieka oraz czynniki zewn¢trzne
[4]. W zwigzku z tym istnieje potrzeba opracowania nowych rozwigzan terapeutycznych
stuzacych zwalczaniu infekcji wywotanych przez obecnos¢ biofilmu [5].

Jedng z metod wydaje si¢ by¢ zastosowanie zwigzkow pochodzenia naturalnego,
do ktorych naleza migdzy innymi olejki eteryczne [6]. Sa to wielosktadnikowe metabolity
ro$linne, charakteryzujace si¢ wysoka lipofilno$cia, lotnoscig oraz szerokim spektrum dziatania
przeciwdrobnoustrojowego, réwniez wzgledem patogenow antybiotykoopornych. Olejki
eteryczne posiadaja zdolno$¢ do wigzania si¢ ze S$ciang komoérkowa oraz strukturami
btonowymi mikroorganizmow, co prowadzi do zniszczenia ich integralno$ci, a w efekcie
do lizy komorek. Czasteczki wchodzace w sktad olejkow eterycznych moga rowniez zaktocac
wielorakie procesy zachodzace w biofilmach lub podczas ich tworzenia, takie jak adhezja,
quorum-sensing oraz modulacja ekspresji gendw. Ponadto, poszczegdlne olejki eteryczne
charakteryzuja si¢ niska toksycznoscig, biodegradowalnoscig, a takze wlasciwosciami
przeciwzapalnymi i immunostymulujacymi. Wymienione cechy predysponujg olejki eteryczne
do stosowania jako adjuwanty antybiotykow lub nawet w monoterapii. Zardwno ciekle,
jakilotne frakcje olejkow moga wykazywaé dziatanie przeciwdrobnoustrojowe
i przeciwbiofilmowe [7-11].

Jednakze poszczegdlne metodyki oceny aktywnosci lotnych frakcji wobec
drobnoustrojéw charakteryzuja si¢ wysokim stopniem niespdjnosci zaréwno w aspekcie
warunkow przeprowadzenia eksperymentu, jak réwniez badanych form mikroorganizméow
(formy planktoniczne, biofilm). Ponadto, ze wzgledu na liczne czynniki (potozenie
geograficzne 1 warunki uprawy rosliny, metod¢ ekstrakcji olejku, cze$¢ 1 gatunek rosliny,
z ktorej sa pozyskiwane, zmienno$¢ wewnatrzgatunkowa), sktad iloSciowy oraz jako$ciowy
olejkéw eterycznych cechowacé si¢ moze istotnym zréznicowaniem [12-15].



Pomimo iz liczne badania in vitro wskazuja na silne wiasciwos$ci
przeciwdrobnoustrojowe olejkow eterycznych, to prawdopodobnie dane te w ograniczonym
tylko stopniu odzwierciedlajg rzeczywistg aktywnos$¢ tych zwigzkow w warunkach in vivo
[16-17]. Zdecydowana wigkszo$¢ testow przystosowana jest do okre§lenia skutecznosci
olejkow wzgledem form planktonicznych, a nie wobec biofilméw tworzonych
przez drobnoustroje. Poza tym, w testach tych stosowane sg przede wszystkim standardowe
pozywki mikrobiologiczne zamiast mediow, ktérych sktad odzwierciedla pltyny wystepujace
w miejscu infekcji (np. wysiek z rany). Najnowsze badania podkreslaja natomiast,
ze przeprowadzenie analiz w warunkach imitujgcych srodowisko zakazenia ma istotny wptyw
na cechy wytworzonego biofilmu takie jak struktura czy grubo$¢ (wysokos¢ biofilmu),
co przektada si¢ na poziom aktywnosci przeciwdrobnoustrojowych testowanych substancji
[18-19].

Wymienione czynniki przyczyniaja si¢ do braku jednoznacznych danych dotyczacych
skuteczno$ci przeciwdrobnoustrojowych olejkow eterycznych. Skutkiem tego jest brak
ich zastosowania klinicznego w terapii infekcji bakteryjnych takich jak zakazenia ko$ci i ran.
Niezbedne jest zatem opracowanie i standaryzacja modeli in Vvitro oceniajacych wlasciwosci
przeciwbiofilmowe olejkéw w formie ptynnej i lotnej. Modele te powinny w wysokim stopniu
odzwierciedla¢ $§rodowisko infekcji, wyklucza¢ mozliwie najwigksza liczb¢ zmiennych
wplywajacych na aktywno$¢ przeciwdrobnoustrojowa olejkow eterycznych oraz tolerancje
drobnoustrojéw na badane zwigzki.



2. Cele pracy

Gtownym celem badawczym publikacji wchodzgcych w sktad osiggniecia naukowego
I stanowigcych podstawe ubiegania si¢ o stopien naukowy doktora byla ocena in vitro
aktywnos$ci przeciwdrobnoustrojowej 1 przeciwbiofilmowej frakcji lotnych 1 plynnych
wybranych olejkéw eterycznych wzgledem patogenow izolowanych z zakazen kosci 1 ran.

W pierwszej pracy stanowiacej cykl publikacyjny przedstawiono autorska metode oceny
aktywnosci przeciwbiofilmowe;j substancji lotnych, A4 tym olejkow
eterycznych - ,,AntiBioVol” (ang. Antibiofilm Activity of Volatile Compounds). Metodologia
umozliwia uzyskanie powtarzalnych wynikéw bez koniecznosci uzycia skomplikowanego
i kosztownego sprzetu badawczego. W celu wykazania skuteczno$ci metody wykorzystano trzy
olejki eteryczne, ktorych aktywnos$¢ analizowano wzgledem szczepéw wzorcowych
drobnoustrojow z gatunkéw S. aureus, P.aeruginosa, C. albicans. Wiasciwosci
przeciwdrobnoustrojowe olejkéw potwierdzono takze wykonujac szereg testow kontrolnych
stosujac standardowe techniki badawcze (publikacja P1).

Celem drugiej i trzeciej pracy wchodzacych w sktad rozprawy doktorskiej byta ocena
aktywnos$ci przeciwdrobnoustrojowych i przeciwbiofilmowych frakcji lotnych i ptynnych
siedmiu olejkéw eterycznych wobec szczepow klinicznych i wzorcowych S. aureus
i P. aeruginosa izolowanych z zakazen kosci i ran hodowanych w standardowym medium
mikrobiologicznym. Zastosowano szerokie spektrum metod badawczych, wykorzystujac
zar6wno standardowe techniki laboratoryjne, jak rowniez metodologi¢ ,,AntiBioVol”
oraz model wykorzystujacy bioceluloze jako nosnik olejku eterycznego. Ponadto, w celu
dokladnego scharakteryzowania testowanych olejkéw eterycznych, dokonano analizy
zawartosci procentowych ich skladnikéw oraz wielkosci kropel emulsji olejkow
(publikacje P2, P3).

Celem czwartej pracy byta ocena wptywu sktadu chemicznego mediéw hodowlanych
na biofilm szczepow S. aureus izolowanych z zakazen ran. W badaniach zastosowano
standardowa pozywke mikrobiologiczng lub medium imitujace $rodowisko rany, ktore
zawierato surowice bydleca, elementy macierzy komoérkowej i czynniki wytarzane
w organizmie ludzkim w odpowiedzi na infekcje bakteryjna. Scharakteryzowano nastepujace
cechy biofilmu: poziom tworzonej biomasy, aktywno§¢ metaboliczna, grubos¢ i strukture
przestrzenng oraz liczb¢ komoérek. Ponadto, na podstawie wynikow uzyskanych w poprzednich
pracach, wybrano dwa olejki eteryczne wykazujace najwyzszg  skutecznos¢
przeciwdrobnoustrojowg — tymiankowy 1 rozmarynowy. Analizowano wlasciwosci
przeciwbakteryjne frakcji ptynnych tych olejkow wzgledem form planktonicznych 1 biofilméw
gronkowca zlocistego hodowanego W uktadach badawczych zawierajacych medium
standardowe lub odzwierciedlajace srodowisko rany (publikacja P4).



3. Metodyka badan

3.1. Charakterystyka mikroorganizmow

Do oceny aktywnosci przeciwdrobnoustrojowej 1 przeciwbiofilmowej olejkow
eterycznych wykorzystano szczepy referencyjne ATCC (ang. American Type Culture
Collection) mikroorganizméw nalezagcych do gatunkow S. aureus ATCC 6538
(publikacje P1, P2, P4) oraz ATCC 33591 (publikacja P2), P. aeruginosa ATCC 15442
(publikacje P1, P3), C. albicans ATCC 10231 (publikacja P1), oraz 24 izolaty kliniczne
S. aureus (publikacje P2, P4) i 14 izolatow klinicznych P. aeruginosa (publikacja P3)
bedacych czescig kolekeji szczepéw Katedry i Zaktadu Mikrobiologii Farmaceutycznej
i Parazytologii UMW.

Celuloze bakteryjng wytworzono wykorzystujac szczep referencyjny bakterii nalezacej
do gatunku K. xylinus ATCC 53524 (publikacja P2, P3).

3.2. Olejki eteryczne

W doswiadczeniach zastosowano nastgpujace olejki eteryczne pochodzace ze Zrdodet
komercyjnych:

« olejek  eukaliptusowy  (Eucalyptus  globulus  Labill.)  (PharmaTech)
(publikacje P1, P2, P3);

« olejek tymiankowy (Thymus vulgaris L.) (Etja lub Instytut Aromaterapii)
(publikacje P1, P2, P3, P4);

» olejek z drzewa herbacianego (Melaleuca alternifolia Cheel.) (PharmaTech)
(publikacje P1, P2, P3);

» olejek bazyliowy (Ocimum basilicum L.) (Nanga) (publikacje P2, P3);

« olejek rozmarynowy (Rosmarinus officinalis L.) (Nanga lub Instytut Aromaterapii)
(publikacje P2, P3, P4);

» olejek migtowy (Mentha arvensis L.) (Optima Natura) (publikacje P2, P3);

« olejek lawendowy (Lavandula angustifolia Mill.) (Kej) (publikacje P2, P3).

3.3. Media hodowlane

Drobnoustroje  wykorzystane do oceny aktywnosci przeciwdrobnoustrojowej
i przeciwbiofilmowe;j olejkow eterycznych hodowano w dwoch mediach:

e bulionie  tryptozowo-sojowym (TSB, ang. Tryptic Soy Broth)
(publikacje P1, P2, P3, P4);

* medium odzwierciedlajgcym $srodowisko rany (IVWM, ang. In Vitro Wound Milieu).
Medium przygotowano wedlug przepisu przedstawionego w publikacji Kadam
i wsp. [20]. Jego sktadnikami byly: surowica bydleca, fibronektyna, fibrynogen,
laktoferyna, kwas mlekowy, kolagen i sol fizjologiczna (publikacja P4).

3.4. Okreslenie sktadu procentowego olejkow eterycznych
Analize zawarto$ci procentowej poszczegoOlnych skladnikow olejkow eterycznych
wykonano przy uzyciu metody gazowej chromatografii sprzezonej ze spektrometria mas
(GC-MS, ang. Gas Chromatography-Mass Spectrometry, Agilent 7890B GC potgczony
z systemem 7000GC/TQ i autosamplerem PAL RSI85, Agilent Technologies, Stany
Zjednoczone Ameryki) (publikacje P1, P2, P3, P4). Badania przeprowadzono we wspotpracy
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z dr inz. Weronikg Kozltowskg z Katedry Biologii i Biotechnologii Farmaceutycznej
Uniwersytetu Medycznego we Wroctawiu.

3.5. Ocena poziomu biomasy oraz aktywnosci metabolicznej biofilmow badanych
szczepow drobnoustrojow

W celu wytworzenia biofilméw Szczepy bakterii z gatunkdéw S. aureus i P. aeruginosa
hodowano w warunkach statycznych w plytkach polistyrenowych w medium TSB (publikacja
P2, P3, P4) oraz szczepy S. aureus rowniez w medium IVWM (publikacja P4). Nastgpnie
okreslano poziom biomasy biofilmow za pomocg barwienia fioletem krystalicznym, dokonujac
odczytow absorbancji przy dlugosci fali 550 nm. Aktywno$¢ metaboliczng biofilmow S. aureus
oceniano stosujgc test redukcji soli tetrazolowej (TTC, ang. 2,3,5-triphenyl-2H-tetrazolium
chloride), wykonujac pomiary absorbancji przy dlugosci fali 490 nm. Aktywno$¢ metaboliczng
biofilméw P. aeruginosa oceniano przy uzyciu testu opartego na redukcji soli sodowej
resazuryny, dokonujgc pomiaréw absorbancji przy dlugosciach fali 570 nm 1 600 nm.

3.6. Ocena wiasciwosci biofilmu

Zapomocag barwnikow SYTO-9 i jodku propidyny barwiono komorki biofilmow
S. aureus i P. aeruginosa wytworzonych w medium TSB (publikacje P3, P4) oraz S. aureus
w medium IVWM (publikacja P4), ktore nastepnie poddano analizie z uzyciem mikroskopu
konfokalnego (Leica SP8, Leica Microsystems, Niemcy). Okre$lono grubo$¢ biofilmu
S. aureus oraz stosunek komorek zywych do komoérek martwych na poszczegdlnych poziomach
wysokosci struktur biofilméw tworzonych w obu mediach. Stosunek komorek zywych
do martwych w biofilmie obliczono z wykorzystaniem oprogramowania do opracowania
danych liczbowych z danych graficznych Imagel. Ponadto, przy pomocy posiewoOw
iloSciowych okreslono liczbe komorek bakteryjnych gronkowca zlocistego w biofilmie
tworzonym w medium TSB lub IVWM (publikacja P4). Wykonano réowniez wizualizacje
biofilméw S. aureus, P.aeruginosa, C. albicans w medium TSB (publikacje P1, P4)
oraz S. aureus takze w medium IVWM (publikacja P4) z wykorzystaniem skaningowej
mikroskopii elektronowej (SEM, ang. Scanning Electron Microscopy, Auriga 60, ZEISS,
Niemcy). Analizy mikroskopowe przeprowadzono we wspotpracy z dr inz. Pawlem Migdatem
z Katedry Higieny Srodowiska i Dobrostanu Zwierzat Uniwersytetu Przyrodniczego
we Wroctawiu oraz dr hab. Grzegorzem Chodaczkiem z Laboratorium Bioobrazowania Sieci
Badawczej LUKASIEWICZ — PORT we Wroctawiu.

3.7. Ocena aktywnosci przeciwdrobnoustrojowej i przeciwbiofilmowej lotnych frakcji
olejkow eterycznych

3.7.1. Ocena aktywnosci przeciwdrobnoustrojowej frakcji lotnych olejkow
eterycznych wzgledem form planktonicznych drobnoustrojow

Oceny aktywnos$ci przeciwdrobnoustrojowej frakcji lotnych olejkow eterycznych
wzgledem form planktonicznych badanych drobnoustrojow (S. aureus, P. aeruginosa,
C. albicans) dokonano stosujac metodg ,,Inverted Petri dish”. Technika ta polegata na posiewie
drobnoustrojow na podloze agarowe MH (ang. Mueller—Hinton) znajdujace si¢ w szalce
Petriego, umieszczeniu krazka bibulowego nasgczonego olejkiem eterycznym na wieczku
szalki 1 inkubacji uktadu. Skuteczno$¢ przeciwdrobnoustrojowa olejkow eterycznych okreslano
mierzac strefy zahamowania wzrostu mikroorganizméw (publikacje P1, P2, P3).
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3.7.2. Ocena aktywnosci przeciwbiofilmowej frakcji lotnych olejkow eterycznych

Aktywno$¢ przeciwbiofilmowa lotnych frakcji olejkow eterycznych oceniono
wykorzystujac autorskg metode ,,AntiBioVol” (ang. Antibiofilm Activity of Volatile
Compounds) (publikacje P1, P2, P3). W ptytce testowej 24-dotkowej umieszczono podtoze
agarowe wymieszane z bulionem BHI (ang. Brain Heart Infusion), z ktorego wyci¢to krazki
0 $rednicy mniejszej niz Srednica dotka ptytki i przeniesiono je do $wiezej ptytki. Nastepnie
krazki zalano zawiesinami badanych drobnoustrojow (S. aureus, P. aeruginosa, C. albicans),
przygotowanymi w medium TSB. Catos¢ inkubowano w celu wytworzenia biofilmu.
Po inkubacji krazki z biofilmami umieszczono ponownie w dotkach agarowych, z ktorych
zostaly uprzednio wycigte i catg plytke testowa umieszczono nad osobng ptytka 24-dotkowsa
zawierajacg olejki eteryczne. Uklad uszczelniono 1 inkubowano. Po zakonczeniu inkubacji
ptytki rozdzielono iwyjeto krazki agarowe. W celu okre§lenia efektywnoSci
przeciwbiofilmowej lotnych frakcji olejkoéw eterycznych wzgledem bakterii, oceniono poziom
aktywnos$ci metabolicznej biofilméw bakteryjnych (uzywajac testow redukeji barwnikéw TTC
lub resazuryny) lub liczbe jednostek tworzacych kolonie biofilmow S. aureus i C. albicans
(metoda posiewu iloSciowego) poddanych dziataniu olejkow eterycznych i1 biofilmow
nietraktowanych olejkami eterycznymi. Obliczono procentowa redukcje zywotnosci komorek
biofilmu po ich ekspozycji na olejki eteryczne w odniesieniu do biofilméw nieeksponowanych
na ich dziatanie.

3.8. Ocena aktywnosci przeciwdrobnoustrojowej i przeciwbiofilmowej plynnych frakcji
olejkow eterycznych

3.8.1. Ocena aktywnosci przeciwdrobnoustrojowej frakcji ptynnych olejkow
eterycznych wzgledem form planktonicznych drobnoustrojow

Wihasciwosci przeciwdrobnoustrojowe frakeji ptynnych olejkow eterycznych wzgledem
form planktonicznych badanych drobnoustrojow (S. aureus, P. aeruginosa, C. albicans)
okreslono przy uzyciu metody dyfuzyjno-krazkowej. Aktywno$¢ przeciwdrobnoustrojowa
olejkow eterycznych wyznaczano mierzac stref¢ zahamowania wzrostu drobnoustrojow wokot
kragzka bibulowego nasgczonego badanym olejkiem i umieszczonego na podtozu agarowym
MH =zawierajacym posiany drobnoustrdj (publikacje P1, P2, P3). Ponadto oceniono
wiasciwosci przeciwdrobnoustrojowe ptynnych frakcji olejkow eterycznych w formie emulsji
przy zastosowaniu metody mikrorozcienczen w plytkach polistyrenowych 96 dotkowych
poprzez wyznaczenie warto$ci minimalnego stezenia hamujacego (%) (MIC, ang. Minimal
Inhibitory Concentration). Szczepy bakterii z gatunkow S. aureus i P. aeruginosa oraz grzyba
z gatunku C. albicans hodowano w medium TSB (publikacje P1, P2, P3, P4); szczepy
S. aureus rowniez w medium IVWM (publikacja P4).

3.8.2. Ocena aktywnosci przeciwbiofilmowej frakcji plynnych olejkow eterycznych

Szczepy bakterii S. aureus i P. aeruginosa oraz grzyba z gatunku C. albicans hodowano
w warunkach statycznych w plytkach polistyrenowych w medium TSB (publikacje P1, P2,
P3, P4); szczepy S. aureus rowniez w medium IVWM (publikacja P4) w celu wytworzenia
biofilméw. Nastgpnie biofilmy poddano dziataniu emulsji olejkéw eterycznych metoda
mikrorozcienczen. Wyznaczono wartosci minimalnego stezenia eradykujacego biofilm
(MBEC, ang. Minimal Biofilm Eradication Concentration) przy zastosowaniu barwnikéw TTC
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lub resazuryny. Okre$lono takze procentows redukcje zywotnosci komorek biofilmoéw
(uzywajac barwnikow TTC, resazuryny lub SYTO-9 i jodku propidyny) po ich ekspozycji
na dziatanie frakcji ptynnych olejkow eterycznych w odniesieniu do biofilméw
nietraktowanych olejkami eterycznymi.

Dodatkowo oceniono aktywno$¢ przeciwbiofilmowa frakcji pltynnych olejkow
eterycznych aplikowanych na nos$niku — biocelulozie, z wykorzystaniem zmodyfikowanej
metody ,,A.D.A.M.” (ang. Antibiofilm Dressing’s Activity Measurement) (publikacje P2, P3).
Biofilmy szczepow S. aureus i P. aeruginosa hodowano na krazkach agarowych w medium
TSB, nastgpnie poddano dziataniu olejkow eterycznych uwalnianych z biocelulozy. W celu
okreslenia skutecznos$ci przeciwbiofilmowej ptynnych frakcji olejkéw eterycznych
wyznaczono poziom aktywnosci metabolicznej biofilméw (uzywajac testow redukcji
barwnikéw TTC lub resazuryny) poddanych dziataniu olejkéw eterycznych i biofilméw
nietraktowanych olejkami eterycznymi. Obliczono procentowg redukcje zywotnosci komorek
biofilméw po ich ekspozycji na olejki eteryczne w odniesieniu do biofilméw
nieeksponowanych na ich dziatanie.

3.9. Okreslenie cech emulsji olejkow eterycznych

Wykonano analiz¢ wielkos$ci kropel emulsji olejkéw eterycznych za pomoca metody
dynamicznego rozpraszania $wiatta (DLS, ang. Dynamic Light Scattering, Zetasizer Nano
ZS ZEN3600, Malvern Instruments, Wielka Brytania). Badania przeprowadzono
we wspolpracy zdr inz. Agata Gorniak z Pracowni Analizy Elementarnej i Badan
Strukturalnych Uniwersytetu Medycznego we Wroctawiu oraz mgr Katarzyng Malec z Katedry
1 Zaktadu Technologii Postaci Leku Uniwersytetu Medycznego we Wroctawiu.

3.10. Analiza statystyczna

Obserwacje odstajace identyfikowano testem Hampel’a (publikacja P4). Testu
Shapiro-Wilk’a (publikacje P3, P4) lub D’ Agostino—Pearson’a (publikacja P1) uzyto w celu
oceny rozktadu normalnego, a testu Levene’a do oceny jednorodnosci wariancji (publikacja
P4). Poziomy istotno$ci p < 0,05 uznano jako istotne statystycznie (publikacje P1, P3, P4).
Roéznice w efektywnosci analizowanych olejkow eterycznych poréwnywano stosujac
nieparametryczny test ANOVA Kruskal-Wallis’a z analizg post-hoc Dunn’a (publikacja P3)
lub Tukey’a (publikacja P1). Istotno$¢ réznic pomiedzy poszczegdlnymi parametrami
cechujacymi biofilm analizowano testami parametrycznymi (test-t lub test-t Welch’a)
lub nieparametrycznym testem Mann-Whitney’a (publikacja P4). Korelacj¢ liniowg Pearson’a
zastosowano w celu oceny zaleznosci pomigdzy biomasa biofilmu a jego aktywnoscia
metaboliczng. Wplyw poszczegélnych czynnikow na efektywnos¢ olejkéw eterycznych
oceniano przeprowadzajac wieloczynnikowa analiz¢ wariancji (publikacja P4).
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4. Wyniki badan

Wszystkie etapy badan przedstawione w czterech pracach wchodzacych w skfad
rozprawy doktorskiej stanowig powigzany ze sobg cykl eksperymentalny.

W pierwszym etapie zaprezentowano protokot opracowanej metodologii shuzgcej
do oceny in vitro aktywnos$ci przeciwbiofilmowej lotnych zwigzkéw, w tym lotnych frakcji
olejkow eterycznych. Ze wzgledu na wysoka powtarzalno$¢ otrzymanych wynikow, niskie
koszty, tatwos¢ wykonania, uzytecznos¢ wzgledem szerokiego spektrum drobnoustrojow
oraz mozliwo$¢ przeprowadzenia badan bez koniecznos$ci uzycia zaawansowanego sprzetu
badawczego, technika ta moze stanowi¢ skuteczne narzedzie analityczne szeroko
wykorzystywane w laboratoriach badawczych. W metodzie wyeliminowano liczne czynniki
wplywajagce na obnizenie powtarzalno$ci 1 odtwarzalnosci uzyskanych wynikow,
ktore posiadajg stosowane standardowo techniki (publikacja P1).

W  kolejnym kroku dokonano oceny aktywnosci przeciwdrobnoustrojowych
I przeciwbiofilmowych form plynnych i lotnych siedmiu olejkow eterycznych wzgledem
S.aureus i P. aeruginosa hodowanych w standardowej pozywce mikrobiologicznej
(publikacje P1, P2). Niezaleznic od zastosowanej metody, zaobserwowano roznice
W tolerancji szczepow nalezacych do tego samego gatunku drobnoustroju na poszczegoélne
olejki eteryczne. Roéznice te sa wynikiem zmienno$ci wewnatrzgatunkowej. Olejek
tymiankowy w formie lotnej jako jedyny wykazal wysokg skutecznos¢ wobec form
planktonicznych wszystkich badanych szczepdéw gronkoweca zlocistego. Cechowat si¢ rowniez
najsilniejszymi wlasciwosciami przeciwbiofilmowymi wzgledem szczepow wzorcowych
bakterii. Frakcje lotne olejku rozmarynowego silnie hamowaty wzrost form planktonicznych
38% badanych szczepoéw oraz redukowaly zywotno$¢ 60% biofilméw tworzonych
przez okreslone szczepy S. aureus. Nie wykazano wptywu frakcji lotnych olejku bazyliowego
na wzrost komoérek planktonicznych bakterii, mimo obserwowanej redukcji Zywotnos$ci
biofilmu. Frakcje lotne pozostatych olejkow eterycznych byty nieaktywne lub cechowaty
si¢ niska skutecznoscig wobec form planktonicznych S. aureus, natomiast wobec biofilmu
ich aktywno$¢ dotyczyta 40-60% z testowanych szczepow. Olejek tymiankowy aplikowany
réwniez w formie ptynnej cechowat si¢ najwyzsza efektywno$cig przeciwdrobnoustrojowa
I przeciwbiofilmowa wzgledem gronkowca ztocistego. W formie emulsji, w stgzeniu rOwnym
lub nizszym niz 0,1% (v/v) catkowicie eradykowat biofilm szczepoéw klinicznych. Olejki
tymiankowy i rozmarynowy uwalniane z krazka biocelulozowego redukowaly zywotnosé
biofilméw o okoto 90%. Emulsje pozostatych olejkow eterycznych hamowaty wzrost form
planktonicznych bakterii w stezeniach réwnych lub nizszych niz 6,3% (v/v). Zastosowanie
emulsji zwierajacych olejek lawendowy Ilub eukaliptusowy w stezeniu 50% (v/v)
nie wystarczyto do catkowitej eradykacji biofilmu gronkowca ztocistego. Redukcja zywotnosci
komorek biofilmow S. aureus uzyskana pod wptywem dziatania tych olejkow uwalnianych
z krazka celulozowego wynosita > 27% (publikacja P2).

Analiza aktywno$ci przeciwbakteryjnych plynnych frakcji olejkow eterycznych
wzgledem form planktonicznych P. aeruginosa wykazata, iz olejek rozmarynowy cechowat
si¢ najwyzszg skutecznos$cig sposrod testowanych zwigzkow. 0,8% stezenie olejku w emuls;i
catkowicie hamowato wzrost 93% badanych szczepow. Wartosci MIC olejku bazyliowego
wynosity 1,6-12,5% (v/v), natomiast strefy zahamowania wzrostu ocenione metoda
dyfuzyjno-krazkowa zaobserwowano tylko wzgledem 27% badanych szczepow.
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Dla pozostatych olejkow eterycznych okreslono strefy zahamowania wzrostu wobec czgsci
analizowanych szczepow (wobec 87% szczepow dla olejku tymiankowego, 53% dla olejku
z drzewa herbacianego, 60% dla olejku eukaliptusowego, 33% dla olejku migtowego,
7% dla olejku lawendowego) oraz wartosci MIC gtéwnie w zakresie stezen 12,5-25% (Vv/v).
Pomimo iz wartosci MBEC nie zostaly wyznaczone dla zadnego z badanych olejkow, emulsje
olejkéw tymiankowego, z drzewa herbacianego, bazyliowego i rozmarynowego istotnie
wplynety na obnizenie zywotnosci biofilméw P. aeruginosa. Skutecznos$¢ przeciwbiofilmowa
nieemulgowanych olejkéw byta zalezna od szczepu, chociaz w odniesieniu do wszystkich
olejkow z wyjatkiem bazyliowego, dla poszczegdlnych szczepéw odnotowano 60% lub wyzsza
redukcje zywotnosci komoérek. Strefy zahamowania wzrostu from planktonicznych
P. aeruginosa osiagnigte wzgledem wiecej niz jednego szczepu wykazano tylko po ekspozycji
na dziatanie lotnych frakcji olejku rozmarynowego i eukaliptusowego. Obserwowano wysoka
zmienno$¢ w tolerancji biofilméw na dziatanie lotnych frakcji olejkéw eterycznych
w zalezno$ci od badanego szczepu. Najwyzsza redukcje zywotno$ci komorek biofilméw
uzyskano pod wptywem dziatania lotnych frakcji olejku migtowego (publikacja P3).

W ostatnim etapie pracy dokonano oceny roznic w biofilmach szczepéw gronkowca
zlocistego tworzonych w standardowym bulionie mikrobiologicznym (TSB) lub w medium
odzwierciedlajagcym $rodowisko rany (IVWM). Wykazano, iz poziom biomasy biofilmu,
jego aktywno$¢ metaboliczna, liczba komorek, stosunek komoérek zywych do martwych byty
istotnie nizsze w medium IVWM niz w TSB. Biofilm utworzony w medium IVWM cechowat
si¢ natomiast wigcksza grubos$cia (wysokoscig) niz w TSB. Zaobserwowano takze roznice
w morfologii — biofilmy hodowane w medium TSB pokrywaly réwnomiernie cata
powierzchni¢ studzienek; natomiast w medium IVWM rosty w formie agregatow
komoérkowych o okre§lonym  ksztalcie (w  literaturze anglojezycznej  okre$lane
jako ,,mushroom-like  structures”, ,struktury grzybo-podobne”) 1 zréznicowanych
wielkoSciach, rozmieszczone nierdéwnomiernie w studzienkach. Ponadto analizowano
wlasciwosci przeciwbakteryjne frakcji ptynnych olejkow tymiankowego 1 rozmarynowego
wzgledem form planktonicznych i biofilméw gronkowca zlocistego hodowanego w pozywce
TSB lub IVWM. Przebadane olejki wykazaty istotng aktywnos¢ wobec S. aureus, jednakze
ich skutecznos$¢ byta zroznicowana w zaleznos$ci od uzytego podtoza. Olejki eteryczne dziataty
stabiej wobec form planktonicznych bakterii hodowanych w medium IVWM niz w pozywce
TSB. Olejek tymiankowy silniej redukowal Zywotnos¢ komorek biofilmu w pozywce IVWM
niz w podlozu TSB. Odwrotny efekt zaobserwowano wzgledem komorek biofilmow
traktowanych olejkiem rozmarynowym (publikacja P4).

15



5. Whnioski

1. Opracowana metoda badawcza ,,AntiBioVol” jest tatwa w przeprowadzeniu technika
umozliwiajacg ocen¢ wlasciwosci przeciwbiofilmowych lotnych substancji
z wykorzystaniem podstawowego sprzetu laboratoryjnego. Zastosowane zmiany
w stosunku do standardowych metodologii wplywaja na zwigkszenie powtarzalnosci
otrzymanych wynikoéw (publikacja P1).

2. Badane szczepy S. aureus oraz P. aeruginosa cechowaly si¢ zrdéznicowaniem
wewnatrzgatunkowym w aspekcie tolerancji na dziatanie frakcji ptynnych i lotnych
olejkoéw eterycznych (publikacje P2, P3, P4).

3. Analizowane szczepy gronkowca zlocistego charakteryzowaly si¢ wyzsza
wrazliwo$cig na dzialanie frakcji lotnych olejkéw eterycznych niz szczepy
P. aeruginosa (publikacje P2, P3).

4. Badane szczepy S. aureus charakteryzowaly si¢ nizszg tolerancjg na dziatanie frakcji
ptynnych olejkdéw eterycznych niz szczepy P. aeruginosa (publikacje P2, P3).

5. Plynne frakcje olejku tymiankowego cechowaly si¢ najsilniejszym efektem
przeciwdrobnoustrojowym i przeciwbiofilmowym wzgledem gronkowca ztocistego.
Frakcje lotne olejku wykazywaly najwyzsza skutecznos¢ wobec form
planktonicznych bakterii oraz biofilméw szczepéw wzorcowych (publikacja P2).

6. Sposrod testowanych olejkow, olejek rozmarynowy wykazat najsilniejsze dziatanie
przeciwdrobnoustrojowe w formie ptynnej i lotnej sposrod testowanych olejkow
wzglegdem form planktonicznych istotnej wigkszosci badanych szczepow
P. aeruginosa (publikacja P3).

7. W stosunku do biofilmu P. aeruginosa nie wskazano olejku, ktorego aktywno$é
przeciwbiofilmowa frakcji lotnych lub ptynnych byta istotnie wyzsza niz pozostatych
olejkéw. Efektywno$¢ dziatania olejkow roznita si¢ w zaleznosci od zastosowanej
metody badawczej oraz analizowanego szczepu bakterii. Jest to wynikiem
przede wszystkim zmiennosci wewnatrzgatunkowej drobnoustrojow oraz roznic
w formulacjach olejkdw oddzialujacych na komorki biofilmu (jako emulsje
aplikowane bezposrednio na biofilm lub olejki uwalniane stopniowo z no$nika)
(publikacja P3).

8. Wszystkie oceniane parametry charakteryzujace biofilm (poziom biomasy,
aktywnos¢ metaboliczna i liczba komorek, grubos¢, stosunek komorek zywych
do martwych, morfologia struktury) roznily si¢ istotnie dla gronkowca ztocistego
hodowanego w medium TSB od hodowanego w medium IVWM (publikacja P4).

9. Powyzsze roznice przektadaly si¢ na obnizong wrazliwo$¢ komodrek form
planktonicznych oraz zrdznicowang tolerancj¢ biofilméw na dziatanie olejkow
eterycznych w medium IVWM. Jest to prawdopodobnie wynikiem zwigkszenia
grubos$ci $cian komoérkowych bakterii na skutek obecnosci w medium [VWM
zwigzkow o dziataniu przeciwdrobnoustrojowym, rdéznej zdolnosci olejkow
eterycznych do penetracji przez biofilm lub oddzialywania sktadowych IVWM
Z substancjami aktywnymi olejkow. Dalsze badania s3 wymagane w celu poznania
mechanizmu(6éw) stojacych za obserwowanym zjawiskiem (publikacja P4).
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10. Aktywnos$¢ przeciwdrobnoustrojowa olejkow eterycznych wzgledem gronkowca
ztocistego w warunkach in vitro zalezy od sktadu medium hodowlanego; opracowane
metody badawcze in vitro powinny odzwierciedla¢ Srodowisko infekcji
(publikacja P4).

11. W celu wtasciwej oceny skutecznosci przeciwdrobnoustrojowej olejkéw eterycznych
niezbedna jest standaryzacja metodologii badawczej, szczegolnie w odniesieniu
do analizy aktywnosci frakcji lotnych.

17



6. Cytowana literatura

1.

10.

11.

12.

13.

14.

Miihlen, S.; Dersch, P. Anti-virulence strategies to target bacterial infections. Curr
Top Microbiol Immunol 2016, 398, 147-183.

dos Santos Ramos, M.A.; da Silva, P.B.; Sposito, L.; de Toledo, L.G.; vidal Bonifacio,
B.; Rodero, C.F.; dos Santos, K.C.; Chorilli, M.; Bauab, T.M. Nanotechnology-Based
Drug Delivery Systems for Control of Microbial Biofilms: A Review. Int. J.
Nanomed. 2018, 13, 1179-1213.

Hall, C.W.; Mah, T.F. Molecular Mechanisms of Biofilm-Based Antibiotic
Resistance and Tolerance in Pathogenic Bacteria. FEMS Microbiol. Rev. 2017, 41, 3,
276-301.

Vestby, L.K.; Grenseth, T.; Simm, R.; Nesse, L.L. Bacterial Biofilm and Its Role in
the Pathogenesis of Disease. Antibiotics 2020, 9, 2, 59.

Verderosa, A.D.; Totsika, M.; Fairfull-Smith, K.E. Bacterial Biofilm Eradication
Agents: A Current Review. Front. Chem. 2019, 7, 1-17.

Jafri, H.; Ansari, F.A.; Ahmad, I. Prospects of Essential Oils in Controlling
Pathogenic Biofilm. In New Look to Phytomedicine; Khan, M.S.A., Ahmad, 1.,
Chattopadhyay, D., Eds.; Elsevier Inc.: New York, NY, USA, 2019; pp. 203-236.
ISBN 978-0-12-814619-4.

Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial Activity of Some Essential Oils—
Present Status and Future Perspectives. Medicines 2017, 4, 3, 58.

Peterfalvi, A.; Miko, E.; Nagy, T.; Reger, B.; Simon, D.; Miseta, A.; Czéh, B.;
Szereday, L. Much More than a Pleasant Scent: A Review on Essential Oils
Supporting the Immune System. Molecules 2019, 24, 24, 4530.

Yap, P.S.X.; Yiap, B.C.; Ping, H.C.; Lim, S.H.E. Essential Oils, A New Horizon in
Combating Bacterial Antibiotic Resistance. Open Microbiol. J. 2014, 8, 6-14.
Mulyaningsih, S.; Sporer, F.; Reichling, J.; Wink, M. Antibacterial activity of
essential oils from Eucalyptus and of selected components against multidrug-resistant
bacterial pathogens. Pharm. Biol. 2011, 49, 9, 893-899.

Reichling, J. Anti-biofilm and Virulence Factor-Reducing Activities of Essential Oils
and Oil Components as a Possible Option for Bacterial Infection Control. Planta Med
2020, 86, 8, 520-537.

Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for In Vitro Evaluating
Antimicrobial Activity: A Review. J. Pharm. Anal. 2016, 6, 2, 71-79.

Yala, J.F.; Mabika, R.M.; Camara, B.; Tuo, S.; Souza, A.; Lepengue, A.N.; Kon¢, D.;
M’batchi, B. Assessment of the Antibacterial Activity of Four Essential Oils and the
Biobactericide Neco. Int. J. Phytomed. 2017, 9, 443-450.

Budzynska, A.; Sadowska, B.; Paszkiewicz, M.; Rozalska, B. Assessment of essential
oils activity used in liquid or volatile phase against biofilm cultures of Staphylococcus
aureus and Candida albicans. The methodological study. Med. Doswiadczalna
Mikrobiol. 2011, 63, 4, 327-331.

18



15.

16.

17.

18.

19.

20.

Sadgrove, N.; Nicolas, J. A Contemporary Introduction to Essential Oils: Chemistry,
Bioactivity and Prospects for Australian Agriculture. Agriculture 2015, 5,1, 48-102.
Orchard, A.; Sandasi, M.; Kamatou, G.; Viljoen, A.; van Vuuren, S. The in vitro
Antimicrobial Activity and Chemometric Modelling of 59 Commercial Essential Oils
against Pathogens of Dermatological Relevance. Chem Biodivers 2017, 14,1.
Patterson, J. E.; McEImeel, L.; Wiederhold, N. P. In vitro activity of essential oils
against gram-positive and gram-negative clinical isolates, including carbapenem-
resistant Enterobacteriaceae. Open Forum Infect Dis 2019, 6,12.

Thaarup, I. C.; Bjarnsholt, T. Current in vitro biofilm-infected chronic wound models
for developing new treatment possibilities. Advances in Wound Care (New Rochelle)
2021, 10,2, 91-102.

Vyas, H. K. N.; Xia, B.; Mai-Prochnow, A. Clinically relevant in vitro biofilm
models: A need to mimic and recapitulate the host environment. Biofilm 2022, 4.
Kadam, S.; Madhusoodhanan, V.; Dhekane, R.; Bhide, D.; Ugale, R.; Tikhole, U.;
Kaushik, K. Milieu matters: An in vitro wound milieu to recapitulate key features of,
and probe new insights into, mixed-species bacterial biofilms. Biofilm 2021, 3.

19



OSIAGNIECIA NAUKOWE

20



Wroctaw, 16.06.2023 r.

Malwina Brozyna

Wykaz publikacji

1. Publikacje w czasopismach naukowych

1.1 Publikacje w czasopi$mie z IF

Lp. Opis bibliograficzny IF Punkty

Brozyna Malwina, Zywicka Anna, Fijatkowski Karol, Gorczyca Damian,
Oleksy-Wawrzyniak Monika, Dydak Karolina, Migdat Pawet, Dudek

1 Barttomiej, Bartoszewicz Marzenna, Junka Adam: The novel quantitative
assay for measuring the antibiofilm activity of volatile compounds
(AntiBioVol), Applied Sciences-Basel, 2020, vol. 10, nr 20, art.7343 [19s.],
DOI:10.3390/app10207343

2,679 100

Zielinska Sylwia, Dziggwa-Becker Magdalena, Pigtczak Ewelina, Jezierska-
Domaradzka Anna, Brozyna Malwina, Junka Adam, Kucharski Mariusz,
Cicek Serhat Sezai, Zidorn Christian, Matkowski Adam: Phytochemical
composition and antimicrobial activity of Corydalis solida and
Pseudofumaria lutea, Molecules, 2020, vol. 25, nr 16, art.3591 [12 s.],
DOI:10.3390/molecules25163591

Dydak Karolina, Junka Adam, Dydak Agata, Brozyna Malwina, Paleczny
Justyna, Fijatkowski Karol, Kubielas Grzegorz, Aniotek Olga, Bartoszewicz
Marzenna: In vitro efficacy of bacterial cellulose dressings chemisorbed
with antiseptics against biofilm formed by pathogens isolated from chronic
wounds, International Journal of Molecular Sciences, 2021, vol. 22, nr 8,
art.3996 [43 s.], DOI:10.3390/ijms22083996

Zielinska Sylwia, Dziggwa-Becker Magdalena, Junka Adam, Pigtczak
Ewelina, Jezierska-Domaradzka Anna, Brozyna Malwina, Paleczny Justyna,
Sobiecka Aleksandra, Stupski Wojciech, Mess Eleonora, Kucharski Mariusz,
Cicek Serhat Sezai, Zidorn Christian, Matkowski Adam: Screening
Papaveraceae as novel antibiofilm natural-based agents, Molecules, 2021,
vol. 26, nr 16, art.4778 [20s.], DOI:10.3390/molecules26164778

4,412 140

6,208 140

4,927 140

Dudek-Wicher Ruth, Paleczny Justyna, Kowalska-Krochmal Beata,
Szymczyk-Zidtkowska Patrycja, Pachura Natalia, Szumny Antoni, Brozyna
Malwina: Activity of liquid and volatile fractions of essential oils against
biofilm formed by selected reference strains on polystyrene and
hydroxyapatite surfaces, Pathogens, 2021, vol. 10, nr 5, art.515 [22 s.],
DO0I:10.3390/pathogens10050515

4,531 100




Lp.

Opis bibliograficzny

Punkty

Brozyna Malwina, Paleczny Justyna, Koztowska Weronika, Chodaczek
Grzegorz, Dudek-Wicher Ruth, Feliriczak Anna, Gotebiewska Joanna,
Gdrniak Agata, Junka Adam: The antimicrobial and antibiofilm in vitro
activity of liquid and vapour phases of selected essential oils against
Staphylococcus aureus, Pathogens, 2021, vol. 10, nr 9, art.1207 [25 5.],
DOI:10.3390/pathogens10091207

4,531

100

Paleczny Justyna, Junka Adam, Brozyna Malwina, Dydak Karolina, Oleksy-
Wawrzyniak Monika, Ciecholewska-Jusko Daria, Dziedzic Ewelina,
Bartoszewicz Marzenna: The high impact of Staphylococcus aureus biofilm
culture medium on in vitro outcomes of antimicrobial activity of wound
antiseptics and antibiotic, Pathogens, 2021, vol. 10, nr 11, art.1385 [26 s.],
DO0I:10.3390/pathogens10111385

4,531

100

Siminska-Stanny Julia, Niziot Martyna, Szymczyk-Zidtkowska Patrycja,
Brozyna Malwina, Junka Adam, Shavandi Amin, Podstawczyk Daria: 4D
printing of patterned multimaterial magnetic hydrogel actuators, Additive
Manufacturing, 2022, vol. 49, art.102506 [14 s.],
DOI:10.1016/j.addma.2021.102506

11,632*

200

Paleczny Justyna, Brozyna Malwina, Dudek-Wicher Ruth, Dydak Karolina,
Oleksy-Wawrzyniak Monika, Madziata Marcin, Bartoszewicz Marzenna,
Junka Adam: The medium composition impacts Staphylococcus aureus
biofilm formation and susceptibility to antibiotics applied in the treatment
of bone infections, International Journal of Molecular Sciences, 2022, vol.
23, nr19, art.11564 [21 s.], DOI:10.3390/ijms231911564

6,208*

140

10

Krasowski Grzegorz, Migdat Pawet, Woroszyto Marta, Fijatkowski Karol,
Chodaczek Grzegorz, Czajkowska Joanna, Dudek Barttomiej, Nowicka
Joanna, Oleksy-Wawrzyniak Monika, Kwiek Bartfomiej, Paleczny Justyna,
Brozyna Malwina, Junka Adam: The assessment of activity of antiseptic
agents against biofilm of staphylococcus aureus measured with the use of
processed microscopic images, International Journal of Molecular Sciences,
2022, vol. 23, nr 21, art.13524 [20 s.], DOI:10.3390/ijms232113524

6,208*

140

11

Brozyna Malwina, Paleczny Justyna, Koztowska Weronika, Ciecholewska-
Jusko Daria, Parfieiczyk Adam, Chodaczek Grzegorz, Junka Adam: Chemical
composition and antibacterial activity of liquid and volatile phase of
essential oils against planktonic and biofilm-forming cells of Pseudomonas
aeruginosa, Molecules, 2022, vol. 27, nr 13, art.4096 [22 s.],
DOI:10.3390/molecules27134096

4,927*

140

12

Oleksy-Wawrzyniak Monika, Junka Adam, Brozyna Malwina, Migdat Pawet,
Kwiek Barttomiej, Nowak Maciej, Maczynska Beata, Bartoszewicz
Marzenna: The in vitro ability of Klebsiella pneumoniae to form biofilm and
the potential of various compounds to eradicate it from urinary catheters,
Pathogens, 2022, vol. 11, nr 1, art.42 [24 s.],
DOI:10.3390/pathogens11010042

4,531*

100

13

Bachor Urszula, Junka Adam, Brozyna Malwina, Maczyriski Marcin: The in
vitro impact of isoxazole derivatives on pathogenic biofilm and cytotoxicity
of fibroblast cell line, International Journal of Molecular Sciences, 2023,
vol. 24, nr 3, art.2997 [18 s.], DOI:10.3390/ijms24032997

6,208*

140

*IF 2021




1.2 Publikacje w czasopiémie bez IF

Lp. Opis bibliograficzny Punkty
Oleksy-Wawrzyniak Monika, Brozyna Malwina, Pigtkowska Elzbieta, Niewiriska Kinga,
1 Bartoszewicz Marzenna: Profilaktyka zakazer u wezesniakdw i noworodkdéw - jaki
antyseptyk wybrac?, Forum Zakazen, 2020, vol. 11, nr 2, s. 67-79, [Publikacja w 5
czasopismie spoza listy MNISW], DOI:10.15374/FZ2020012
Paleczny Justyna, Brozyna Malwina, Junka Adam, Bartoszewicz Marzenna, Dudek-
2 | Wicher Ruth: Modifications of bacterial cellulose in wound care, Polimery w 70
Medycynie, 2021, vol. 51, nr 2, s. 77-84, DOI:10.17219/pim/143330
2. Monografie naukowe
2.1 Ksigzka autorska -
2.2 Ksigzka redagowana -
2.3 Rozdziaty
Lp. Opis bibliograficzny Punkty
Pigtkowska Elzbieta, Wtodarczyk Maciej, Kominek Filip, Chwiecko Aleksandra, Brozyna
Malwina: Aktywnos¢ przeciwbakteryjna wybranych substancji pochodzenia roslinnego
1 wzgledem Staphylococcus aureus, w obecnosci i przy braku emulgatora - Tween 80, 5

W: Nauka, badania i doniesienia naukowe 2018 : nauki przyrodnicze i medyczne,
(red.) Tobiasz Wysoczanski, Swiebodzice 2018, Idea Knowledge Future, s. 210-220,
ISBN 978-83-945311-7-1, [Publikacja w wydawnictwie spoza listy MNiSW]

3. Abstrakty

Lp.

Opis bibliograficzny

Naukowa "Wspdtczesne zastosowanie metod analitycznych w farmacji i medycynie”.
Dostepny w:

wiecie%C5%84%202018.pdf]

Kominek Filip, Chwiecko Aleksandra, Brozyna Malwina, Pigtkowska Elzbieta, Wtodarczyk
Maciej: Poréwnanie metod okreélania aktywnosci przeciwbakteryjnej wybranych wyciggow
rodlinnych i olejkdw eterycznych wzgledem S. aureus, W: |Il Ogdlnopolska Konferencja

Wroctaw, 9 kwietnia 2018 r. Ksiazka abstraktow 2018, 27 poz.P10, [[Dostep 12.04.2018].

http://www.farmacja.wroclaw.pl/images/ksi%C4%85%C5%BCka%20abstrakt%C3%B3w%20k

TYGIEL sp. z 0.0., 114 poz.P&0, ISBN 978-83-65932-64-8

Kué Piotr, Kominek F., Chwiecko A., Starzec Aneta, Brozyna Malwina: Plant substances in
dermatological medications and cosmetics - source of safe bioactive compounds or potential
danger?, W: 3rd Wroclaw Scientific Meetings. Wroctaw, 1st-2nd March 2018, (red.) Julita
Kulbacka, Nina Rembiatkowska, Joanna Wezgowiec, Wroctaw 2013, Wydawnictwo Naukowe

Wroctaw, 1st-2nd March 2019, (red.) Julita Kulbacka, Nina Rembiatkowska, Joanna

83-65932-64-8

Pigtkowska Elzbieta, Brozyna Malwina, Starzec Aneta, Kominek F.: Cooperation is the key to
success - synergistic combinations of essential oils, W: 3rd Wroclaw Scientific Meetings.

Wezgowiec, Wroctaw 2019, Wydawnictwo Naukowe TYGIEL sp. z 0.0, 145 poz.P91, ISBN 978-




Lp.

Opis bibliograficzny

Starzec Aneta, Brozyna Malwina, Kominek F., Fecka Izabela: Self-preserving cosmetics - is it
possible?, W: 3rd Wroclaw Scientific Meetings. Wroctaw, 1st-2nd March 2019, (red.) Julita
Kulbacka, Nina Rembiatkowska, Joanna Wezgowiec, Wroctaw 2019, Wydawnictwo Naukowe
TYGIEL sp. z 0.0., 164 poz.P110, ISBN 978-83-65932-64-8

Starzec Aneta, Brozyna Malwina, Fecka Izabela: Metody analityczne stosowane w przemyéle
kosmetycznym, W: IV Ogdlnopolska Konferencja Naukowa "Wspdtczesne zastosowanie
metod analitycznych w farmacji i medycynie". Wroctaw, 12 kwietnia 2019 r. Ksigzka
abstraktéw 2019, [40], [[Dostep 18.04.2019]. Dostepny w:
http://www.farmacja.wroclaw.pl/images/ksia%CC%A82%CC%8 7ka-abstrakto%CC%81w-
kwiecien%CC%81-2019.pdf]

Starzec Aneta, Brozyna Malwina, Fecka |zabela: Naturalne konserwanty w produktach
kosmetycznych, W: XVI Konferencja Naukowa BioMedTech Silesia 2019. Zabrze, 05.04.2019
roku. Streszczenia : referaty - junior 2019 - profesjonalna [online] 2019, poz.03

Brozyna Malwina, Starzec Aneta: Charakterystyka biofilmu, W: XVI Konferencja Naukowa
BioMedTech Silesia 2019. Zabrze, 05.04.2019 roku. Streszczenia : referaty - junior 2019 -
profesjonalna [online] 2019, poz.09

Dydak Karolina, Paleczny Justyna, Brozyna Malwina, Junka Adam, Bartoszewicz Marzenna:
The antimicrobial effectiveness of bacterial cellulose dressings chemisorbed with commonly
used wounds irrigation agents against chosen opportunistic pathogens, W: 4th International
Wroclaw Scientific Meetings. Wroctaw, 09-10 October 2020, (red.) Julita Kulbacka, Nina
Rembiatkowska, Joanna Wezgowiec, Wroctaw 2020, Wydawnictwo Naukowe TYGIEL sp. z
0.0., 5. 100-102, ISBN 578-83-66489-37-0

Paleczny Justyna, Brozyna Malwina, Dydak Karolina, Junka Adam, Bartoszewicz Marzenna:
Efficacy of biofilm eradication of Staphylococcus aureus strains isolated from wounds by the
antimicrobials commonly applied to treat wound infections, W: 4th International Wroclaw
Scientific Meetings. Wroctaw, 09-10 October 2020, (red.) Julita Kulbacka, Nina
Rembiatkowska, Joanna Wezgowiec, Wroctaw 2020, Wydawnictwo Naukowe TYGIEL sp. z
0.0.,5. 187-188, ISBN 978-83-66489-37-0

10

Starzec Aneta, Brozyna Malwina, Kotyra tukasz, Fecka Izabela: Anti-inflammatory and skin
regenerating properties of vegetable oils, W: 4th International Wroclaw Scientific Meetings.
Wroctaw, 09-10 October 2020, (red.) Julita Kulbacka, Nina Rembiatkowska, Joanna
Wezgowiec, Wroctaw 2020, Wydawnictwo Naukowe TYGIEL sp. z 0.0., 5. 225, ISBN 978-83-
66489-37-0

11

Brozyna Malwina, Paleczny Justyna, Dydak Karolina, Starzec Aneta, Junka Adam: Antimicrobial
activity of thyme, tea tree and eucalyptus essential oils against Staphylococcus aureus biofilm,
W: 4th International Wroclaw Scientific Meetings. Wroctaw, 09-10 October 2020, (red.) Julita
Kulbacka, Nina Rembiatkowska, Joanna Wezgowiec, Wroctaw 2020, Wydawnictwo Naukowe
TYGIEL sp. z 0.0., 5. 90-91, ISBN 978-83-66489-37-0

12

Brozyna Malwina, Paleczny Justyna, Junka Adam: The antibiofilm potential of vapor fractions
of selected essential oils against Pseudomonas aeruginosa, Medical Sciences Forum, 2022,
vol. 12, nr1, art.2 [2 s.], [2nd International Electronic Conference on Antibiotics - Drugs for
Superbugs: Antibiotic Discovery, Modes of Action and Mechanisms of Resistance. Online, 15-
30 June 2022], DOI:10.3390/eca2022-12702




Lp.

Opis bibliograficzny

13

Paleczny Justyna, Brozyna Malwina, Bartoszewicz Marzenna, Junka Adam Feliks: Sclid-phase
microextraction as an antibiotic resistance detector in Staphylococcus aureus strains, Medical
Sciences Forum, 2022, vol. 12, nr 1, art.30 [1 5.], [2nd International Electronic Conference on
Antibiotics - Drugs for Superbugs: Antibiotic Discovery, Modes of Action and Mechanisms of
Resistance. Online, 15-30 June 2022], DOI:10.3390/eca2022-12697

14

Junka Adam, Brozyna Malwina: Is it possible to obtain cohesive results of antimicrobial
activity of essential oils?, W: PSE 2022 Meeting "Natural Products in Drug Discovery and
Development — Advances and Perspectives". lasi, Romania, September 19-22, 2022. Abstracts
book [online] 2022, [92]

15

Zielinska Sylwia, Susniak K, Krysa M, Sroka-Bartnicka A, Brozyna Malwina, Dydak Karolina,
Sobiecka Aleksandra, Matkowski Adam, Dziggwa-Becker M, Wojciak M, Sowa |, Czerwiriska M,
Junka Adam: Bio-elicitation stimulated isoquinoline alkaloids production in Chelidonium
majus cells cultured on bio-nano-cellulose, Planta Medica, 2022, vol. 88, nr 15, 1492-1493
poz.P-160, [70th International Congress and Annual Meeting of the Society for Medicinal
Plant and Natural Product Research (GA). Thessaloniki, Greece, 28.-31.08.2022. Abstracts],
DOI:10.1055/5-0042-1759137

16

Brozyna Malwina, Junka Adam: The development of conclusive toolbox for analysis of in vitro
antimicrobial activity of Essential Oils, W: The last word belongs to microbes — Celebrating the
200th anniversary of the birth of Louis Pasteur. Warsaw, Poland, November 29-30, 2022
2022, 124 poz.P052

17

Malec Katarzyna, Brozyna Malwina, Junka Adam, Karolewicz Bozena, Nartowski Karol:
Addressing the global challenge of resistant bacteria — the composition optimization of the
emulsions with incorporated essential oils effective against MRSA, W: 4th European
Conference on Pharmaceutics. Marseille, France, 20-21 March 2023. Files [USB-Drive] 2023,
International Association for Pharmaceutical Technology, poz. 4KAZM-8LU8Q-ECCCS-GSWZ7-
GCKKK

Impact Factor : 71,533 (liczba prac : 13 )

Punkty ministerialne : 1760

Uniwersytet Medyczny we Wroctawiu
FILIANR 1 BIBLIOTEKI GLOWNEJ
ul. Borowska 211, 50-556 Wroclaw
tel, 71 784 03 51, faks; 71 784 03 55

AG 06. o023+

/‘4’& ne jaf ool M&



Wykaz projektéw naukowych

1.

Grant Preludium 20 Narodowego Centrum Nauki pt. ,,Ocena aktywnosci
przeciwbiofilmowej olejkow eterycznych wobec drobnoustrojow izolowanych
z zakazen ran przewlektych przeprowadzona w S$rodowisku odzwierciedlajagcym
srodowisko rany przewlektej”, 2021/41/N/NZ6/03305, Kierownik projektu

Projekt w ramach subwencji Uniwersytetu Medycznego we Wroctawiu 2022
pt. ,,Uklady micelarne z inkorporowanymi olejkami eterycznymi jako systemy
dostarczania  substancji o zwickszonej aktywno$ci  przeciwbakteryjnej”,
SUBK.D230.22.040, Kierownik projektu

Projekt w ramach subwencji Uniwersytetu Medycznego we Wroctawiu 2022
pt. ,,Okreslenie aktywnosci przeciwdrobnoustrojowej wybranych skladnikow
olejkow eterycznych oraz ocena ich wplywu na $ciang komorkowa
metycylinoopornych SZCZEPOW gronkowca zlocistego (MRSA)”,
SUBK.D190.22.006, Czlonek zespolu badawczego

Projekt w ramach subwencji Uniwersytetu Medycznego we Wroctawiu 2022
pt. ,,Wpltyw chlorynu sodu aktywowanego kwasami organicznymi na wzrostu
drobnoustrojéw chorobotworczych oraz wybranych szczepoéw probiotycznych
w formie biofilmu”, SUBK.D230.22.074, Czlonek zespolu badawczego

Projekt Dolnoslascy Liderzy Medycyny - wdrozenie zintegrowanego programu
podnoszenia  kompetencji  studentéw, doktorantow, kadry dydaktycznej
i administracyjnej Uniwersytetu Medycznego im Piastow Slaskich we Wroctawiu”
Zadanie 5 — Wdrozenie Programu Stypendiow Dydaktycznych jako dziatania
uzupetniajacego Program Studiow Doktoranckich, Realizator projektu

Projekt dla Mlodych Naukowcow 2020 pt. ,,Ocena dziatania protekcyjnego
I regeneracyjnego bezkomoérkowych supernatantow uzyskanych z hodowli bakterii
z rodzaju Lactobacillus i Bifidobacterium wzgledem neuronéw poddanych dziataniu
3-amyloidu”, STM.D230.20.126, Mlody Naukowiec

Projekt dla Milodych Naukowcow 2020 pt. ,,Ocena skutecznos$ci dzialania
bakteriostatycznego 1 przeciwbiofilmowego antyseptykow 1 antybiotykow
wykorzystywanych w leczeniu infekcji ran 1 koSci wzgledem szczepow
Staphylococcus aureus opornych i wrazliwych na dzialanie metycyliny”,
STM.D230.20.127, Czlonek zespolu badawczego

Projekt dla Mitodych Naukowcow 2020 pt. ,Wykorzystanie bakteryjnej
bionanocelulozy jako nowoczesnej bazy do opatrunkow dedykowanych pacjentom
cierpigcym z powodu ran niegojacych si¢, oparzeniowych oraz owrzodzen”,
STM.D230.20.053, Czlonek zespolu badawczego

Wykaz nagrod

1.
2.
3.

Nagroda JM Rektora (za osiggnigcia 2021) Zespotowa II stopnia za publikacje
Nagroda Gléwna w konkursie ,,Aromaterapia i Nauka 2021” za prac¢ magisterskg
Laureatka konkursu Preludium 20 Narodowego Centrum Nauki NCN

Staze zagraniczne

1.

Max-Planck  Institut  fiir ~ Molekulare  Planzenphysiologie,  Department
of Small-Molecule Signalling, Poczdam, Niemcy, 07.2018- 09.2018

26



PUBLIKACJE WCHODZACE W SKLAD CYKLU
STANOWIACEGO ROZPRAWE DOKTORSKA

27



PUBLIKACJA P1

28



iriried applied -
e sciences m\"y
Article

The Novel Quantitative Assay for Measuring the
Antibiofilm Activity of Volatile Compounds
(AntiBioVol)

Malwina Brozyna 1, Anna Zywicka 2, Karol Fijalkowski 2(, Damian Gorczyca 30,

Monika Oleksy-Wawrzyniak 17, Karolina Dydak 17, Pawel Migdat *°, Bartlomiej Dudek %7,
Marzenna Bartoszewicz ! and Adam Junka 17-*

1 Department of Pharmaceutical Microbiology and Parasitology, Faculty of Pharmacy Wroctaw Medical

University, 50-556 Wroctaw, Poland; malwina.brozyna@student.umed.wroc.pl (M.B.);
monika.oleksy@umed.wroc.pl (M.O.-W.); karolina.dydak@umed.wroc.pl (K.D.);
marzenna.bartoszewicz@umed.wroc.pl (M.B.)

Department of Microbiology and Biotechnology, Faculty of Biotechnology and Animal Husbandry,
West Pomeranian University of Technology, 70-311 Szczecin, Poland; anna.zywicka@zut.edu.pl (A.Z.);
karol fijalkowski@zut.edu.pl (K.F.)

Faculty of Medicine, Lazarski University, 02-662 Warszawa, Poland; damian.gorczyca@lazarski.pl
Bioimaging Laboratory, Lukasiewicz Research Network—PORT Polish Center for Technology Development,
54-066 Wroctaw, Poland; pawel.migdal@port.org.pl

Department of Environment, Hygiene and Animal Welfare, Faculty of Biology and Animal, Science,
Wroctaw University of Environmental and Life Sciences, 51-630 Wroctaw, Poland

Laboratory of Microbiology, Institute of Genetics and Microbiology, University of Wroctaw,

51-148 Wroctaw, Poland; bartlomiej.dudek@uwr.edu.pl

Laboratory of Microbiology, Lukasiewicz Research Network—PORT Polish Center for Technology
Development, 54-066 Wroctaw, Poland

*  Correspondence: adam.junka@umed.wroc.pl; Tel.: +48-71-784-06-75

check for
Received: 31 July 2020; Accepted: 14 October 2020; Published: 20 October 2020 updates

Abstract: Herein, we present a new test, dubbed AntiBioVol, to be used for the quantitative evaluation
of antibiofilm activity of volatile compounds in vitro. AntiBioVol is performed in two 24-well plates
using a basic microbiological laboratory equipment. To demonstrate AntiBioVol usability, we have
scrutinized the activity of volatilized eucalyptus, tea tree, thyme essential oils, and ethanol (used for
method suitability testing) against biofilms of Staphylococcus aureus, Pseudomonas aeruginosa, and
Candida albicans. We have also compared AntiBioVol with the standard disc volatilization method,
placing a special stress on evaluating the impact of various technical parameters on the outcomes of the
latter method. The obtained results indicate that AntiBioVol allows analyzing the antibiofilm activity
of volatile compounds in a high number of repeats and provides semi-quantitative or quantitative
results of high repeatability. In comparison to disc volatilization, AntiBioVol is a more space- and
cost-effective method that allows analyzing various types of microbial aggregates. Moreover, we have
indicated that the possible reasons for the discrepancies in the results obtained by means of the
standard disc volatilization method may be related to various parameters of the testing dishes
used (height, volume, diameter) and to various volumes of the agar medium applied. In turn,
the application of a 24-well plate and a strictly defined AntiBioVol protocol provide a higher control
of experimental conditions. Therefore, the application of AntiBioVol may enable an optimization of
and introduction of volatile compounds to the fight against infective biofilms.

Keywords: antibiofilm activity; volatile compounds; biofilm; essential oils; quantitative measurements
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1. Introduction

Biofilm is a diversified and adaptive community of microbial cells that displays a high tolerance to
conventional antimicrobials (antibiotics, antiseptics, disinfectants) due to the presence of a protective
extracellular matrix, diversification of metabolism within specific biofilm layers, and coordinated
reactivity to stimuli [1]. High tolerance to stressors and antibiotic resistance mechanisms displayed
by microbial cells within the biofilm make the structure highly persistent and are the reasons why
science has recognized the biofilm’s central role in the pathogenesis of infective diseases [2—4].
Such opportunistic pathogens as Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans
are particularly frequently associated with serious biofilm-related infections and strong antibiotic
resistance [5]. The health complications resulting from infections caused by the above-mentioned
pathogens are of severe and life-threatening nature. Moreover, they are also a significant economic
burden for healthcare systems [6].

Therefore, the introduction of novel antibiofilm countermeasures is one of the most pressing needs
of contemporary medicine [7]. The use of such antimicrobial substances of plant origin as essential oils
(EOs) in biofilm eradication is considered a promising direction to follow [8]. Thanks to their high
lipophilicity, EOs bind to and break the integrity of microbial cell walls and membrane structures, which
results in cell lysis through a mechanism resembling the one displayed by antiseptics [9]. Moreover,
individual EOs are characterized by low toxicity, a broad spectrum of effectiveness, biodegradability,
as well as anti-inflammatory and immune-stimulating properties [10]. The above-mentioned features
also predispose EOs to be used either in monotherapy or as adjuvant substances for antibiotics [11].
We have chosen the essential oils of confirmed biological activity, including eucalyptus oil (Eucalyptus
globulus Labill.), which exhibits antibacterial, antifungal, analgesic, and anti-inflammatory properties
and has also been widely used in pharmaceutical, food, and cosmetics products [12]; thyme oil
(Thymus vulgaris L.), which is known for its anti-inflammatory and antibacterial properties [13], and tea
tree oil (Melaleuca alternifolia Cheel.), which is employed largely for its antimicrobial properties and
incorporated as an active ingredient in many topical formulations used to treat cutaneous infections [14].

Both liquid and volatile fractions of EOs may display antimicrobial (and antibiofilm) activity.
However, while the testing methods for EOs liquid fractions rely on well-defined EUCAST (European
Committee for Antimicrobial Susceptibility Testing) and pharmacopeial recommendations [15,16],
the methodology of testing EOs’ volatile activity against microbes is highly diversified. These differences
concern not only the experimental setting itself but also the various types of microbial aggregates
scrutinized (lawn, biofilm) [17-19]. Moreover, also, the EOs are highly intra-species differentiated
(with regard to the composition and concentration of antimicrobial compounds) caused by geographic
and location factors, seasonal effects, and genetic factors, which determine the so-called chemotypes
commonly found in EO-bearing plant species [20]. The above may explain why various scientific
studies of the activity of the same type of EO against the same microorganism obtained using a single
testing method produce varying data [21,22]. Such a lack of standardization impedes the introduction
of EOs to the ensemble of clinical, anti-infective measures. Since there is an urgent need for new
“anti-biofilm” compounds, the development of an in vitro test for screening the antibiofilm activity of
volatile fractions of EOs is of high importance.

The main aim of the current study was to improve the consistency of EO analysis and to design
a sensitive, cost-effective, and easy-to-perform test of antibiofilm activity of volatile compounds
(later abbreviated as AntiBioVol). We also wanted to evaluate the AntiBioVol usability to test the
aforementioned EOs’ activity against biofilms formed by S. aureus, P. aeruginosa, and C. albicans.
AntiBioVol was also compared with the standard disc volatilization method.
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2. Materials and Methods

2.1. Microorganisms and Essential Oils

1.  For experimental purposes, the following reference strains from the American Type Culture
Collection (ATCC) were applied: S. aureus 6538, P. aeruginosa 15442, and C. albicans 10321.
2. The EOs chosen for the experiment purposes were as follows:

- Eucalyptus oil (Eucalyptus globulus Labill.), (PharmaTech, Poland), later referred to as E-EO;

- Thyme oil (Thymus vulgaris L.), (Etja, Poland), later referred to as T-EO;

- Tea tree oil (Melaleuca alternifolia Cheel.), (PharmaTech, Poland), later referred to as TT-EO.

- The above-mentioned EOs were chosen for experimental purposes because of their confirmed
antimicrobial activity. This fact allows comparing the results presented in this work with the
results of other research teams.

3.  Gas Chromatography-Mass Spectrometry Analysis of the Tested EOs Composition

TT-EOs, T-EOs, and E-EOs were diluted with hexane (JTB, Great Britain), vortexed,
and immediately analyzed. The analysis was performed using the Agilent 7890B GC system coupled
with the 7000GC/TQ system connected to PAL RSI85 autosampler (Agilent Technologies, Palo Alto,
CA, USA). The column used was HP-5 MS; 30 m x 0.25 mm X 0.25 um (J & W, Agilent Technologies,
Palo Alto, CA, USA) with helium as a carrier gas at a total flow of 1 mL/min. Chromatographic
conditions were as follows: split injection at a ratio of 100:1, the injector was set at 250 °C, the oven
temperature program was 50 °C held for 1 min, then 4 °C/min up to 130 °C, 10 °C/min to 280 °C and
then isothermal for 2 min. The MS detector operated in the electronic impact ionization mode at 70 eV.
The transfer line, source, and quadrupole temperatures were set at 320, 230, and 150 °C, respectively.
Masses were registered in the range from 30 to 400 m/z. The peaks were identified in the MassHunter
Workstation Software Version B.08.00 coupled with the NIST17 mass spectra library and accomplished
by a comparison with linear retention indexes. The relative abundance of each EO constituent was
expressed as a percentage content based on the peak area normalization. All analyses were performed
in triplicate.

2.2. Antibiofilm Activity of Volatile Fraction Test (AntiBioVol) Test Performance

The general principles of the AntiBioVol test are presented in Figure 1, while a photographic
presentation of the AntiBioVol test performance is presented in Figure S2.
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Figure 1. Schematic diagram of AntiBioVol test performance. For picture clarity, the version using the
semi-quantitative method of biofilm assessment is presented. For a version using the direct quantitative
method (colony forming units counting), please refer to Section 2.2.4 of Materials and Methods. I-III: the
main operating blocks of experiment performance.
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2.2.1. Preparation of Agar Plugs

First, 2.5 mL of 2% Brain Heart Infusion (BHI, Graso, Poland) agar was poured into the wells of
a 24-well plate (BioFil, Warsaw, Poland). The plate was left in a sterile chamber until the agar has
solidified (this plate is further referred to as Plate A, where “A” stands for “Agar”). Next, the agar plugs
were cut out using a cork-borer (ChemLand, Warsaw, Poland) with a diameter of 8 mm. Subsequently,
the plugs were cut evenly crosswise into two discs. One disc was placed in a well of a new 24-well
plate (later referred to as Plate B, where “B” stands for “Biofilm”) and another disc was placed back to
the agar-containing well of Plate A (Figure 1, Part I). The latter plate was sealed with an adhesive tape
and kept refrigerated until further analysis.

2.2.2. Biofilm Formation on Agar Disc in Plate B

Using a densitometer (Densitomat II, BioMerieux, Poland), the analyzed strain’s suspension of
0.5 McFarland (MF) density in Tryptic Soya Broth (TSB, Graso Biotech, Poland) medium was obtained
and subsequently diluted (1500x for bacteria and 14x for fungi) to obtain approximately 10°> Colony
Forming Units (CFU)/mL. In the next step, 2 mL of the strain’s suspension was added to Plate B wells
containing the agar disc. Plate B was incubated for 24 h at 37 °C. After incubation, the discs were taken
gently out using tweezers (Conbest, Warsaw, Poland) so as not to disrupt the agar surface and the
biofilm structure on it. Next, the discs were rinsed twice with 0.9% saline (Stanlab, Wroclaw, Poland)
to remove non-adhered microorganisms. The discs were subsequently placed in the agar wells of Plate
A on top of the sterile discs to fill the hole of the well (Figure 1, Part II).

2.2.3. Exposure of Biofilms to EOs” Volatile Fractions

First, 0.5 mL of the tested EO was added to a well of a fresh 24-well plate, which is later referred
to as Plate C (EO-Containing plate). Then, Plate A with biofilm-containing agar discs was put
upside down on Plate C in such a manner that the EO-containing well was placed directly under
the biofilm-containing well. Next, the rims of both plates were taped around using an adhesive tape
(Diall, Poland) and incubated for 24 h at 37 °C (Figure 1, Part II).

Control Settings

To check whether the applied experimental setting itself had no potentially impeding effect on
the microorganisms’ growth, 0.9% saline was applied instead of EOs. Thus, the aforementioned
setting served as a control of the microorganism’s growth (positive control, latter abbreviated as “C+").
To confirm the method’s suitability, 96% ethanol (Stanlab, Wroclaw, Poland), whose volatile form has
a well-recognized antimicrobial activity, was applied. The above-mentioned control samples were
performed in separate plates. Each experimental and control setting was tested in six replicates.

2.2.4. Assessment of Bacterial Biofilm Survival after Exposure to EOs

Following the exposure described in Section 2.2.3 of Materials and Methods, bacterial
biofilm-containing discs were transferred to fresh wells of a 24-well plate. Next, 2 mL of 0.1%
tetrazolium chloride solution (2,3,5-triphenyl-2H-tetrazolium chloride, TTC) (PanReac AppliChem,
Darmstadt, Germany) was introduced gently in order to not de-attach the formed biofilm from the
disc surface. The plates were incubated for 1.5 h at 37 °C. TTC turns into red formazan in the
presence of metabolically active microorganisms. Next, the TTC-containing medium was removed,
and 2 mL of 96% ethanol was introduced to the wells to extract red formazan crystals out of the
biofilm-forming cells. Subsequently, the plates were incubated for 30 min at room temperature in a
microplate shaker (Schuttler MTS-4, IKA, Germany) at a speed of 300 rpm/min. After this time, 200 pL
of formazan-containing solution was transferred to the wells of a 96-well plate (Biofil, Warsaw. Poland).
Absorbance was measured at 490 nm using a MultiScan Go spectrophotometer (Thermo Fischer
Scientific, Waltham, MA, USA). Then, the values of absorbance measured for formazan in the samples
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of EO-treated biofilms were compared to the corresponding values obtained for biofilms incubated
with 0.9% saline (Figure 1, Part III). In order to confirm the linear relationship between the values from
TTC assay and the number of CFU, standard calibration curves were performed. A calibration curve
for absorbance measurements at 490 nm versus the number of CFU has been established before the
experiment (Figure S3).

2.2.4.1. Assessment of Fungal Biofilm Survival after Exposure to EOs

Since the use of tetrazolium salt-based assays in studies of Candida biofilm has significant
limitations [23], we used this fact as an opportunity to present the possibility of direct quantitative
assessment within the AntiBioVol setting. Following the exposure described in Section 2.2.3 of Materials
and Methods, fungal biofilm-containing discs were transferred to 1 mL of 0.5% mild detergent saponin
solution (Merck, KenilWorth, NJ, Germany) and subjected to vigorous vortex-shaking for 1 min
to de-attach the biofilm-forming cells from the agar surface. Next, serial dilutions of the obtained
suspension were cultured on the Sabouraud agar plates (Graso, Poland) and incubated for 24 h at
37 °C. The CFU number was counted on the next day.

2.2.5. Application of the AntiBioVol Test for Various Concentrations of EOs in Single vs.
Separate Test Plates

The aim of this experimental setting was to investigate whether a liquid EO introduced to a single
24-well plate (to which other concentrations of the same type of liquid EO were also introduced) may
get across, after volatilization, to another test well. We hypothesized that if such phenomenon occurs,
we would observe a higher biofilm eradication in the well in which a lower EO concentration was
applied in comparison to the setting in which only one EO concentration in a single test plate was
used. To check it, two concentrations of TT-EO (25%, 50%) v/v diluted in polyethylene glycol (Pol-Aura,
Zabrze, Poland) and an un-diluted TT-EO (100% v/v) were applied in a single AntiBioVol setting against
S. aureus biofilm.

Then, 25%, 50%, 100% TT-EO concentrations were introduced to a 24-well plate in such a
manner that the 6 wells containing 100% TT-EO were placed between the 6 wells containing the 25%
concentration and between the 6 wells containing the 50% concentration of the TT-EO [Figure S3].
Additionally, the same experiments were performed in separate AntiBioVol settings (single plate/single
EO concentration). The remaining steps of biofilm exposure and further quantification were performed
according to the procedures presented in Section 2.2.3, Section 2.2.4, and Section 2.2.4.1 of Materials
and Methods. The additional set of controls applied in this experiment included the use of EOs
solvent—50% and 75% (v/v) of polyethylene glycol (PEG); this control set was performed in a separate
plate for S. aureus as the microorganism tested.

7

2.3. Additional Control Experiments

This part of the manuscript is deliberately presented at the end of this section because the
techniques presented below were not part of the standard AntiBioVol test, and they were performed to
provide additional data confirming the correctness of the AntiBioVol setting.

2.3.1. Assessment of Antimicrobial Activity of Liquid and Volatile EO Fractions Using
Standard Methods

To compare AntiBioVol with the methods previously developed for the assessment of antimicrobial
activity of liquid EO fractions, we used the disc diffusion method [24], while to assess the activity of
volatile fractions, we applied the inverted Petri plate method (also referred to as the Disc Volatilization
Method [25]).

This part of the experiment was performed as a proof of concept for S. aureus biofilm vs. T-EO,
because the activity of this oil was the highest against this particular pathogen, and it could be
hypothesized that positive outcomes (with regard to the halo zone) might also be obtained.
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In the case of the disc diffusion method, microbial suspension at 0.5 MF density was cultured on
a Muller-Hinton (BioCorp, Warsaw, Poland) agar plate (diameter of 9 cm, height of 1.4 cm). Next,
standard paper discs (6 mm in diameter, thickness of 0.5 mm) saturated with EOs were placed on the
agar plates (one disc per plate). Then, the plates were incubated for 24 h at 37 °C. After incubation,
microbial growth inhibition zones were measured (in mm) using a ruler (Leniar, Krakow, Poland).

In the inverted Petri plate method, paper discs saturated with EOs were placed on the inside
of Petri-dish lids (one disc per plate). Next, the lids were placed on the base of the dish containing
microbial-seeded agar. Subsequently, the whole dishes (lids and agar-containing bases) were incubated
in such a manner that the lids were lying on the incubator shelf. Such a setting prevented EO-saturated
discs and EO droplets from falling down on the microbial lawn formed on the agar. Inhibition of
growth (if occurred) was visible as zones of reduced microbial growth and was measured using a ruler.
Moreover, in order to evaluate the correlation between the parameters relating to Petri dish sizes and
the antimicrobial activity of the EOs applied, this version of the experiment was performed on Petri
dishes 15, 9, and 6 cm in diameter; plate height was equal to 2.5 cm (for plates 15 cm in diameter) and
1.4 cm (for plates 6 and 9 cm in diameter); poured agar height was 1.5, 0.5, and 0.3 cm resulting in
agar volume equal to 100, 20, and 10 mL, respectively. When the test involved dishes 9 cm in diameter
specifically, the range of agar volume was 30, 20, and 10 mm.

2.3.2. Scanning Electron Microscopy Analysis of the Strains’ Biofilm-Forming Ability in the Applied
In Vitro Setting

The aim of this procedure was to confirm the microorganisms” ability to form biofilm on the
agar surface. Fresh, 24-h liquid cultures of S. aureus, P. aeruginosa, and C. albicans strains were diluted
to 10° CFU/mL. Next, 2 mL of such a suspension was introduced to the wells of a 24-well plate
containing agar discs, which was prepared as described in Section 2.2.1 of Materials and Methods
of this manuscript. The plates with the discs and microbial suspensions were incubated for 24 h at
37 °C. Subsequently, the discs were carefully taken out and rinsed twice with 0.9% saline to remove
non-adhered microorganisms. Next, the agar plugs were fixed by immersion in 2% glutarate (ChemPur,
Piekary, Poland) for 4 h at 4 °C. After incubation, the samples were rinsed three times (for 2 min) with
distilled water to remove the fixative. Subsequently, 10 min dehydration for each of the following
ethanol concentrations (10%, 25%, 50%, 70%, 80%, 90%) was performed; the last dehydration lasted
for 15 min and was performed in 100% EtOH. After dehydration, the ethanol was removed and the
samples were dried at 37 °C. Then, the biofilm-containing agar discs were sputtered with Au:Pd
mixture using a sputter device (Quorum International, Fort Worth, TX, USA) and examined using a
scanning electron microscope (Auriga 60, ZEISS, Germany).

2.3.3. Evaluation of Minimal Inhibitory and Minimal Biofilm Eradication Concentrations of
Liquid EOs

MIC assessment was prepared in 96-well titration microplates. The wells of the plate were filled
with 100 uL of TSB medium. Next, 100 uL of undiluted EO was added to the first of the wells and
mixed with the medium. Subsequently, geometric dilutions of the EOs in TSB were performed. Next,
100 pL of the bacterial suspension (10° CFU/mL) was introduced to each well containing different
concentrations of the EOs. The plate, wrapped with adhesive tape, was incubated for 24 h at 37 °C
in a microplate shaker. The culture with only the medium added served as a positive control of the
microorganisms’ growth, while the well containing only the medium served as the sterility control of
the experiment. After incubation, 5 uL of TTC was added to each well and incubated for 5 h at 37 °C.
The EO concentration in the first colorless well, neighboring the red well, was taken as the MIC value.

The minimum biofilm eradication concentration was estimated in a manner similar to the MIC
analysis. Briefly, 100 uL of the microbial suspension (10° CFU/mL) was introduced to each well and
incubated for 24 h at 37 °C without shaking. Next, the whole medium (containing non-adhered
microorganisms) was removed, leaving only biofilm-forming organisms attached to the bottom of the
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96-well plate. Subsequently, geometric dilutions of EOs in the medium were applied to the wells and
left for another 24 h at 37 °C. The following procedures containing TTC introduction and subsequent
analysis were performed similarly to the ones described for MIC assessment. In the case of C. albicans,
due to the aforementioned limitations of tetrazolium salt-based assays [23], a different check of cell
viability was performed. Namely, fungus-containing suspensions were removed from the 96-well
plates and spotted on stable Sabouraud agar plates (dedicated for fungi growth and cultivation) and
incubated for 24 h. The presence of living colonies on the agar indicated the lack of viable cells,
while the absence of colonies in the place where spotting was performed confirmed the survival of
Candida cells.

3. Statistical Analysis

Calculations were performed using the GraphPad Prism (version 7) software. Normality
distribution was calculated by means of D’Agostino—Pearson omnibus test. Since all values were
non-normally distributed, the Kruskal-Wallis test with post-hoc Tukey’s analysis was applied.
The results of statistical analyses were considered significant if they produced p-values < 0.05.

4. Results

In the first line of the investigation, we have scrutinized the E-, T-, and TT-EOs with regard to
their content of antimicrobial substances. The GC-MS analysis confirmed the presence of specific
active compounds within E-EO (including 1,8-cineole and y—terpinene), T-EO (including thymol and
p-cymene), and TT-EO (including y—terpinene and terpinen-4-ol). The full list of active compounds
identified is presented in Figure S1 and Table S1. Having proven that the tested EOs contain
antimicrobial substances, we have analyzed the antimicrobial and antibiofilm activity of EOs’ liquid
fractions against microorganisms in planktonic and biofilm forms using the microdilution method.
The rationale behind this preliminary research was the fact that the crucial EOs’ components (such as
thymol) display activity in both liquid and volatile fractions. Thus, the confirmation of antimicrobial
activity of the liquid fraction would be a strong assumption for the potential activity of the volatile
fraction. The results presented in Table S2 indicate a higher activity of all the tested liquid EOs
against the applied microorganisms in planktonic than in biofilm form. Next, we analyzed the
ability of S. aureus, C. albicans, and P. aeruginosa strains to form biofilm (Figure 2) on the agar surface.
A confirmation of the presence of a settled, multi-cellular biofilm formed on agar was a prerequisite
condition for the performance of the core part of this research, namely AntiBioVol test for the E-, T-,
and TT-EOs.

The results of the performed AntiBioVol test suitability with the use of ethanol (which is a
substance of known volatile antimicrobial activity) showed the correctness of the applied experimental
setting—the number of biofilm-forming cells remaining after exposure to ethanol was lower than in the
positive control of biofilm growth, regardless of the microorganism applied (Figure 3A-C). With regard
to EOs, the results presented in Figure 3A-C show that none of the applied volatile fractions of EOs
were able to completely eradicate bacterial or yeast biofilm, although the number of biofilm-forming
cells after the exposure to all types of EOs was lower than in non-treated control settings. The volatile
T-EO acted more efficiently against S. aureus biofilm than TT- and E-EO, while TT- and T-EO was
stronger against P. aeruginosa biofilm than E-EO.
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Figure 2. Confirmation of the analyzed pathogens’ ability to form biofilm in vitro. (A)—biofilm of
S. aureus formed on the agar surface; (B)—biofilm formed by P. aeruginosa, (C)—biofilm formed by
C. albicans, (D)—sterile agar surface. SEM Zeiss Auriga 60, (magnification 5000x).

Next, we have measured the activity of three concentrations of TT-EO against S. aureus biofilm
within a single measurement plate [Figure 4]. The comparison of TT-EO’s antibiofilm activity in a
single vs. separate settings revealed a lack of statistical significance between them (K-W test p < 0.05,
with post-hoc Tukey’s analysis) indicating no transmission of TT-EO volatile fractions between various
plate wells within a single test plate. Similarly, no transmission of TT-EO solvent (PEG) was detected
in the control setting (Figure S5).

Finally, we have performed the conventional assessment of EOs’ volatile fraction’s antimicrobial
activity referred to as the inverted Petri plate method to check whether such initial technical parameters
as plate diameter, plate height, poured agar volume, and agar height translate into an outcome such as
the size of the microbial growth’s inhibition zone (Tables 1 and 2). Moreover, the reader can find a
comparison of the inverted Petri dish method and the conventional disc diffusion method (which, being
referred to as the aromatogram [26], is also applied for EOs’ volatile fraction activity measurement) in
Figures 56 and S7.

As can be seen in Table 1, the differences between agar height obtained in Petri dishes of 15, 9,
and 6 cm translate into differences in air volume between the agar surface and the lid of the dish. In the
case of dishes 15 cm in diameter vs. dishes 9 and 6 cm in diameter, the aforementioned parameter
differed by 75% and 83%, respectively. In turn, the difference in air volume between the 9 and 6 cm
diameter dish was 31%. It translated into differences in the concentrations of volatile compound in
experimental settings and finally into ambiguous results of the microbial growth inhibition zone (from
0 cm observed if a 15 cm diameter dish was applied vs. a 4 cm inhibition zone observed when a 6 cm
diameter dish was applied).

When Petri dishes were of the same diameter and height but various agar volumes were poured
(the difference between them was 10 mL, see Table 2), a relatively small difference in agar height was
observed (2 mm). Nevertheless, it translated into 19-36% of difference in air volume between the plates
and differences in inhibition zone outcomes from 0 cm (lack of volatile compound’s antimicrobial
activity) to 2.7 cm (detection of antimicrobial activity).



Appl. Sci. 2020, 10, 7343 10 of 19

(A)
0.8
a
0.6
g
g bc
-+ 0.4 —l_
[72]
= bd
< be
0.2
be
0.0

I I
C+ E-EO TT-EO T-EO EtOH

(B)

1.5+
a
g 1.0
& be
p T
72}
2 054 bd bd
L be
C+ E-EO TT-EO T-EO EtOH
©)
101
a
8—
é 6 b be
= - C
= - bd bd
O
S 4 T
50
=
2—
0 T T

C+ E-EO TT-EO T-EO EtOH

Figure 3. Antibiofilm activity of volatile fractions of essential oils (EOs) and ethanol against (A) S. aureus,
(B) P. aeruginosa, and (C) C. albicans biofilm. C+—positive control of growth, i.e., biofilm treated with 0.9%
saline, EtOH—suitability control setting, i.e., biofilm after treatment with ethanol fumes, E-EO—biofilm
after treatment with volatile fraction of eucalyptus oil, TT-EO—biofilm after treatment with volatile
fraction of tea-tree oil, T-EO—Dbiofilm after treatment with volatile fraction of thyme oil. Values
with different letters are significantly different (p > 0.05, K-W test, followed by Tukey’s analysis):
a, b—statistically significant differences between C+ and volatile fractions of EOs or ethanol; ¢, d,
e—statistically significant differences between volatile fractions of EOs and ethanol.
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Figure 4. Comparison of antibiofilm activity of three concentrations of TT-EO against S. aureus biofilm.

The test was performed in a single plate for three TT-EO concentrations and in separate plates for each
concentration. TT-EO 25%, 50%, 100%—Dbiofilm treated with 25%, 50% or undiluted (100%) tea-tree
oil, respectively. Values with the same letters show a lack of significant difference (p < 0.05, K-W test,

followed by Tukey’s analysis) between the impact of the same concentrations of TT-EO within two

experimental settings applied (all TT-EO concentrations in a single plate vs. single TT-EO concentration

in a single plate).

Table 1. Dependence between Petri dish diameter and size of S. aureus growth inhibition zone after

exposure to T-EO. Inverted Petri dish method (also known as disc volatilization method).

Plate Diameter (cm) 15.0 9.0 6.0
Plate Height (cm) 25 14 14
Agar Volume (mL) 100 30 10
Agar Height (cm) 15 0.7 0.3
Air Volume (cm®) 177 45 31
Inhibition Zone (cm) 0.0 2.7 4.0
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Table 2. Dependence between agar height in the Petri dish and the size of S. aureus growth inhibition
zone after exposure to T-EO. Inverted Petri dish method (also known as disc volatilization method).

Plate Diameter (cm) 9.0 9.0 9.0
Plate Height (cm) 1.4 1.4 1.4
Agar Volume (mL) 30 20 10
Agar Height (cm) 0.7 0.5 0.3
Air Volume (cm?) 45 57 70
Inhibition Zone (cm) 2.7 0.5 0.0

5. Discussion

The aim of this work was to develop a reliable and easy-to-perform test for the evaluation of
antibiofilm activity of volatile fractions of antimicrobial compounds. We have chosen EOs as an
example because, due to their plant-derived origin resulting in a variability of microbiological outcomes,
EOs present a higher challenge than compounds obtained in a strictly defined process of chemical
synthesis [20]. Another reason behind choosing EOs were promising reports on their antimicrobial and
antibiofilm activity [9,27]. To stay in line with methodological requirements, we have also scrutinized
ethanol fumes of known antimicrobial activity (usability control). Moreover, to allow other research
teams to replicate our experiment, we have confirmed the presence of antimicrobial substances in the
analyzed EOs and presented the results in Figure S1 and Table S1.

While the methodology for liquid EOs” antimicrobial activity is practically based on the protocol
for antibiotic-susceptibility testing provided by EUCAST [15], the assessment of EOs’ volatile fraction
activity against settled forms of microbial aggregates is performed by means of diverse approaches,
which are fraught with certain disadvantages [28-31]. Therefore, a methodology is needed allowing
the performance of a high number of technical repeats within a single screening test, providing results
in the form of a parametric ratio of microbial cells’ eradication (and not in the form of the size of
the halo zone, as is the case for the inverted Petri dish method, see Section 2.2.4.1 of Materials and
Methods). Such methodology should provide standardized test conditions and the ability to analyze
the impact of volatile compounds against (among others) microbial biofilm, which is basically missing
in the standard test methods.

The prerequisite condition for AntiBioVol performance was to obtain a robust biofilm in in vitro
conditions. As can be seen in Figure 2, the Gram-positive bacteria, Gram-negative bacteria, and the
fungus formed multicellular biofilms on the agar surface. A confirmation of this fact allowed us to
perform the analyses presented in Figures 3 and 4. It should be emphasized that methods simpler than
Scanning Electron Microscopy can also be used to visualize biofilm presence, including dyeing with
tetrazolium salts or quantitative culturing. These methods are sufficient for the above purpose, as we
have indicated in our previous research [31-33]. Although we have performed an analysis of EOs’
activity specifically against biofilms, the AntiBioVol methodology (thanks to using agar discs) also
enables testing such surface-attached cellular aggregates as microbial lawns or even single agar colonies,
unlike standard Petri dish-based methods, where only planktonic cells seeded on agar are used.

The results presented in Figure 3 indicate that the application of AntiBioVol translates into low
standard errors of mean (expressed as box whiskers in Figure 3) in outcomes of technical repeats.
The number of S. aureus biofilm-forming cells of the growth control differed maximally by 27.6%
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between six biofilm samples used to produce the average value presented in Figure 3A. The difference
in outcomes measured for four out of these six samples did not exceed 8% (please refer to the
corresponding raw data of the experiment in Tables S3 and S4). One of the reasons behind these
low deviations in outcomes is the fact that the AntiBioVol test is performed not in Petri dishes (as in
standard methods) but in 24-well plates. This simple change allows performing 24 assays and obtaining
24 outcomes using only one test plate, while a similar assessment performed by means of the inverted
Petri dish method requires 24 vessels. The high number of easy-to-achieve technical repeats gained
owing to the AntiBioVol test correlates positively with the quality of data obtained and processed
during post-laboratory statistical calculations. This is of paramount importance with regard to biofilm
studies, where high deviations in outcomes is a common phenomenon hindering the obtaining of
statistically significant results [34].

The above-mentioned reduction of experimental setting size observed for AntiBioVol vs. various
Petri dish-based methods translates also into significant space savings in the microbiological incubator
[Figure 5] and into materials’ cost savings.

Figure 5. Comparison of place and resource consumption for the conventional Petri dish method of
EOs testing (A) and the AntiBioVol (B) test.

One of the key challenges of in vitro biofilm testing is its low reproducibility of results due to
aggressive pipette-based washing. It frequently causes a random de-attachment of large amounts of
biofilm [35]. Therefore, in our test, we put special stress on the careful performance of the procedures
concerning agar discs rinsing, washing, and transferring (please refer to Materials and Method
Sections 2.2.2 and 2.2.4). Moreover, we have deliberately chosen agar discs in the AntiBioVol test as
a surface for biofilm growth. While a majority of other in vitro biofilm-oriented tests apply various
types of polished polystyrene/polypropylene inserts or plugs for this purpose [36], we hypothesized
that a porous agar surface used in the AntiBioVol test may be more appropriate for enabling the cells’
adhesion. The correlation between higher biofilm adherence and surface porosity has already been
demonstrated by other research teams [37]. Indeed, as shown in Figure 6, the microorganisms used
agar pores to anchor to the surface.
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Figure 6. Cells of P. aeruginosa attached to agar surface (magnification 5000x). Yellow arrows indicate

pores within agar facilitating the adhesion process; red arrows indicate the cells” adhesive structures
anchored to the pores in the agar. SEM Zeiss Auriga 60.

Another issue related to the testing of volatile compounds activity against microorganisms is the
possibility of obtaining biased results due to the natural tendency of fumes to spread in the air and
to get across from one experimental setting to another. To prevent the passing of volatile EOs from
the plates to the microbiological incubator, we have wrapped the two AntiBioVol plates up tightly
(using an adhesive tape) (A and C) (Figure S2, II). After 24 h of AntiBioVol test incubation, no EO scent
was organoleptically detected in the incubator. The aforementioned wrapping resulted in another
beneficial effect, i.e., the relevant wells of plate A and C were placed directly one over another (Figure 1,
Part III). We hypothesized that such a setup would prevent EO volatile fractions placed in a specific
well from reaching another well and from cross-reacting with other biofilm-covered agar discs. To test
this hypothesis, we have introduced three different concentrations (25%, 50%, and 100%) of TT-EO to
a single AntiBioVol setting and checked whether the obtained results of biofilm reduction differed
from the results obtained in settings where each of the aforementioned TT-EO concentrations was
tested in separate plates (for TT-EO concentration distribution, please refer to Figure S4). Moreover,
we have confirmed that EO solvent does not affect the microorganisms’ viability [Figure S5]. As shown
in Figure 4, the differences in these two set-ups with regard to the level of biofilm reduction were
statistically insignificant (K-W test, p > 0.05). Therefore, it can be concluded that AntiBioVol allows
testing various concentrations of volatile compounds within a single experimental setting. It should
be pointed out that the issue of a possible interference of various volatile compounds in a single
experimental set-up, resulting in a potentially biased outcome, is often neglected in other in vitro
tests. For example, in a test referred to as the aromatogram, not only various concentrations, but also
various types of EOs are analyzed in a single Petri dish [38,39]. Although the aromatogram is designed
basically to assess the antimicrobial activity of liquid fractions of EOs, one should be aware that during
incubation lasting for 24 h at 37 °C, also volatile fractions of EOs will be released and will interact
with the microbial cells. Thus, the observed outcome of the aromatogram (expressed as the halo zone)
would be an effect of a combined activity of liquid EO fractions and mixed-up plethora of volatile
compounds. Therefore, a general principle with regard to standard Petri dish-based tests should be to
apply a single type of EO, in a single concentration, per one Petri dish. This statement significantly
supports the considerations concerning the advantage of AntiBioVol vs. Petri dish-based tests in the
aforementioned context of space savings in the microbiological incubator.
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As already mentioned above, the variety of Petri dish-based assays on antimicrobial testing
translates into inconsistent results reported in the literature. For example, Tyagi et al. indicated
that E-EO vapors are effective against P. aeruginosa [21], while Kloucek et al. [22] reported that the
volatile E-EO had no activity against this pathogen. The standard disc volatilization method, and the
modification of this method, where one Petri dish was divided into four parts, were applied by the
first and the second team, respectively. Chao et al. [40] observed a reduction in the viability of P.
aeruginosa cells following exposure to TT-EO, while the study performed by Lopez et al. showed
no effect of volatile TT-EO against P. aeruginosa [28]. Among other methods, both teams applied
disc-diffusion methods. These opposite outcomes concerning EOs activity may not only be a result of
variances in EOs’ composition and various testing methods; they may be a consequence of differences
in such seemingly trivial technical parameters as Petri dish diameter and the height of agar poured.
These parameters correlate with the volume of air between the agar surface and the lid, translating
into the concentration of volatilized compound inside the dish, and finally into the obtained size of the
microbial growth inhibition zone. It should be noted that commercially available Petri dishes of the
same diameter often vary in height (from 14 through 16 to 20 mm [41-43], most typically), and this
difference has a substantial impact on the air volume within them and on the final concentration of the
applied volatilized compound.

To investigate the relationship between the above parameters and the obtained halo zone size,
we have performed a disc volatilization method using Petri dishes of various diameters, agar volumes,
and heights (Table 1) or of the same diameter but of various agar volumes (Table 2). As can be seen in
Table 1, along with the decrease in air volume, the final outcome (halo zone) increased. It is worthwhile
to note that the outcomes obtained for dishes of 9 vs. 15 cm were opposite (confirmation of antimicrobial
activity vs. lack of antimicrobial activity, respectively). Moreover, a similar discrepancy of results was
observed if Petri dishes of the same diameter but of various agar volumes were scrutinized (Table 2).
Agar heights differed from each other by 2 mm only, which may easily be overlooked during the test
performance. In conclusion, such technicalities as dish height (or dish diameter) contributing to the
final parameter (halo zone) are frequently not reported in the methods sections of manuscripts [44—46],
and we believe it may be one of the reasons for the observed result discrepancies. The above-presented
consideration explicitly indicates the need to standardize the test, which the AntiBioVol setting offers.
The differences in the diameter to height ratio (which serves to calculate air volume) in the wells of the
24-well plate used in the AntiBioVol test are too faint to have a substantial impact on the outcome,
and hence at least one important factor of variability is eliminated. Moreover, we have explicitly
indicated the volume of agar needed to be poured to the well (2.5 mL, please refer to Section 2.2.1 of
Materials and Methods).

Although the AntiBioVol test provides many advantages as compared to standard Petri dish tests,
we are aware of certain limitations of our methodology. First of all, AntiBioVol is not designed to
analyze anaerobic microorganisms, which are a frequent etiological factor of oral, bone, and chronic
wound infections [47]. An adaptation of the AntiBioVol methodology for the analysis of anaerobic
biofilm would require an implementation of expensive anaerobic chambers and nucleic acid sequencing
methods, significantly increasing the time and cost of the procedure. Secondly, the biofilms cultured in
laboratory conditions, as described in Section 2.2.2 of Materials and Methods, do not fully resemble
the ones infecting a patient’s body in terms of cell number, matrix composition, and dimensional
structures [48]. Therefore, one should be careful with translating the results obtained by means of
AntiBioVol into clinical conclusions. Thirdly, the basic AntiBioVol setting relies on a TTC-based assay
whose sensitivity differs depending on the specific microbial strain applied (and its ability to reduce
tetrazolium salts). However, as we have shown in Figure S3, although the TTC test is able to detect
from 10 to up 10'°
metabolize TTC may be required, especially for strains able to switch their metabolism from aerobic
to anaerobic. Another limitation of our study, strictly related to the previous one, is the fact that
microorganisms form various types of biofilm (as regards cell number and yield of the exopolymeric

microbial cells, the performance of additional tests to evaluate a strain’s ability to
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matrix) in various types of culturing media [49]. This fact makes us lean toward a conclusion that
a more labor-consuming version of AntiBioVol (in which quantitative culturing (QC) is performed,
please refer to Figure 3C) would be of higher usability than a quick, TTC-based version of AntiBioVol
(please refer to Figure 3A,B). In such case, a plausible solution would be to use the TTC-based version
of AntiBioVol for the rapid screening of a high number of strains and, subsequently, the QC-based
version of AntiBioVol for further analyses of selected strains. Thus, the AntiBioVol methodology and
study is of preliminary character and should be investigated further.

Despite the above-mentioned limitations, the AntiBioVol test set provides a powerful tool for
a consisted, rapid analysis of already used or newly designed volatile antimicrobials of known or
suspected anti-biofilm activity. Bearing in mind the fact that biofilm often exists in body sites hardly
reached by liquid or stable medicinal products, the application of EOs and the data provided by
AntiBioVol on their efficacy may be of importance for not only basic but also clinical studies on the
eradication of biofilm formed in the pathogenesis of infections.

6. Conclusions

In this paper, the protocol for a test we dubbed AntiBioVolis provided. Furthermore, the antibiofilm
activity of volatilized EOs against pathogenic biofilm was scrutinized in vitro using the AntiBioVol
methodology. This method allowed a high number of repeats to be performed in a space- and
cost-efficient manner. AntiBioVol has been compared to the standard Petri dish-based test. Not only
do the results obtained by AntiBioVol display low standard deviations but also the use of resources is
lower in comparison to standard tests. No expensive/advanced equipment is required for AntiBioVol
performance. The application of AntiBioVol facilitates and improves the assessment of the effectiveness
of antibiofilm volatile compounds.
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Fig.S1. GC-MS chromatograms of main EO ingredients. E-EQO — eucalyptus oil; TT-EO — tea
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RI RT Compound E-EO TT-EO T-EO
929 6.37 a-Thujene 1.11 + 0.02

937 6.56 a-Pinene 2.30 = 0.04 2.85 £ 0.06 2.20 £ 0.09
949 6.98 Camphene 0.73 + 0.04
975 7.80 Sabinene 0.75 £ 0.02 0.64 £ 0.03
979 8.25 B-Pinene 1.09 £ 0.02 0.69 £ 0.01 0.81 £ 0.05
1005 8.65 o-Phellandrene 2.02 = 0.02 0.61 £ 0.01

1017 9.06 a-Terpinene 11.07 £ 0.17

1025 9.31 p-Cymene 6.89 £ 0.07 4.69 £ 0.07 2691 £ 0.99
1028 9.45 Limonene 2.08 £ 0.05 0.77 £ 0.04
1031 9.52 1,8-Cineole 79.10 = 0.61 3.34 £ 0.06

1060 10.47 y-Terpinene 8.16 £ 0.07 19.07 £ 0.27 8.60 = 0.03
1088 11.44 a-Terpinolene 434 £ 0.06

1096 11.85 Linalool 345 £ 0.15
1141 13.36 Camphor 0.66 = 0.06
1177 14.58 Terpinen-4-ol 33.27 = 0.79

1189 14.99 a-Terpineol 3.26 £ 0.13 7.84 = 0.30
1289 18.49 Thymol 44.00 £ 0.46
1419 2236  B-Caryophyllene 0.53 + 0.01 1.00 = 0.05
1440 22.83 Aromadendrene 1.83 = 0.03

1460 23.32  Alloaromadendrene 0.82 = 0.02

1496 24.03 Viridiflorene 2.35 £ 0.04

1518 24.55 B-Cadinene 2.78 + 0.03

Tab.S1. Composition of main ingredients of tested EOs. E-EO — eucalyptus essential oil; TT-
EO - tea tree essential oil; T-EO — thyme essential oil; RI - retention index; RT — retention
time
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Fig. S2. Photographic presentation of AntiBioVol test performance.
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Fig. S3. Calibration curves for absorbance measurements at 490 nm (TTC assay) versus number

of log10 colony forming units (CFU) / mL [A] S. aureus, [B] P. aeruginosa.
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Fig. S5. Lack of PEG antimicrobial activity against S. aureus in the AntiBioVol experimental
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No significant difference (p<<0.05, K-W test, followed by Tukey's analysis) between control and

PEGs was detected with relation to S. aureus viability.
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Tab. S2. Minimal Inhibitory Concentration [MIC] and Minimum Biofilm Eradication
Concentration [MBEC] of eucalyptus, thyme, tea-tree EOs [E-EO, T-EO, TT-EO,
respectively] and ethanol [EtOH].

E-EO T-EO TT-EO EtOH
Microorganisms
MIC MBEC MIC MBEC MIC MBEC MIC
S. aureus 12.5 n-m 0.02 0.19 6.25 12.5 12.5
C. albicans 1.5 n-m 0.02 0.38 0.78 n-m 3.12
P aeruginosa 25 n-m 50 n-m 25 50 12.5

“n-m” abbreviation stands for “non-measurable” and it is used when no MIC or MBEC values
were observed when the highest possible concentration of specific EO was applied. The
numbers given in the Tab. S1 are expressed as the percentage volume of EO within total volume

consisting of medium and EO in plate’s well.

Description of the results presented in Tab. S1: All liquid EOs acted stronger against the
planktonic forms of the tested microorganisms than against their biofilmic counterparts.
Moreover, liquid EOs acted stronger against thick-walled cells of S. aureus and C. albicans
than against thin-walled P. aeruginosa. Liquid E-EO was inactive (within tested range of
concentrations) against biofilm of all analyzed microorganisms; liquid TT-EO displayed
measurable activity against S. aureus and P. aeruginosa but not against C. albicans biofilm,

while T-EO was active against S. aureus and C. albicans but not against P. aeruginosa biofilm.
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Fig. S6. Antibacterial activity of thyme essential oil liquid against S. aureus determined by

disc diffusion method (A) and inverted Petri plate method (B).

Fig. S7. Antibacterial activity of thyme essential oil liquid against P. areuginosa determined

by disc diffusion method (A) and inverted Petri plate method (B).
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Tab. S3. Antibiofilm activity of volatile fractions of EOs and ethanol against S. aureus, P.

aeruginosa, C. albicans biofilm.

Volatile S. aureus P. areuginosa C. albicans
fractions Mean SEM  Mean SEM Mean SEM
T-EO 0.377  0.048 0.572 0.109 4.555 0.592

TT-EO 0.193 0.049  0.338 0.057 5.190 0.618
E-EO 0.062  0.007  0.357 0.076 4.134 0.522
EtOH 0.157  0.029  0.199 0.036 3.917 0.657

C+ 0.549  0.112  1.048 0.129 7.928 0.501

Data are presented as a mean + standard error of the mean (SEM) of absorbance value (TTC
assay) for S. aureus, P. aeruginosa and logio CFU/mL for C. albicans. C+ — positive control of

growth. EtOH — usability control.

Tab. S4. Comparison of antibiofilm activity of 3 concentrations of TT-EO against S. aureus

biofilm.

Volatile Single plate Separate plate

fractions Mean SEM Mean SEM
TT-EO 25% 0.357 0.028 0.403 0.063
TT-EO 50% 0.312 0.036 0.299 0.069
TT-EO 100% 0.203 0.052 0.228 0.022

Data are presented as a mean of absorbance + standard error of the mean (SEM) of absorbance

value (TTC assay).
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Abstract: The high resistance of staphylococcal biofilm against antibiotics and developing resistance
against antiseptics induces a search for novel antimicrobial compounds. Due to acknowledged and/or
alleged antimicrobial activity of EOs, their application seems to be a promising direction to follow.
Nevertheless, the high complexity of EOs composition and differences in laboratory protocols of the
antimicrobial activity assessment hinders the exact estimation of EOs effectiveness. To overcome
these disadvantages, in the present work we analysed the effectiveness of volatile and liquid forms
of seven EOs (derived from thyme, tea tree, basil, rosemary, eucalyptus, lavender, and menthol
mint) against 16 staphylococcal biofilm-forming strains using cohesive set of in vitro techniques,
including gas chromatography-mass spectrometry, inverted Petri dish, modified disk-diffusion
assay, microdilution techniques, antibiofilm dressing activity measurement, AntiBioVol protocol,
fluorescence/confocal microscopy, and dynamic light scattering. Depending on the requirements of
the technique, EOs were applied in emulsified or non-emulsified form. The obtained results revealed
that application of different in vitro techniques allows us to get a comprehensive set of data and to
gain insight into the analysed phenomena. In the course of our investigation, liquid and volatile
fractions of thyme EO displayed the highest antibiofilm activity. Liquid fractions of rosemary oil
were the second most active against S. aureus. Vapour phases of tea tree and lavender oils exhibited
the weakest anti-staphylococcal activity. The size of emulsified droplets was the lowest for T-EO and
the highest for L-EO. Bearing in mind the limitations of the in vitro study, results from presented
analysis may be of pivotal meaning for the potential application of thymol as a antimicrobial agent
used to fight against staphylococcal biofilm-based infections.

Keywords: S. aureus; biofilm; essential oils

1. Introduction

Biofilm is a cohesive and complex community consisting of microbial cells, embedded
within a self-produced matrix that displays protective and nutritional features. The matrix
also enables the integrity of biofilm, and in the case of the sessile type of this structure
because it facilities adhesion to biotic and abiotic surfaces. Bacteria within the biofilm,
compared to their planktonic (non-aggregated) counterparts, demonstrate specific patterns
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of growth rate, gene transcription, and metabolic activity. It translates into (among others)
highly elevated biofilm tolerance/resistance to environmental stress and eradication with
antimicrobials [1]. Thus, biofilm is a significant causative factor in a number of persistent,
hard-to-heal infections, including these occurring in chronic wounds and bones [2]. Due to
biofilm’s persistence, even systemic high-dose antibiotic therapy displays low efficacy; in
turn, topical application of antibiotics to treat biofilm-based infections is associated with
numerous adverse effects. Therefore, the treatment of biofilm-based, chronic bone and
wound infections requires (if possible) surgical intervention and application of antisep-
tics [3]. As numerous reports indicate microbial resistance to not only antibiotics but also to
antiseptics, a growing interest in new antimicrobials and novel ways of their administration
is presently observed [4].

Essential oils (EOs) are plant-derived liquids containing numerous compounds of ac-
knowledged and/or alleged antimicrobial activity. Many of the compounds display broad
and unspecific mechanisms of action (for example, interaction with the lipids of the cell
membrane of microorganism, resulting in metabolic damages and cell death) making them
effective against antibiotic-resistant strains and biofilms [5]. The complexity of EOs compo-
sition hinders, to some extent, exact understanding of the interplay between their specific
components, because various types of interactions, as synergy, antagonism, addition or
indifference may occur. On the other hand, this diversity contributes to EOs omnidirec-
tional influence on biofilm (manifested as inhibition of Quorum Sensing (QS), reduction of
virulence factors” expression, or inhibition of biofilm adhesion). Moreover, because various
EOs components target diverse sites of microbial cell structure, the application of EOs is
not associated with the risk of the development of bacterial resistance [6].

It was reported that the combined use of various EOs modulates bacterial resistance
to antibiotics, for example, by targeting efflux pumps, stabilizing molecule form, and by
protecting antibiotics against bacterial enzymes [7]. The synergistic action of EOs with
antibiotics and antiseptics (“boosting effect”) was also indicated. It was revealed that the
application of rosemary, eucalyptus, and thyme oils increases antimicrobial activity of
povidone-iodine antiseptic against methicillin-resistant Staphylococcus aureus strains up to
136 times [8].

It is worth noting that not only liquid but also volatile forms of EOs display antimicro-
bial activity. The application of the vapour of EOs provides a high concentration of active
compounds to the infection site and limits side effects related to systemic administration
and the toxicity being result of direct contact between antimicrobial substances and the
issue [9].

Studies on an animal model have confirmed that topical application of EOs promotes
the wound healing process. The use of lavender, rosemary, eucalyptus, and basil oils
on wounds translates into more favourable results of collagen deposition, closure rate,
fibroblasts proliferation, and exudate level [10]. Other research indicates that thyme oil
reduces the amount of nitric oxide released in response to burn injuries and facilitates
wound healing [11]. The clinical trial has demonstrated the potential of tea tree EO in
the therapy of osteomyelitis and wound infection [12]. In turn, 1,8-cineole, a compound
found in rosemary and eucalyptus oils, has been reported to act synergistically with
amoxicillin and gentamicin in combating MRSA-induced osteomyelitis in rabbits [13]. It
should also be noted that such commonly used EOs as St. John’s wort, cinnamon, thyme,
rosemary, white poplar, ginger, and notopterygium root, have a beneficial impact on bone
features, including mineral turnover normalization, inhibition of bone loss, enhancement
of plasma calcium and vitamin D3 level, bone mineral-density improvement, and drop of
inflammation and oxidative stress level [14]. Moreover, ylang-ylang, rosemary, eucalyptus,
frankincense, tea tree, and wintergreen EOs are able to improve biocompatibility and bone
regeneration ability and to prevent microbial colonization [14]. Since EOs are extensively
metabolized in the human organism, their bioavailability as a potential systemic agent is
limited [15]. However, this obstacle is of rather low meaning in the case of wound treatment,
where local effectiveness is primarily required [9]. Taking into consideration the wide
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range of antimicrobial activity of EOs and their low cytotoxicity, the application of these
plant-derived substances as alternatives to antibiotics and antiseptics in the treatment of
chronic wound and bone infections is a direction worth to follow and to investigate [16-18].
Therefore, the present study aimed to evaluate the antimicrobial and antibiofilm in vitro
activity of volatile and liquid fractions of selected EOs against S. aureus methicillin-resistant
(MRSA) and methicillin-sensitive (MSSA) clinical and reference strains (the key factors of
wound and bone infections).

2. Results
2.1. Assessment of EOs Compositions Using Gas Chromatography Mass Spectrometry

Each EO consists of numerous components; therefore, in the first line of experiment,
EOs’ content with regard to presence of antimicrobial substances was analysed using
GCMS technique. Thymol and p-cymene were confirmed to be the main components
of T-EO. Terpinen-4-ol and y-terpinene were primarily presented in TT-EO. B-EO was
comprised of methyl chavicol and linalool; the main components of R-EO were 1,8-cineole,
camphor, and limonene. 1,8-cineole and y-terpinene predominated in E-EO. M-EO was
mainly composed of menthol, menthone, isomenthone, and L-EO of linalyl acetate and
linalool. The detailed list of EOs composition is presented in Table S1 in the Supplementary
Materials.

2.2. Assessment of Biofilm Biomass Level Using Crystal Violet Assay and Biofilm Metabolic
Activity Level Using Tetrazolium Chloride Staining

After confirmation of presence of antimicrobial substances in tested EOs, the ability
of all S. aureus strains to form biofilm in applied in vitro setting was checked. The results
presented in Figure 1 indicate that all staphylococcal strains possess the ability to form
in vitro biofilms displaying metabolic activity.
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Figure 1. Ability of analysed S. aureus strains to form biofilm and assessed with crystal violet (CV) and tetrazolium chloride
(TTC) staining.

2.3. Antimicrobial Activity of All EOs Using Disc Diffusion Method and Inverted Petri Dish
Method

Next, the antimicrobial activity of EOs’ liquid and volatile fractions was evaluated
with standard techniques referred to as the disc diffusion and inverted Petri dish methods,
respectively. The representative results from techniques applied are shown in Figure 2.
With regard to liquid phases, T-EO and R-EO were the most effective against staphylococcal
cells. B-EO, E-EO and L-EO exhibited the lowest antimicrobial activity among tested EOs.
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In case of specific strains, only zones of partial growth inhibition were observed. The
mean diameters of growth inhibition zones being result of exposure of staphylococci to
liquid EOs are presented in Table 1. By means of the inverted Petri dish method, volatile
fractions of TT-EO, B-EO, and L-EO were characterized as ineffective against the majority
of tested strains. Among the investigated EOs, vapours of T-EO displayed the most potent
anti-staphylococcal activity. The mean diameters of growth inhibition zones being result of
exposure of staphylococci to vapour phases of EOs are presented in Table 2.

Figure 2. Zones of growth inhibition after the treatment of bacteria with volatile and liquid fractions
of EOs assessed with the inverted Petri dish method and disc diffusion technique, respectively.
Results of volatile fractions activity are marked with purple frames. (A,B)—thyme oil (SA 2, SA
ATCC 33591, respectively); (C,D)—tea tree oil (SA 35, SA ATCC 33591, respectively); (E,F)—basil
oil (SA 32, SA 33, respectively); (G,H)—rosemary oil (SA 33, SA 10, respectively); (IJ)—eucalyptus
oil (SA 5, SA 28, respectively); (K,L)—menthol mint oil (SA 33, M SA ATCC 33591, respectively);
(M,N)—lavender oil (SA 35, SA 33, respectively); (O,P)—sodium chloride 0.9% (control setting) (SA
26, SA 27, respectively). The picture (F) shows the zone of the partial inhibition of growth.
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Table 1. Mean diameters of inhibition zones [mm]/mean radii of zones of partial growth inhibition (mm) (bolded values)
after treatment with liquid fractions of EOs. T-EO—thyme oil, TT-EO—tea tree oil, B-EO-basil 0il, R-EO—rosemary oil,
E-EO—eucalyptus oil, M-EO—menthol mint oil, L-EO—lavender oil.

Zones of Growth Inhibition (mm) after Treatment with Liquid Fractions of EOs

Strain T-EO TT-EO B-EO R-EO E-EO M-EO L-EO

2 56 (49.29) 8 (£6.66) 8 (£1.15) 41 (£0.58) 0 (£0.00)/4.5 15 (£2.65) 9 (41.00)

4 57(416.50) 9 (£1.15)/3.3 9 (£1.00) 32 (£1.53) 0 (£0.00)/4.8 14 (£2.31) 8 (£1.15)

5 36 (44.04) 15 (£2.89) 10 (£1.00) 40 (43.46) 8 (£0.58) 12 (£2.31) 9 (41.00)

6 35 (43.06) 15 (£1.73) 8 (40.58) 32 (40.58) 8 (£1.15) 11 (£1.53) 12 (£2.65)

7 55 (+13.87) 20 (£10.79)/2.0 17 (£0.58) 45 (40.00) 0 (£0.00)/6.7 13 (£1.73) 9 (£1.15)

10 61 (£2.31) 14 (£1.15) 9 (£2.31) 35 (+0.58) 0 (0.00)/4.7 12 (£1.53) 9 (40.58)

26 43 (£3.79) 14 (£3.21) 14 (£2.08) 42 (+0.58) 0 (£0.00)/5.7 15 (£0.58) 9 (+1.00)

27 60 (+13.86)/7.0 17 (£3.06) 9 (40.58) 27 (43.06) 8 (£0.58)/2.0 13 (£2.00) 10 (£1.15)

28 39 (£6.56)/4.2 19 (£4.04) 12 (£5.29) 33 (£1.53) 10 (+2.08)/2.5 15 (£1.15) 12 (£2.00)

29 51 (45.13) 13 (£1.15) 9 (£1.53) 38 (+£3.21) 3 (£5.20)/6.0 10 (£0.00) 9 (42.65)

32 50 (£9.87) 18 (£1.53) 13 (£1.15) 35 (£0.00) 11 (£0.58) 14 (£0.58) 10 (£0.58)

33 56 (£1.73)/17.0 24 (£1.53) 18 (0.00) 51 (£1.00) 0 (£0.00/55 19 (£6.56)/6.5 14 (+2.89)/37.0

34 40 (+6.35) 10 (£1.00) 18 (£0.58) 34 (40.58) 11 (£1.15) 10 (£0.58) 8 (£1.00)

35 39 (45.69) 13 (£1.53) 18 (£0.58) 43 (£1.73) 8 (£0.58)/2.3 14 (£3.61) 9 (4+0.58)
ATCC 33591 43 (43.06) 17 (£3.51) 9 (40.00) 37 (+0.00) 3 (£4.62)/4.0 17 (£10.44) 10 (£1.00)
ATCC 6538 77(+12.58) 30(5.00) 12 (£0.58) 14 (£5.13) 30(£0.5.8) 14 (£3.21) 10 (£0.58)

Table 2. Mean diameters of inhibition zones [mm]/mean radii of zones of partial growth inhibition (mm) (bolded values)
after treatment with volatile fractions of EOs. T-EO—thyme oil, TT-EO—tea tree o0il, B-EO—basil 0il, R-EO—rosemary oil,
E-EO—eucalyptus oil, M-EO—menthol mint oil, L-EO—lavender oil.

Zones of Growth Inhibition (mm) after Treatment with Volatile Fractions of EOs

Strain T-EO TT-EO B-EO R-EO E-EO M-EO L-EO
2 30 (£4.93) 0 (£0.00) 0 (£0.00) 13 (+8.66) 0 (£0.00) 11 (£1.73) 0 (£0.00)
4 32 (£1.00) 0 (£0.00) 0 (£0.00) 0 (££0.00)/10.5 0 (££0.00/9.3 7 (£1.15) 0 (£0.00)
5 24 (£1.15) 0 (£0.00) 0 (£0.00) 0 (£0.00)/11.5 8 (+6.93)/9.2 2 (+£3.46) 0 (+0.00)
6 24 (£1.15) 0 (£0.00) 0 (£0.00) 0 (£0.00)/11.2 0 (£0.00)/12.3 0 (40.00) 0 (£0.00)
7 31 (£0.00) 0 (£0.00) 0 (£0.00) 0 (£0.00)/13.0 6 (£9.81)/7.0 2 (+£4.04) 0 (+0.00)
10 31 (£1.15) 0 (£0.00) 0 (£0.00) 29 (£2.65) 27 (£1.73) 11 (£0.00) 0 (£0.00)
26 28 (£2.08) 0 (£0.00) 0 (£0.00) 0 (£0.00/13.5 15 (+13.61)/12.5 2 (£4.04) 0 (£0.00)
27 30 (£3.06) 0 (£0.00) 0 (£0.00) 0 (£0.00) 0 (£0.00)/7.5 9 (£2.00) 0 (£0.00)
28 29 (£4.51) 0 (£0.00) 0 (£0.00) 29 (£2.52) 26 (£0.58) 8 (£7.00) 0 (£0.00)
29 31 (£2.08) 0 (£0.00) 0 (£0.00) 0(+0.00/14.2  7(£11.55/10.5 0 (0.00)/3.8 0 (+0.00)
32 27 (£1.00) 0 (£0.00) 0 (£0.00) 9(+15.59)/21.5  0(£0.00/127 0 (£0.00)/5.2 0 (£0.00)
33 30 (+£1.73)/13.2  0(£0.00/7.5  0(£0.00/13.0 28 (+1.15)/1.5 0(4+0.00)/13.8 0 (20.00)/13.8 0 (£0.00)/22.8
34 25 (£2.65) 0 (40.00) 0 (£0.00) 20 (+1.15)/2.8 18 (£1.73) 0 (£0.00) 0 (£0.00)
35 21 (£1.15) 14 (+£12.77) 0 (£0.00) 0 (££0.00)/13.5 0 (40.00)/6 0 (+0.00) 0 (£0.00)

ATCC33591 37 (£0.58)/3.7 0 (=£0.00)/5.5 0 (£0.00) 4 (£6.35)/10.0 0 (0.00/6.2 12 (+£4.93) 0 (£0.00)

ATCC 6538 43 (£5.03) 15 (£6.81) 0 (£0.00) 49 (£5.29) 0 (£0.00) 18 (£2.65) 0 (£0.00)

2.4. Evaluation of the Minimal Inhibitory Concentration (MIC) of Liquid Fractions of All EOs
Emulsions in Tween 20 Using Serial Microdilution Method

The aim of this part of the study was to determine the MIC (minimal inhibitory
concentration) of liquid fractions of EOs using microdilution method in 96-well plates. Due
to the poor solubility of EOs in hydrophilic media such as Tryptic Soy Broth, emulsions
in Tween 20 were applied. Firstly, the influence of different Tween 20 concentrations on
the growth of planktonic forms of S. aureus ATCC 6538 strain was evaluated. The results,
presented in Figure S1 in the Supplementary Materials, indicated that addition of up to 1%
(v/v) Tween 20 did not affect staphylococcal growth. All tested EOs emulsions displayed
antimicrobial activity against planktonic forms of analysed clinical and reference S. aureus
strains. All tested strains were sensitive to EOs emulsions in concentrations equal to or
lower than 6.3% (v/v). The lowest (the most favourable ones with regard to antimicrobial
activity) MIC values were obtained for thyme oil (T-EO) emulsion, while the highest for
B-EO and E-EO. Interestingly, clinical MRSA planktonic strains were more susceptible to
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T-EO emulsions than a reference S. aureus ATCC 33591 strain. The MIC values of all EOs
emulsions against all strains are presented in Table 3.

Table 3. Antimicrobial activity of liquid fractions of tested EOs’ emulsions in Tween 20 against planktonic (MIC (%) (v/v))
and biofilm cells (MBEC (%) (v/v)) of clinical (SA 2-SA 35) and reference (SA ATCC 6538 and SA ATCC 33591) strains of
S. aureus. Dashes (-) indicate EOs where MIC and MBEC values were not reached in the highest concentration (25% (v/v)
and 50% (v/v), respectively) of EOs applied. T-EO—thyme oil, TT-EO—tea tree oil, B-EO—basil oil, R-EO—rosemary oil,
E-EO—eucalyptus oil, M-EO—menthol mint oil, L-EO—lavender oil.

T-EO

TT-EO B-EO R-EO E-EO M-EO L-EO

MIC

MBEC MIC MBEC MIC MBEC MIC MBEC MIC MBEC MIC MBEC MIC MBEC

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

2 0.05 0.05 0.1 1.6 1.6 25 0.4 12.5 1.6 - 0.05 50 0.2 -

4 0.05 0.05 0.2 1.6 1.6 50 0.4 6.3 0.8 - 0.05 0.2 0.8 -

5 0.05 0.05 0.8 1.6 1.6 12.5 0.8 6.3 0.8 - 0.4 50 0.8 -

6 0.1 0.1 0.4 1.6 31 - 0.8 3.1 1.6 - 0.2 - 3.1 -

7 0.05 0.05 0.4 3.1 3.1 - 0.8 50 1.6 - 0.1 - 1.6 -

10 0.05 0.05 0.2 3.1 0.8 - 0.4 50 1.6 - 0.1 - 0.4 -

26 0.05 0.05 0.2 6.3 0.8 12.5 0.4 6.3 0.8 - 0.1 3.1 0.8 -

27 0.025 0.05 0.8 6.3 1.6 - 0.1 25 6.3 - 0.2 50 1.6 -

28 0.05 0.1 0.2 3.1 0.8 25 0.4 6.3 1.6 - 0.1 0.2 0.4 -

29 0.05 0.1 0.8 1.6 3.1 50 0.8 - 1.6 - 0.1 0.4 1.6 -

32 0.05 0.1 0.2 6.3 0.8 12.5 0.4 6.3 0.8 - 0.2 - 0.8 -

33 0.05 0.1 0.1 6.3 1.6 - 0.4 50 0.1 - 0.05 - 0.2 -

34 0.05 0.1 0.4 6.3 0.4 25 0.4 - 3.1 - 0.2 50 0.2 -

35 0.05 0.1 0.2 1.6 1.6 25 0.4 50 1.6 - 0.2 50 0.8 -

ATCC 33591 0.1 0.1 0.2 3.1 1.6 50 0.4 12.5 0.8 - 0.1 0.8 0.4 -
ATCC 6538 0.025 0.4 0.1 0.8 0.8 12.5 0.4 6.3 0.8 - 0.1 0.2 0.2 1.6

2.5. Evaluation of the Minimal Biofilm Eradication Concentration (MBEC) and the Minimal
Bactericidal Concentration for Biofilm (MBC-B) of Liquid Fractions of All EOs Emulsions in
Tween 20

The ability of liquid phases of EOs to eradicate bacterial biofilms was assessed with
an MBEC (minimal biofilm eradication concentration) assay. Similar to the MIC assay, dilu-
tions of EOs were performed using Tween 20 as an emulsifier. E-EO and L-EO emulsions
exhibited no antibiofilm activity. T-EO emulsion was the most effective among the tested
EOs against S. aureus biofilms. Minimal biofilm eradication concentrations of T-EO were
equal to inhibition values against eight staphylococcal strains. Except for E-EO, liquid
fractions of all EOs emulsions exhibited bactericidal activity against individual strains. In
the case of nine staphylococcal strains, T-EO emulsions demonstrated bactericidal activity
in concentrations equal to MBEC values. The MBEC values of each EO emulsions and
all strains are presented in Table 3. The MBC-B (minimal bactericidal concentration for
biofilm) values are presented in Table S2 in the Supplementary Materials.

2.6. Evaluation of Antibiofilm Activity of All Non-Emulsified EOs’ Liquid Fractions Measured
with Modified Antibiofilm Dressing’s Activity Measurement Assay

The antibiofilm activity of liquid fractions of all non-emulsified and non-diluted
EOs against S. aureus was determined using a modified A.D.A.M. (antibiofilm dressing’s
activity measurement) method. Based on the results of microdilution assays, three different
clinical strains for each EO were selected and examined. To provide other research teams
with the possibility of performance of this analysis, reference staphylococcal strains were
also included. As a substance of proven antimicrobial activity, liquid phases of 96% (v/v)
ethanol were applied (as controls of test usability). The concentration of EOs released from
biocellulose discs was 65.8%. All EOs displayed an ability to eradicate biofilms (from 27%
up to 92%). T-EO and R-EO were the most effective against all tested strains. T-EO and
R-EO exhibited stronger antibiofilm activity against the S. aureus ATCC 33591 strain than
ethanol, which served as reference substance. The antibiofilm activity of liquid fractions of
non-emulsified EOs and ethanol against selected strains is depicted in Figure 3.
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Figure 3. Antibiofilm activity of liquid fractions of non-emulsified EOs and ethanol against S. aureus measured with
modified A.D.A.M. (antibiofilm dressing’s activity measurement) assay. (A—H)—results of TTC assay. ETOCH—ethanol,
T-EO—thyme oil, TT-EO—tea tree oil, B-EO—basil oil, R-EO—rosemary oil, E-EO—eucalyptus oil, M-EO—menthol mint
oil, L-EO—lavender oil, C+ control of growth. Absorbance of growth controls samples are marked with red lines.
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2.7. Evaluation of Antibiofilm Activity of All Non-Emulsified Eos’ Volatile Fractions Measured
with AntiBioVol Assay

Antibiofilm activity of volatile fractions of all non-emulsified and non-diluted EOs
against S. aureus was determined using AntiBioVol (antibiofilm activity of volatile com-
pounds) method against strains investigated in the modified A.D.A.M. test. As a substance
of proven antimicrobial activity, the volatile phase of 96% (v/v) ethanol was investigated
against reference strains. The differentiated antibiofilm efficacy was observed depending
on analysed bacterial strains and the type of oil applied. Volatile fractions of B-EO were
the only ones that reduced the number of biofilm cells of all tested strains. In turn, T-
EO’s volatile fractions exhibited the strongest antibiofilm activity against reference strains.
Growth of SA 5 biofilm was increased after exposure to vapours of all applied EOs (T-EQ,
E-EO, M-EO, and L-EO). TT-EO and L-EO only slightly eradicated biofilm but in specific
cases they enhanced the growth of biofilm formed by clinical strains. In order to determine
the influence of volatile fractions of EOs on bacterial cell numbers, quantitative culturing
was also performed for two strains exposed to four Eos. SA 5 and SA ATCC 6538 were
chosen as the strains in which the opposite impact of EOs was observed in the AntiBioVol
assay. The decrease in the number of SA ATCC 6538 cells was observed, while in the case of
SA 5, the number of cells was higher or scarcely lower than in control setting. The results of
the AntiBioVol (antibiofilm activity of volatile compounds) test are presented in Figure 4.
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Figure 4. Cont.
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Figure 4. Antibiofilm activity of volatile fractions of non-emulsified EOs and ethanol against S. aureus measured with
AntiBioVol (antibiofilm activity of volatile compounds) method. (A-H)—results of TTC assay, (I,J)—results of quantitative
culturing. ETOCH—ethanol, T-EO—thyme oil, TT-EO—tea tree o0il, B-EO—basil 0il, R-EO—rosemary oil, E-EEO—eucalyptus
oil, M-EO—menthol mint oil, L-EO—lavender oil, C+ control of growth. Absorbance of growth controls samples are marked

with red lines.

2.8. Visualisation of Impact of T-EO Emulsions’ Liquid Fractions on Staphylococcal Biofilm Using
LIVE/DEAD Staining and Epifluorescence Microscopy

Based on the above-presented results, T-EO emulsion, as the most potent EO against
S. aureus biofilms, was chosen for study using fluorescent microscopy. The assessment
of antibiofilm activity of the emulsion’s liquid fractions against a reference ATCC 6538
strain, examined with a LIVE/DEAD dye, indicated 57% biofilm cell reduction in concen-
tration 0.4% (v/v) (concentration equal to MBEC value evaluated with a TTC indicator).
Visualisation of the strain ATCC 6538 biofilm stained with LIVE/DEAD dye is presented in
Figure 5. Graphical comparison of ATCC 6538 biofilm viability treated with liquid phases
of T-EO emulsion evaluated with LIVE/DEAD and TTC dyes is presented in Figure 6. An
interesting phenomenon manifested by significant drop of metabolic activity occurred after
exposure to T-EO concentration >0.1% (v/v) with maintaining level of staphylococcal cell
integrity (at level of ~35%) was observed.
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Figure 5. Microphotography of the S. aureus ATCC 6538 reference strain biofilm stained with
LIVE/DEAD dye. (A,B)—biofilm exposed to liquid fractions of thyme oil emulsions in concentration
1.6% (v/v) (A.1-A.3) and 0.8% (v/v) (B.1-B.3); (C.1-C.3)—biofilm treated with 0.1% octenidine and 2%
phenoxyethanol solution; (D.1-D.3)—untreated cells. The red/orange colour shows staphylococcal
cells altered /damaged in result of exposure to liquid T-EO emulsion, while green-coloured cells are
non-altered, viable cells. Fluorescence microscope Etaluma 600 (magnification 20x).
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Figure 6. Viability (%) of S. aureus ATCC 6538 biofilm treated with liquid fractions of T-EO (thyme oil) emulsions assessed
with LIVE (green colour) and TTC (red colour) dyes.

2.9. Three Dimensional Visualization of Alterations of Staphylococcal Biofilm Exposed to Volatile
Fractions of R-EO

The impact of vapour R-EO on S. aureus ATCC 6538 biofilm was analysed using
3D confocal microscopy and parametric processing of visual data obtained (Figure 7).
Volumetric images revealed high reduction of staphylococcal biofilm after exposure to
R-EO (manifested in the form of loss of biofilm (Figure 7B, fragments pointed with num-
ber “2”) and higher share of damaged/compromised cells (Figure 7D) compared to the
staphylococcal biofilm untreated with R-EO (Figure 7A,C).

Figure 7. Impact of vapour phase of R-EO on S. aureus ATCC 6538 biofilm. (A,B)—volumetric data
showing untreated and treated biofilm, respectively. (1)—non-altered fragment of biofilms; (2)—loss
of biofilm volume. (C,D)—staphylococcal biofilm cells treated and untreated with R-EO, respectively.
The red/orange colour shows staphylococcal cells altered /damaged in result of exposure to vapour
R-EO, while green-coloured cells are non-altered, viable cells. Moreover, the more dark (less green)
picture is, the less live cells are captured in this particular field of vision.
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2.10. Size of Emulsified EOs Droplets

Finally, because the correlation between EO emulsion droplet size was recently shown
to be another factor of impact on antimicrobial activity, the average diameters of droplets
of emulsified EOs were measured. The results (in increasing order of diameter) were
as follows: T-EO: 637 + 287 nm; R-EO: 783 + 69 nm; TT-EO: 1079 £+ 59 nm; M-EO:
1515 £ 116 nm; B-EO: 2172 + 813 nm; E-EO:2201 + 110 nm; L-EO: 3531 + 204 nm.

3. Discussion

The results of numerous studies indicate that EOs are a promising alternative to
antibiotics thanks to their broad spectrum of antimicrobial activity and unspecific mode of
action, which correlates with low risk of microbial resistance emergence [19,20]. As highly
lipophilic substances, EOs bind to and disrupt the integrity of microbial cell walls and
membrane structures, resulting in cell lysis [21]. It is reported that EOs may also exhibit
such other mechanisms of action against biofilms as blocking the quorum-sense system,
inhibiting the transcription of flagellar genes, interfering with bacterial motility, reducing
the bacterial adherence to inert surfaces, increasing the oxidative stress in microbial cells,
and blocking the productions of enzymes [22].

Essential oils are characterized by complex and variable composition, high volatility,
and poor water solubility [23]. There are many factors which have impacts on the molecular
composition of EOs, including seasonal climatic variations, intraspecies variability, and the
method of oil extraction [24]. It has been found that two or three major classes of substances
(and their concentrations) determine EOs biological activity to the major extent [23]. EOs
contain a high level of phenolic compounds, e.g., carvacrol, eugenol, and thymol, which
are substances with a proven, strong antibacterial effect [25]. Therefore, in the first part
of the study we have evaluated the composition of each EO and confirmed the presence
of compounds of antimicrobial activity (Table S1). It is noteworthy that vapour forms of
EOs are reported to have higher antimicrobial effect than the liquid fractions [26-29]. It
is suggested that lipophilic molecules in the EOs” aqueous phase associate, form micelles,
and restrain the attachment of EOs to microorganisms. The vapour phase is devoid of this
disadvantage that allows antimicrobials to be easily released and to strongly attach to mi-
crobial structures [30]. Due to the aforementioned volatility and water immiscibility of EOs,
evaluation of their antimicrobial activity using in vitro assays displays certain limitations.
Therefore, we have analysed antibacterial effectiveness of EOs’ both fractions and have
compared results using differentiated methodological approaches. In the present study;,
the antimicrobial activity of seven essential oils has been investigated against fourteen
clinical and two reference S. aureus strains. The strains forming biofilm in the most robust
manner have been selected (Figure 1) for further analyses. First, the evaluation of antimi-
crobial activity of liquid and vapour fractions of EOs was performed using disc diffusion
method and inverted Petri dish assay, respectively. Results of the inverted Petri dish assay
demonstrated that the strongest antimicrobial activity was displayed by the liquid phases
of T-EO and R-EO; a moderate effect was shown for TT-EO, M-EO; and the weakest effect
for B-EO, E-EO and L-EO (Figure 2, Table 1). In turn, Chao et al., analysing antibacterial
effect of EOs against a MRSA reference strain, indicated the following (in decreasing order)
activity of liquid fractions of these substances: T-EO > TT-EO > R-EO = L-EO > B-EO >
E-EO [31]. The discrepancies of results presented by Chao et al. with outcomes presented
in this work (concerning difference in activity of R-EO but not T-EO) may be caused by
the different volume of used EOs, resulted in various level of diffusion of these substances
through the agar medium. It is noteworthy that other studies have also confirmed the
significant antimicrobial activity of T-EO liquids against clinical and reference MRSA and
MSSA strains [32-35], similar to the results presented in this study. The zones of growth
inhibition of reference and clinical staphylococcal strains after exposure to T-EO liquid
fractions, presented in work of Tohidpour et al., where the disc diffusion method was
applied, ranged from 12 to 35 mm, while Kryvtsova et al., using a well diffusion assay,
observed formation of zones of 45-66 mm diameter [36,37]. Contrary to these results and
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results shown in this work, Mardafkan et al. have presented no activity of T-EO liquid
phases against S. aureus [38]. The different thymol content—the main T-EO’s compound
responsible for antimicrobial activity—may be the reason standing behind the observed
differences in outcomes. T-EO, applied in the research of Mardafkan et al., contained thy-
mol in concentrations of 30% and benzene in concentrations of 14%, whereas T-EO applied
in our study comprised a higher concentration of thymol (44%) and p-cymene (27%) but
not benzene (Table S1). Lemos et al. have shown that T-EO where the thymol concentration
was equal to 53% exerted an MIC against S. aureus equal to 0.02 mg/mL, while the 40%
concentration of thymol, corresponded with an MIC value of 0.17 mg/mL [39].

Similarly, the results obtained for liquid phases of EOs when vapour phases were
also analysed showed that the greatest zones of microbial growth inhibition were de-
tected for T-EO. No zones of growth inhibition were demonstrated for B-EO and L-EO
(Figure 2, Table 2). These results cannot be directly compared with results from other
studies due to diversity of Inverted Petri Dish assay protocols applied. Nevertheless, the
anti-staphylococcal efficacy of vapour phases of thyme oil has been proven in numerous
studies [40—-47]. On the other hand, some studies have also indicated significant activity of
TT-EO, E-EO, B-EO, L-EO vapour against S. aureus [40,42,47-49], whereas other studies are
consistent with our results [40,41]. Differences in applied methodologies such as volume
and concentration of oil used, addition of oil solvents, testing several samples on the same
plate, paper disc diameter, or agar surface height, are suggested to explain the discrepancies
in outcomes. As it has been reported in our previous study, all these factors may have
a significant impact on the diameter of the obtained zone of growth inhibition [50]. The
above conclusion is also strongly upheld by the data provided by Aber et al. who showed
dose-dependent antibacterial activity of essential oils’ vapour fractions [51].

In the subsequent step of our investigation, we have evaluated antibacterial effect
of liquid fractions of EO emulsions on planktonic and biofilm cells of S. aureus using
standard microdilution methods. Tween 20 was used as non- ionic surfactant to enhance
solubilization and reduce evaporation of EOs [52]. According to our previous research,
addition of 0.5% (v/v) Tween 20 improved anti-staphylococcal activity of TT-EO liquid
fractions [53]. As it is presented in Figure S1 in Supplementary Materials, Tween 20 did
not inhibit growth of S. aureus planktonic cells in the concentrations used for emulsion
preparation. The liquid fractions of all tested EOs emulsions effectively inhibited growth of
S. aureus planktonic forms (Table 3). The lowest (most favourable outcome) MIC—minimal
inhibitory concentration—values were obtained for T-EO and M-EO emulsions. Numerous
studies have confirmed our results [54-56]. In case of antibiofilm activity of EOs liquid
phases, T-EO and TT-EO emulsions were the most potent ones. B-EO, R-EO, and M-EO
emulsions eradicated biofilms of particular strains, whereas E-EO and L-EO emulsions
were inactive (Table 3). Except for T-EO, MBEC (minimal biofilm eradication concentration)
values of EOs were higher than MIC. Such results stay in line with generally accepted fact of
protective function of biofilm matrix resulting, among others, in increased tolerance of cells
on antimicrobial substances [57]. Oussalah et al. and Horvath et al. have reported the same
MIC values against reference S. aureus strain as these presented in this research for T-EO
and M-EO emulsions, respectively [54,58]. It is noteworthy that the major components and
their concentrations in T-EO applied by these research teams were comparable (Table S1).
Similarly, in our previous research, the same MIC and MBEC values of non-emulsified
T-EO have been recorded against S. aureus reference strain. Considering the above, it is
suggested that an emulsifier, if applied in an appropriate concentration, does not increase
the oil’s liquid fraction antimicrobial activity. As mentioned before, thymol is thought
to be the compound accountable for T-EO properties. Li et al. have indicated that, in
case of thymol, surfactant addition may even reduce its antimicrobial activity [59]. One
of proposed explanations of this phenomenon is the trapping thymol by the surfactant at
the micelle oil-water interface. This phenomenon reduces the soluble thymol content in
the aqueous phase. However, low Tween 20 concentration in our samples may explain
why reduction of activity was not observed. It has been reported that thymol’s activity
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depends on the bacterial species that is applied against and physical properties of the
molecule. The presence of the hydroxyl group and a system of delocalized electrons
plays an important role in the antimicrobial activity of thymol (and its isomer—carvacrol),
by disturbing bacterial membrane functions, altering lipid barrier, depleting ATP, and
finally, causing bacterial cell dead, [60]. This complex mechanism may be responsible
for observed antibiofilm effect of T-EO emulsion against several S. aureus, when applied
concentrations of T-EO were equal of these defined as minimal inhibitory ones (Table 3,
Table S2). Gomori et al. have demonstrated that minimal bactericidal concentration (MBC)
of T-EO against MRSA and MSSA reference strains were only 2-fold higher than MIC
values [61]. In our study, liquid fractions of TT-EO emulsions exerted antibiofilm effect
in concentration ranges from 6.3 to 0.8% (v/v) (Table 3). These results are consistent with
results of our previous studies in which we observed that liquid fractions of the EOs are
able to reduce viability of staphylococcal biofilm cells in microdilution assays [50,53]. Feng
et al. have indicated complete removal of mature MRSA biofilm after the exposure to
0.32% TT-EO [62]. In turn, MBEC and MBC-B values of liquid fractions of emulsified R-EO,
M-EQO, and B-EO differed with regard to staphylococcal strains they were applied against
(Table 3). Analysing influence of R-EO on biofilm of clinical MSSA and MRSA clinical
and reference strains, other researchers revealed analogical trends to these shown in this
work [8,63]. Nazir et al. have found that B-EO in 5% (v/v) concentration inhibited 20%
staphylococcal biofilm cells, whereas concentrated oil was able to inhibit 55% of these
cells [64]. No MBEC value was also obtained when oil concentration of 50 puL./mL was
applied [65]. Kifer et al. have found that MBEC value of menthol, a main component of
M-EO, ranged from 3.21 to 6.35 mg/mL against MRSA and MSSA clinical and reference
strains [66]. In the same study MBEC values of the component predominating in E-EO (1,8-
cineole) were in the concentration range from 128 to 254 mg/mL [66]. These data stay in
line with results from our study in which we showed that M-EO emulsions liquid fractions
display higher antibiofilm activity than E-EO (Table 3). On the other hand, Merghni et al.
have demonstrated staphylococcal biofilm reduction above 80% after the treatment with
liquid phases of 0.2 mg/mL E-EO as well as 0.2 mg/mL 1,8-cineole [67]. Liquid phases
of L-EO emulsions tested in this research effectively eradicated only biofilm of a S. aureus
ATCC 6538 strain at minimal concentration equal to 1.6% (v/v) (Table 3). Research provided
by other teams have indicated a 3-fold higher MBEC value against a MRSA reference strain
and MBEC equal to 12.5 uL/mL against the susceptible ones [65,68]. The low reduction of
biofilms formed by clinical MRSA and reference MSSA strains was demonstrated after the
exposure to liquid fractions of L-EO, linalyl acetate, and linalool [69,70]. To gain broader
insight into phenomena analysed, we have performed tests of antibiofilm activity of non-
emulsified liquid and volatile fractions of EOs against selected strains of S. aureus using
another set of methodological settings. We have applied that recently developed and
modified A.D.A.M. (antibiofilm dressing’s activity measurement) assay and AntiBioVol
(antibiofilm activity of volatile compounds) methodology for the assessment of liquid and
volatile fractions, respectively. Both models use agar as a surface for biofilm culturing and
provide semi-quantitative type of data. According to the results received in the modified
A.D.AM. assay, liquid fractions of all essential oils possessed the ability to reduce viability
of staphylococcal biofilms. The T-EO and R-EO were the most effective ones (Figure 3).
Antibiofilm activity of non- emulsified T-EO and E-EO liquid fractions was assessed in our
previous study with a similar methodology, though the oil-soaked dressing was applied
directly on biofilm cells [71]. The previous study also demonstrated about 60% and 50%
reduction of biofilm cells viability for T-EO and E-EO, respectively [71]. The outcomes
of AntiBioVol assay have revealed that only volatile fractions of B-EO reduced viability
of biofilms of all tested strains (Figure 4). Antibiofilm activity of vapour of other EOs
was strain-dependent. Interestingly, volatile fractions of all EOs possessed the ability to
decrease level of metabolically active biofilm cells of SA ATCC 6538 strain (and cell number
in case of four oils), whereas the level of metabolic viability and cell number of SA 5
biofilm cells increased after exposure to each tested oil (Figure 4). As the analyses were
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performed in high number of repeats and displayed high cohesion, this specific result
additionally underlines inter-species variability in answer of staphylococcal strains to
exposure to specific EOs. It also shows importance of using the appropriate number of
strains for evaluation of EOs activity to not omit such important phenomena. Finally, the
impact of liquid fractions of T-EO emulsion on SA ATCC 6538 biofilm cells viability and
membrane integrity was evaluated (Figures 5 and 6). The significant drop of metabolic
activity occurred after exposure to T-EO concentration >0.1% (v/v) with maintaining level
of staphylococcal cell integrity (at level of ~35%) was observed. Considering the fact that
liquid fractions of T-EO emulsion demonstrated bactericidal activity in concentration 0.4%
(v/v) (Table S2), it may be assumed that the oil affects bacterial cells not only by targeting
membrane but also via other mechanisms of more bacteriostatic nature. It was recently
proposed that thymol may exert antibiofilm activity by inhibiting virulence factors such as
PIA and hemolysin synthesis [72] and to act in similar manner as its isomer, carvacrol, by
affecting genes coding for quorum sensing process [60].

In the present study, the broad spectrum of methods for the assessment of EOs’
antimicrobial activity was applied. In case of non-biofilm forms of microbial communities,
the significantly lower activity of liquid fractions of TT-EO, B-EO, E-EO, M-EO, and L-EO
has been demonstrated using disc diffusion method comparing to the MIC assay. The
discrepancies may result from the fact that usability of disc diffusion technique for such
lipophilic substances as essential oils is limited. Furthermore, application of the emulsifier
in MIC assessment may have improved the efficacy of EOs components.

No antibiofilm activity of E-EO and L-EO emulsions’ liquid fractions has been in-
dicated with use of microdilution method, whereas reduction of biofilm cells’ viability
after exposure to these non- emulsified EOs was demonstrated using modified A.D.A.M.
methodology. It should be stressed that different surfaces for biofilm formation (polystyrene
in MBEC assay and agar in the modified A.D.A.M. test) may influence biofilm adhesion,
density and contribute to level of EOs’ effectiveness. Moreover, in MBEC assay EOs emul-
sions are in constant contact with bacterial cells, while in A.D.A.M. assay, EOs are gradually
released from biocellulose discs to the medium in which bacteria are immersed in. In turn,
rate of EOs components release from biocellulose may have an effect on eradication activity
of particular EOs.

There were no zones of growth inhibition obtained with inverted Petri dish method
after the exposure of S. aureus cells to B-EO, though significant reduction of biofilm cells
viability after exposure to this EO was measured with AntiBioVol test. More potent activity
of B-EO’s vapour fractions against mature biofilm than against microbial planktonic cells
suggests that activity of this oil may affect various stages of biofilm life-cycle. As it was
mentioned, numerous factors have an impact on inverted Petri dish method’s accuracy.
Furthermore, in AntiBioVol technique EOs are applied directly under the entire biofilm
surface, while in inverted Petri dish EOs vapour are spread over the 90-mm Petri dish.
Different volumes of EOs used in both assays are also of high impact for obtained results.

The strongest antimicrobial and antibiofilm activity were determined for thyme oil.
Rosemary and menthol mint oils also displayed significant anti-staphylococcal activity.
The main components of the oils (thymol in thyme oil, 1,8-cineole in rosemary oil, and
menthol in menthol mint oil) are, to a major extent, accountable for their activity. Studies
indicated that the antimicrobial effect of monoterpenes such as (+)-menthol and thymol
is partially observed due to the disruption of the lipid fraction of the plasma membrane,
causing a changed permeability and leakage of intracellular materials [73]. The research
of Li et al. [74] showed that 1,8-cineole changed the shape and size of the bacterial cell
(for both Gram-negative and Gram-positive bacteria). In addition, bacterial cells treated
with this compound underwent apoptosis, because they showed a strong condensation
of nuclear chromatin located in the central part of the nucleoplasm [74]. 1,8-cineole is the
component also presented in eucalyptus oil; it may be assumed that better antimicrobial
activity of rosemary oil is the result of synergistic action of eucalyptol and other compounds
of the oil, as was suggested by Bajalan et al. [75]
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In this work, we applied a broad spectrum of analytical techniques to assess the
impact of EOs on staphylococcal biofilm. The reason behind this agenda was the fact
that there are numerous variables related to this seemingly easy-to-perform research,
including variances in EOs’ composition, intraspecies variability, and crucial differences
in methodological approaches (related to fraction of EO tested, type of surface used for
growth, and the various volumes of EOs used, to name just the most important ones). It
should be mentioned that such an approach is increasingly being applied, especially in
the studies on the impact of various antimicrobials against biofilms [76]. Therefore, we
hypothesized that application of prolific in vitro techniques allows us to overcome these
challenges and indicates that antibiofilm activity of specific (or some) EOs prevail over
others when the abovementioned specific methodologies are applied as a whole. Indeed,
the data obtained in this study indicates T-EO (consisting mostly of thymol) as the most
potent one. It is noteworthy that Multu-Inglok et al. [77] presented the reverse correlation
between the size of emulsified EO and its antimicrobial activity (the smaller the size of
droplets, the higher the antimicrobial potential). In our study, the emulsified T-EO droplets
were of the lowest, 637 nm diameter, while the size of emulsified L-EO droplets (which
displayed low antimicrobial activity in majority of tests) were over 5 times bigger (3531 nm),
confirming data presented by above-mentioned research team. It explicitly shows that
the number of variables that should be taken under consideration during analysis of
interactions of EOs with microorganisms (in biofilm form, especially) may be even higher
than previously assumed. Nevertheless, bearing in mind all limitations of the in vitro
study, we believe that this conclusion may be of pivotal meaning in subsequent lines of
investigation and potential application of thymol in the character of new, antimicrobial
agent used to fight against staphylococcal biofilm-based infections.

4. Materials and Methods
4.1. Microorganisms and Culture Conditions

Two reference strains, Staphylococcus aureus 6538 and 33591 from the American Type
and Culture Collection (ATCC) and fourteen clinical isolates from bone (7 strains) and
wound infections (7 strains) were analysed in this study. Three strains from each group were
MSSA strains (methicillin-susceptible Staphylococcus aureus), and four were MRSA strains
(methicillin-resistant Staphylococcus aureus). The list of the strains is presented in Table 4.
The strains are part of the Strain and Line Collection of Pharmaceutical Microbiology
and Parasitology Department of the Medical University of Wroclaw. All clinical strains
applied in this study are part of collection of strains of Department of Pharmaceutical
Microbiology and Parasitology of Wroclaw Medical University. The strains were obtained
in year 2016 during the internal Wroclaw Medical University SUB. D198.16.001 project:
“The insight into biofilm-related properties of clinical microorganisms and possibilities of
their eradication”. All patients provided a written consent to participate in the trial and
allowed the material obtained during the study (exudate, bioptates, microorganisms) to
be used for scientific purposes. The study was approved by the Bioethical Committee of
Wroclaw Medical University, protocol # 8/2016.

Table 4. Type and origin of clinical strains used in the study.

Wound Infection Strains Bone Infection Strains
MSSA MRSA MSSA MRSA
SA 2 SA 26 SA 6 SA 32
SA 4 SA 27 SA7 SA 33
SA 5 SA 28 SA 10 SA 34

SA 29 SA 35

All strains were cultured overnight before the experiments at 37 °C in Tryptic Soy Broth
medium (TSB, Biomaxima, Lublin, Poland). Subsequently, 0.5 McFarland suspensions were
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established in saline (NaCl, Stanlab, Lublin, Poland) using a densitometer (Densilameter II
Erba Lachema, Brno, the Czech Republic) and applied in each test.

4.2. Essential Oils

In this study, the antimicrobial activity of volatile and liquid fractions of EOs was
investigated. Due to the volatility of EOs, individual essential oils and control settings
were examined on separate plates.

The following seven commercial EOs were examined in this study:

e  Thyme oil (T-EO, obtained from Thymus vulgaris L. herb) was purchased from Etja,
Elblag, Poland;

o  Tea tree oil (TT-EO, obtained from Melaleuca alternifolia Cheel. leaves) was purchased
from Pharmatech, Zukowo, Poland;

e  Basil oil (B-EO, obtained from Ocimum basilicum L. leaves and flowers) was purchased
from Nanga, Zlotow, Poland;

e Rosemary oil (R-EO, obtained from Rosmarinus officinalis L. flowering shoots) was
purchased from Nanga, Zlotow, Poland;

o  Eucalyptus oil (E-EO, obtained from Eucalyptus globulus Labill. leaves and twigs) was
purchased from Pharmatech, Zukowo, Poland;

e Lavender oil (L-EO, obtained from Lavandula angustifolia Mill. flowering herb) was
purchased from Kej, Cirkowice, Poland;

e  Menthol mint oil (M-EO, obtained from Mentha arvensis L. leaves) was purchased from
Optima Natura, Grodki, Poland.

4.3. GC-MS (Gas Chromatography Mass Spectrometry) Analysis of the Tested EOs Composition
4.3.1. Essential Oil Preparation

Essential oils (EO) were diluted with hexane (JTB, GB), vortexed, and immediately
analysed. All analyses were performed in triplicate.

4.3.2. GC-MS Analysis

Analysis was performed using Agilent 7890B GC system coupled with 7000GC/TQ
system connected to PAL RSI85 autosampler (Agilent Technologies, Palo Alto, CA, USA).
The column used was HP-5 MS; 30 m x 0.25 mm x 0.25 um (J&W, Agilent Technologies,
Palo Alto, CA, USA) with helium used as a carrier gas at the total flow of 1 mL/min.
Chromatographic conditions were as follows: split injection in a ratio 100:1, the injector
was set on 250 °C, oven temperature program was: 50 °C held for 1 min, then 4 °C/min
up to 130 °C, 10 °C/min to 280 °C, and then isothermal for 2 min. The MS detector
operated in the electronic impact ionization mode at 70 eV, transfer line, source, and
quadrupole temperatures were set at 320, 230, and 150 °C, respectively. Masses were
registered in a range from 30 to 400 m/z. Peaks were identified in MassHunter Workstation
Software Version B.08.00 coupled with the NIST17 mass spectra library and accomplished
by comparison with linear retention indexes. The relative abundance of each EO constituent
was expressed as percentage content based on the peak area normalization. Due to the
obtained results, none of the analysed EOs is of pharmacopeial grade. However, the
analysis was not performed in accordance with normalization procedure from Polish
Pharmacopea XI (different column and different temperature program).

4.4. Assessment of Biofilm Biomass Level Using Crystal Violet Assay

To assess total biofilm mass, crystal violet staining was applied. In the first step,
100 uL of all 0.5 MF bacterial suspensions diluted 1000 times in TSB (Tryptic Soy Broth,
Biomaxima, Lublin, Poland) medium were added to the wells of 96-well plates (Wuxi Nest
Biotechnology, Wuxi, China) and incubated under static conditions for 24 h at 37 °C. After
the supernatant fluid was removed, the plate was dried for 10 min (37 °C), and the biofilm
was dyed with 100 puL of 20% (v/v) crystal violet solution (Aqua-med, Lodz, Poland). The
plate was kept at RT for 10 min, biofilm cells were washed twice with 100 uL of saline,
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and the plate was returned to the incubator (37 °C) for 10 min once more. Subsequently,
100 pL of 30% (v/v) acetic acid (Chempur, Piekary Slaskie, Poland) solution was poured
into the wells, and the plate was stirred for 30 min at 350 rpm shaker (Mini-shaker PSU-2T,
Biosan SIA, Riga, Latvia). The plate’s content was transferred to a fresh 96-well plate, and
absorbance was measured at 550 nm using a spectrophotometer (Multiskan Go, Thermo
Fisher Scientific, Vantaa, Finland). The experiment was performed twice with six replicates.

4.5. Assessment of Biofilm Activity Level Using TTC Staining

Biofilm culturing was performed as described in the crystal violet assay. Subsequently,
tetrazolium chloride assay was carried out as follows: 100 uL of 0.1% (w/v) TTC solution
(2,3,5-triphenyl-tetrazolium chloride, AppliChem Gmbh, Damstadt, Germany) in TSB
(Tryptic Soy Broth, Biomaxima, Lublin, Poland) was added to the cells for 2 h (37 °C). The
suspension was aspirated, the plate was dried (10 min/37 °C), and 100 uL of methanol
was added (Stanlab, Lublin, Poland). The plate was shaken (30 min at 350 rpm), and the
solution was carried to the fresh wells of a 96-well plate. Absorbance was measured at
490 nm. The experiment was performed twice with six replicates.

4.6. Evaluation of the Antimicrobial Activity of All EOs Using Disc Diffusion Method and
Inverted Petri Dish Method

The experiments were performed using Mueller—-Hinton agar (Biomaxima, Lublin,
Poland) plates (90 mm diameter, 14.2 mm height, Noex, Komorniki, Poland). The agar
layer was 5 mm thick. Standard paper discs (diameter of 6 mm, 0.5 mm of thickness)
were placed in a 48-well plate (Thermo Fisher Scientific, Waltham, MA, USA), soaked with
0.2 mL of each EOs or saline (as control of bacterial growth) (NaCl, Stanlab, Lublin, Poland),
wrapped with tape and kept refrigerated for 30 min. The abovementioned suspensions
of all strains (two references and fourteen clinical) (0.5 McFarland) were cultured onto
the plates. To evaluate the antimicrobial activity of liquid fractions of all EOs, the paper
discs were placed onto the agar, while to assess the activity of vapour fractions onto the
plate lids. The plates were sealed with parafilm and incubated for 24 h at 37 °C. Microbial
growth inhibition zones were measured (in mm) afterwards using a ruler. Zones of partial
growth inhibition were evaluated (in mm) if no total inhibition was observed. In the case of
unequal zones, a shorter diameter was included. Each experimental setting was performed
in triplicate, and the mean diameter was calculated.

4.7. Evaluation of Minimal Inhibitory and Minimal Biofilm Eradication Concentrations of Liquid
Fractions of EOs Emulsions

The minimal inhibitory concentration (MIC) and minimal biofilm eradication con-
centration (MBEC) were assessed for liquid fractions of all EOs against each tested strain.
There were three replicates performed in two separate repetitions.

Due to the poor solubility of EOs in a water medium, Tween 20 (Zielony Klub, Kielce,
Poland) was used as an emulsifier. Each dilution of the EOs was prepared in a separate
15 mL falcon tube (Flmedica, Padova, Italy). First, 2-fold dilution of EO was performed in
Tryptic Soy Broth (TSB, Biomaxima, Lublin, Poland) with 1% (v/v) Tween 20 and vortexed
(Micro-shaker type 326 m, Premed, Marki, Poland) for 30 min/RT. Other geometric dilu-
tions were prepared in TSB and vortexed for 30 s. For the minimal inhibitory concentration
(MIC) purpose, the 0.5 MacFarland suspensions of all strains were diluted 1000 in TSB,
and 100 puL were added to 96-well plates (Jet Bio-Filtration Co. Ltd., Guanzhou, China).
Subsequently, 100 puL of EOs emulsions were poured, and the plates were incubated for 24 h
at 37 °C with continuous shaking at 350 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia).
After incubation, 20 pL of 1% (w/v) TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem
Gmbh, Damstadt, Germany) solution in TSB was added, incubation has proceeded for 2 h
under the same conditions. Absorbance was measured at wavelength A = 580 nm using
a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland) before
and right after the incubation with EOs. In the MBEC assay (minimal biofilm eradication
concentration), the microorganisms’ suspensions were prepared likewise, and 100 puL were
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poured into the wells of 96-well plates and 100 pL of TSB was added. The plates were
incubated for 24 h/37 °C to form biofilm. Next, the medium was replaced with 200 pL of
EOs emulsions (in the concentration range 50-0.02% (v/v)), and the plates were incubated
again for 24 h at 37 °C. EOs emulsions were removed, 200 puL of 0.1% (w/v) TTC solution
in TSB was poured into the biofilm wells, and the plates were incubated for 2 h at 37 °C.
The medium was replaced with the same volume of methanol (Stanlab, Lublin, Poland)
and glacial acetic acid solution (Chempur, Piekary Slaskie, Poland) (in a ratio of 9:1), and
the plates were shaken at 350 rpm for 30 min at RT. A total of 100 uL was transferred
to fresh 96-well plates and absorbance was measured at 490 nm wavelength. The MIC
and MBEC (%) (v/v) values were assessed as the first well where no colour was observed
after incubation with TTC. In both assays, controls of microorganisms’ growth and con-
trols of medium sterility were applied. Moreover, the antimicrobial activity of Tween 20
(in the concentration range 1-0.002% (v/v)) against S. aureus 6538 planktonic forms was
investigated.

Additionally, the content of the wells corresponding to MBEC values was transferred
to glass tubes with 5 mL of TSB medium and incubated overnight at 37 °C. The MBC-B
(minimal bactericidal concentration for biofilm) values were assessed in the tubes where
no visible growth was observed.

Based on the MIC and MBEC results, three clinical strains the most susceptible to
the liquid fractions of EOs and two reference S. aureus strains were selected for further
antimicrobial experiments.

4.8. Evaluation of Antibiofilm Activity of All Non-Emulsified EOs’ Liquid Fractions Using
Modified A.D.A.M. (Antibiofilm Dressing’s Activity Measurement) Assay

The assay was a modification of the protocol presented in our previous study [78].
The following steps of the experiment were performed:

4.8.1. Biofilm Plugs Preparation

Brain Heart Infusion Broth (BHI, Biomaxima, Lublin, Poland) and 2% (w/v) of Bac-
teriological Lab Agar (Biomaxima, Lublin, Poland) were used for filling the wells of a
24-well plate (further referred to as Plate 1) (Wuxi Nest Biotechnology, Wuxi, China) to half
their height. The plate was left for agar solidification. Subsequently, agar plugs 8 mm in
diameter were cut out of each well using a cork-borer. The plugs were divided into two
equal parts. One part of the divided plugs was discarded. The second part was placed in a
new 24-well plate (later referred to as Plate 2). The selected strains’ suspensions, prepared
as described in the Section 4.1, were then diluted one thousand times in Tryptic Soy Broth
medium (TSB, Biomaxima, Lublin, Poland), and 2 mL was added to the plugs—containing
wells of Plate 2 and incubated at 37 °C for 24 h. During the incubation, biofilm was formed
at the top of the plugs.

4.8.2. Treatment with EOs

To assess the antibiofilm activity of all tested EOs, biocellulose dressings were prepared
as follows:

A Komagataeibacter xylinus ATCC 53524 strain was cultured stativity in Herstin—
Schramm (H-S) medium for 7 days at 28 °C for cellulose production. The medium was
composed of 2% (w/v) glucose (Chempur, Piekary Slaskie, Poland), 0.5% (w/v) yeast extract
(VWR, Radnor, PA, USA), 0.5% (w/v) bacto-peptone (VWR, Radnor, PA, USA), 0.115%
(w/v) citric acid monohydricum (POCH, Gliwice, Poland), 0.27% (w/v) Na,HPO4 (POCH,
Gliwice, Poland), 0.05% (w/v) MgSO4-7H,O (POCH, Gliwice, Poland), and 1% (v/v) ethanol
(Chempur, Piekary Slaskie, Poland). Subsequently, the bacteria were removed from the
cellulose by shaking. To obtain 14 mm biocellulose (BC) discs, 1 mL of H-S medium was
poured into the wells of a 24-well plate (Wuxi Nest Biotechnology, Jiangsu, China). The
wells were inoculated with the released bacteria and incubated for 7 days/28 °C. After-
wards, the BC discs were taken out, cleansed with 0.1 M NaOH (Chempur, Piekary Slaskie,
Poland) at 80 °C, and rinsed with double-distilled water until neutral pH was reached.
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Finally, the BC discs were sterilized in an autoclave. Six BC discs were weighed, dried for
24 h at 37 °C, and weighed again. The average volume of water in discs was approximately
0.76 g. The BC discs were soaked with 1 mL of EOs or saline (positive control) or 96% (v/v)
ethanol (for the reference strains only) and incubated for 24 h at 4 °C. The concentration of
substances absorbed into the BC discs was calculated by the formula:

Compound concentration (%) = [EV/(WBC — DBC) + EV)] * 100

EV—a volume of essential oil (mL).

WBC—the weight of wet BC disc (g).

DBC—the weight of dry BC disc (g).

Once the plugs were covered with biofilm (Plate 2), they were placed in the empty
agar hollows of Plate 1, and 120 pL of TSB (Tryptic Soy Broth medium, Biomaxima, Lublin,
Poland) was added to fill up the hollows’ space. The EOs/saline/ethanol-containing BC
discs were placed on the top of the wells of the Pate 1. The plate was sealed with tape and
incubated for 24 h /37 °C.

4.8.3. Viability Measurement

As incubation was completed, the BC discs and the medium over the biofilm were
removed. A total of 1 mL of 0.1% (w/v) solution of tetrazolium chloride (TTC, 2,3,5-
triphenyl-tetrazolium chloride, AppliChem Gmbh, Damstadt, Germany) in TSB was added
for 2 h (37 °C) (Plate 3). Next, the solution was gently removed, and 1 mL of methanol
(Stanlab, Lublin, Poland): acetic acid (Chempur, Piekary Slaskie, Poland) mixture (9:1) was
added. The plate was shaken for 30 min/400 rpm at RT. From each well, three samples for
100 puL were transferred to 96-well plates (Jet Bio-Filtration Co. Ltd., Guanzhou, China),
and absorbance was measured at 490 nm with a spectrophotometer (Multiskan Go, Thermo
Fisher Scientific, Vantaa, Finland). Each EO and control were tested in six replicates.
Compared to the biofilms treated with NaCl, reduction in biofilm metabolic activity was
defined as a percentage.

4.9. Evaluation of Antibiofilm Activity of All Non-Emulsified EOs’ Volatile Fractions Measured
with AntiBioVol Assay (Antibiofilm Activity of Volatile Compounds)

AntiBioVol test was performed as demonstrated in our previous paper [50]. The
following steps of the experiment were similar to the modified A.D.A.M. assay and were
conducted as follows:

4.9.1. Biofilm Plugs Preparation

The first step of the experiment was performed similarly as in the modified A.D.A.M.
methodology, but the wells of a 24-well plate (Plate 1) were filled with the BHI agar to the
full. Moreover, one part of the divided plugs was replaced to the agar hollows of Plate 1,
and the plate was kept at 8 °C. The second part was used for biofilm culturing (Plate 2).
The same strains as in the modified A.D.A.M. assay were tested.

4.9.2. Treatment with EOs

In the next step of the experiment, the biofilm plugs were gently transferred to Plate 1
and put on the biofilm-free plugs. All tested, undiluted essential oils were poured into a
separate 24-well plate (later referred to as Plate 3) in volume 0.5 mL. Plate 1 was put upside
down on Plate 3 (the agar wells were set directly above the EOs wells). The plates were
sealed with tape and incubated at 37 °C for 24 h. For growth control, a 0.9% solution of
NaCl (Stanlab, Lublin, Poland) was applied instead of EOs. Furthermore, the antimicrobial
activity of 96% (v/v) ethanol (Stanlab, Lublin, Poland) was tested against the reference
strains.
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4.9.3. Viability Measurement

After the exposure to the tested EOs, the upper plugs were gently transferred to a fresh
24-well plate (Plate 4), poured over with 2 mL of 0.1% (w/v) solution of tetrazolium chloride
TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem Gmbh, Damstadt, Germany) in TSB
and incubated for 2 h/37 °C. The solution was gently aspirated, and 2 mL of methanol
(Stanlab, Lublin, Poland) and glacial acetic acid solution (Chempur, Piekary Slaskie, Poland)
(9:1 ratio) was added. The plate was agitated at RT for 30 min/400 rpm using a shaker
(Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). Three samples for 200 uL were transferred
to 96-well plates (Jet Bio-Filtration Co. Ltd., Guanzhou, China) from each well, and
absorbance measurement was performed at 490 nm wavelength using a spectrophotometer
(Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). Each EO and control were
examined in six replicates. Compared to the biofilms treated with NaCl, a reduction
in biofilm metabolic activity (representing metabolically active cells) was defined as a
percentage.

Based on the results obtained by the AntiBioVol method, two strains (the reference
strain ATCC 6538 and strain referred to as SA 5) and four EOs (T-EO, E-EO, M-EQO, and
L-EO) were chosen for cell number quantification. The AntiBioVol assay was re-conducted,
although instead of the TTC staining step, quantitative culturing was performed. For this
purpose, the agar plugs treated for 24 h with volatile fractions of EOs were transferred
to 1 mL of a 0.1% (w/v) saponin (VWR, Leuven, Belgium) solution and agitated for 30 s
using a vortex mixer (Micro-shaker type 326 m, Premed, Marki, Poland). Subsequently, the
serial dilutions of the suspension were cultured onto Mueller-Hinton agar (Biomaxima,
Lublin, Poland) and Petri dishes (Noex, Komorniki, Poland), and then incubated for 24 h at
37 °C; finally, the CFU number was counted. The samples exposed to EOs were compared
to grow control (0.9% NaCl) samples. The test was performed in three replicates.

Moreover, vapour fractions of R-EO were applied against S. aureus ATCC 6538 biofilm
and analysed using 3D confocal microscopy. The data applied for volumetric visualization
was obtained using SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) and
processed using Image]J (National Institutes of Health, Bethesda, MD, USA).

4.10. Fluorescence Microscopy of Biofilms Visualised with Use of LIVE/DEAD Staining

Antibiofilm activity of liquid fractions of thyme oil (T-EO) emulsion against S. aureus
ATCC 6538 strain was examined using a fluorescence microscope (Etaluma lumascope 600,
San Diego, CA, USA). Biofilm culturing and treatment with thyme oil emulsions in concen-
trations (v/v): 0.4%, 0.2%, 0.1%, 0.02%, 0.01%, and 0.006% was carried out as described in
the MBEC assay. The cells exposed to 0.1% octenidine and 2% phenoxyethanol solution
(Octenisept, Schulke, Wien, Austria) were used as the negative control, whereas untreated
cells were used as a positive control. Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit
(Thermo Fischer Scientific, Waltham, MA, USA) prepared according to manufacturer’s in-
struction was applied as a dye to assess membrane integrity. A total of 10 pL of the reagent
was added to each well of a 96-well plate (Jet Bio-Filtration Co. Ltd., Guanzhou, China) for
15 min (RT, darkness). Next, the cells were washed once with 200 uL of double-distilled
water, and the plate was dried for 15 min at 37 °C. Biofilms were then analysed using a
fluorescence microscope Etaluma 600 (an object lens with magnification 20x).

4.11. Analysis on the Size of EOs Emulsion Droplets

The analysis on size of emulsion’s droplets (the hydrodynamic diameter) were per-
formed by dynamic light scattering (DLS) method using Zetasizer Nano ZS ZEN3600
device (Malvern Instruments, Malvern, UK). The 1000x diluted samples of 1 mL volume
were introduced to disposable polystyrene cuvettes, equilibrated at 25 °C and determined
with the detection angle of 173°. Data were acquired in automatic mode. The results were
presented in the form of average droplets” diameter (nm), and droplets size distribution.
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Table S1. Ingredients of tested EOs measured with GC-MS (Gas Chromatography Mass Spectrometry).
Components which are in line with Polish Pharmakopea XI standards are marked green colour, the ones

which are not in line are marked red. RI - retention index, RT - retention time

A. Thyme oil

EOS_thymii_500+200_3 (EOS_thymii_500+200_3.D)

x10 &

Courts
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05
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04
03 &~
02 CHy
01 *
! 6,00 5,00 10,00 12,00 14,00 16,00 18,00 20,00 22?00 24,00 26,00 2800 30,00 3200 34,00
RI RT Compound T. vulgaris
937 | 6.56 a-Pinene 2.20£0.09
949 | 6.98 Camphene 0.73 £0.04
975 | 7.80 Sabinene 0.64 +0.03
979 |8.25 -Pinene 0.81+0.05
1025 | 9.31 p-Cymene 26.91 +0.99
1028 | 9.45 Limonene 0.77 +0.04
1060 | 10.47 | y-Terpinene 8.60 +0.03
1096 | 11.85 | Linalool 3.45+0.15
1141 | 13.36 | Camphor 0.66 + 0.06
1189 | 14.99 | a-Terpineol 7.84 +0.30
1289 | 18.49 | Thymol 44.00 + 0.46
1419 | 22.36 | B-Caryophyllene 1.00 + 0.05

Polish Pharmakopea XI ranges:

o~ thujene: 0.2 per cent to 1.5 per cent

-myrcene: 1.0 per cent to 3.0 per cent

o~ terpinene: 0.9 per cent to 2.6 per cent
p- cymene: 14.0 per cent to 28.0 per cent

y-terpinene: 4.0 per cent to 12.0 per cent

linalool: 1.5 per cent to 6.5 per cent

terpinen-4-ol: 0.1 per cent to 2.5 per cent
carvacrol methyl ether: 0.05 per cent to 1.5 per cent

thymol: 37.0 per cent to 55.0 per cent



carvacrol: 0.5 per cent to 5.5 per cent

B. Tea tree oil

EOS_TeaTree_1 (EOS_TeaTree_1D)
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RI | RT Compound M. alternifolia
929 637 | a-Thujene 1.11+0.02
937 | 6.56 a-Pinene 2.85+0.06
975 |7.80 Sabinene 0.75+0.02
979 |8.25 [3-Pinene 0.69+0.01
1005 | 8.65 a-Phellandrene 0.61 +0.01
1017 | 9.06 a-Terpinene 11.07 £0.17
1025 | 9.31 p-Cymene 4.69 + 0.07
1028 | 9.45 Limonene 2.08 +0.05
1031 | 9.52 1,8-Cineole 3.34+0.06
1060 | 10.47 | y-Terpinene 19.07 £ 0.27
1088 | 11.44 | a-Terpinolene 4.34+0.06
1177 | 14.58 | Terpinen-4-ol 33.27 £ 0.79
1189 | 14.99 | a-Terpineol 3.26 £0.13
1419 | 22.36 | B-Caryophyllene 0.53 £ 0.01
1440 | 22.83 | Aromadendrene 1.83 +0.03
1460 | 23.32 | Alloaromadendrene | 0.82 + 0.02
1496 | 24.03 | Viridiflorene 2.35+0.04
1518 | 24.55 | B-Cadinene 2.78 +0.03

Polish Pharmakopea XI ranges:

o-pinene: 1.0 per cent to 6.0 per cent

sabinene: maximum 3.5 per cent

o~ terpinene: 5.0 per cent to 13.0 per cent



limonene: 0.5 per cent to 4.0 per cent
cineole: maximum 15.0 per cent
v-terpinene: 10.0 per cent to 28.0 per cent
p- cymene: 0.5 per cent to 12.0 per cent
terpinolene: 1.5 per cent to 5.0 per cent
terpinen-4-ol: minimum 30.0 per cent
aromadendrene: maximum 7.0 per cent
o~ terpineol: 1.5 per cent to 8.0 per cent

C. Basil oil

O_basilicum-1-1 (O_basilicum-1-1.D)
x108
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RI RT Compound O.basilicum

1095 | 14.08 | Linalool 10.69+1.13

1192 | 17.59 | Methyl chavicol [Estragole] 89.31+1.13
Not included in Polish Pharmakopea XI




D. Rosemary oil

R_officinalis-2-2 (R_officinalis-2-2 D))
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RI RT Compound R.officinalis
896 8.22 Cyclofenchene 4.99+0.48
908 8.69 2-Bornene 3.0040.29
924 9.57 B-Thujene 2.33+0.11
932 9.65 o-Pinene 2.58+0.28
988 10.22 | Myrcene 0.38+0.14
1002 | 10.63 | o-Phellandrene 0.23£0.07
1014 | 11.07 | o-Terpinene 0.80+0.04
1022 | 11.35 | o-Cymene 3.15+1.45
1024 | 1149 | Limonene 14.26+0.99
1026 | 11.57 | 1,8-Cineole [Eucalyptol] 30.12+1.74
1054 | 12.59 | y-Terpinene 8.21+0.35
1141 | 15.64 | Camphor 21.97+0.77
1156 | 16.08 | Isoborneol 1.5320.06
1165 | 16.40 | Borneol 2.6940.09
1186 | 17.32 | a-Terpineol 1.56+0.39
1284 | 20.61 | Bornyl acetate 1.17+0.09
1417 | 24.80 | Caryophyllene 0.85+0.21

Polish Pharmakopea XI ranges:

For rosemary oil, Spanish type, the percentages are within the following ranges:

o-pinene: 18 per cent to 26 per cent
camphene: 8.0 per cent to 12.0 per cent
[-pinene: 2.0 per cent to 6.0 per cent

-myrcene: 1.5 per cent to 5.0 per cent
limonene: 2.5 per cent to 5.0 per cent
cineole: 16.0 per cent to 25.0 per cent
p-cymene: 1.0 per cent to 2.2 per cent




camphor: 13.0 per cent to 21.0 per cent

bornyl acetate: 0.5 per cent to 2.5 per cent

o-terpineol: 1.0 per cent to 3.5 per cent

borneol: 2.0 per cent to 4.5 per cent

verbenone: 0.7 per cent to 2.5 per cent

For rosemary oil, Moroccan and Tunisian type, the percentages are within the following
ranges:

o-pinene: 9.0 per cent to 14.0 per cent
camphene: 2.5 per cent to 6.0 per cent
[B-pinene: 4.0 per cent to 9.0 per cent
[-myrcene: 1.0 per cent to 2.0 per cent
limonene: 1.5 per cent to 4.0 per cent
cineole: 38.0 per cent to 55.0 per cent
p-cymene: 0.8 per cent to 2.5 per cent
camphor: 5.0 per cent to 15.0 per cent
bornyl acetate: 0.1 per cent to 1.5 per cent
o-terpineol: 1.0 per cent to 2.6 per cent
borneol: 1.5 per cent to 5.0 per cent
verbenone: maximum 0.4 per cent

E. Eucalyptus oil

EOS_eucalypti_1 (EOS_eucalypti_1.D)
x10 8

Courts

08

06

04 =
[ cHy
0,2
n : l i II .

600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400

RI RT Compound E. globulus
937 6.56 | a-Pinene 2.30+0.04
979 8.25 | p-Pinene 1.09 +0.02
1005 | 8.65 | a-Phellandrene | 2.02+0.02
1025 | 931 | p-Cymene 6.89 +0.07
1031 | 9.52 | 1,8-Cineole 79.10 + 0.61
1060 | 10.47 | y-Terpinene 8.16 + 0.07

Polish Pharmakopea XI ranges



o-pinene: 0.05 per cent to 10.0 per cent
B-pinene: 0.05 per cent to 1.5 per cent
sabinene: maximum 0.3 per cent
o-phellandrene: 0.05 per cent to 1.5 per cent
limonene: 0.05 per cent to15.0 per cent
1,8-cineole: minimum 70.0 per cent
camphor: maximum 0.1 per cent

F. Menthol mint oil

M_arvensis_2-1 (M_arvensis_2-1.D)

Counts

x10€
1.3

1.2
11

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

n

=
HaC CH3LH3
‘ HC

c CH,

I |,

6.00

Hy
Hy
cH,

ci
8.00 10.00 12.00 14.00

16.00 18.00 20.00 2200 2400 26.00 28.00 30.00 32.00

RI RT Compound M.arvensis
896 8.22 Cyclofenchene 2.68+0.17
932 9.65 o-Pinene 3.01+0.17
1024 | 11.49 | Limonene 3.7840.27
1148 | 15.98 | Menthone 24.53+0.23
1158 | 16.36 | Isomenthone 13.54+1.75
1167 | 16.66 | Menthol 45.57+2.21
1294 | 20.89 | Menthyl acetate 5.61+0.36
1417 | 24.80 | Caryophyllene 1.2740.57

Polish Pharmakopea XI ranges:

34.00



limonene: 1.5 per cent to 7.0 per cent

cineole: maximum 1.5 per cent

menthone: 17.0 per cent to 35.0 per cent
isomenthone: 5.0 per cent to 13.0 per cent

menthyl acetate: 1.5 per cent to 7.0 per cent

isopulegol: 1.0 per cent to 3.0 per cent
menthol: 30.0 per cent to 50.0 per cent
pulegone: maximum 2.5 per cent
carvone: maximum 2.0 per cent

The ratio of cineole content to limonene content is less than 1.

Lavandulal-2 (Lavandulal-2D)

x106
3.2
3
2.8
2.6
24
2.2
2
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1.6
14
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1
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0.6
0.4
0.2

Counls

n

. Lavender oil

L

5

6.00

8.00

1000 12000 1400 1600 18.00

|

20.00

2200 2400 26,00

RI RT Compound L. angustifolia
896 8.22 Cyclofenchene 3.66+0.35

932 9.65 a -Pinene 0.94+0.04

988 10.22 | Myrcene 0.86+0.13
1008 10.83 | 3-Carene 1.19+0.12
1022 11.35 | o-Cymene 1.19+0.12
1026 11.57 | 1,8-Cineole [Eucalyptol] 2.56+0.39
1095 14.08 | Linalool 37.76+1.18
1141 15.64 | Camphor 0.84+0.10

34.00



1165 16.40 | Borneol 2.04+0.56
1174 16.82 | Terpinen-4-ol 3.03+0.46
1254 19.60 | Linalyl acetate 41.13+0.40
1288 20.81 | Lavandulyl acetate 1.80+0.22
1417 24.80 | Caryophyllene 3.4740.66

Polish Pharmakopea XI ranges

limonene: maximum 1.0 per cent
1,8-cineole: maximum 2.5 per cent
3-octanone: 0.1 per cent to 5.0 per cent
camphor: maximum 1.2 per cent

linalool: 20.0 per cent to 45.0 per cent
linalyl acetate: 25.0 per cent to 47.0 per cent
terpinen-4-ol: 0.1 per cent to 8.0 per cent
lavandulyl acetate: minimum 0.2 per cent
lavandulol: minimum 0.1 per cent
a-terpineol: maximum 2.0 per cent

SA ATCC 6538
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Figure S1. Influence of different concentrations of Tween 20 [(%) (v/v)] on planktonic forms of S. aureus
ATCC 6538 strain. C+ untreated cells.

MBC-B (%)




T- EO TT-EO B-EO R-EO M-EO L-EO
Strain MBC-B | Strain MBC-B | Strain MBC-B | Strain MBC-B | Strain MBC-B | Strain | MBC-B
SA5 0.05 SA2 25 SA 4 50 2 12.5 SA 32 50 SA2 25
SA6 0.1 SA4 12.5 SA 29 50 4 6.3 SA 34 50
SA7 0.05 SA5 25 SA 32 12.5 7 50 SA 35 50
SA 10 0.05 SA 27 50 SA 34 25 27 12.5 SA ATCC | 25
33591

SA 26 0.05 SA 28 3.1 SA ATCC | 25 33 25 SA ATCC | 50

33591 6538
SA 27 0.05 SA 32 6.3 SA ATCC | 125 34 25

6538
SA 32 0.1 SA 33 6.3 35 50
SA 33 0.1 SA 34 6.3 SA ATCC | 125

33591

SA ATCC | 04 SA ATCC | 1.6
6538 33591

Table S2. The MBC- B [(%) (v/v)] (minimal bactericidal concentration for biofilm) values of EOs
emulsions. T-EO- thyme oil, TT-EO- tea tree oil, B- EO- basil oil, R-EO- rosemary oil, M-EO- menthol

mint oil, L- EO- lavender oil




PUBLIKACJA P3

94



molecules

Article

Chemical Composition and Antibacterial Activity of Liquid and
Volatile Phase of Essential Oils against Planktonic and
Biofilm-Forming Cells of Pseudomonas aeruginosa

Malwina Brozyna 1'*(, Justyna Paleczny 1, Weronika Kozlowska 2, Daria Ciecholewska-Jusko 30,
Adam Parfieficzyk 4, Grzegorz Chodaczek ®* and Adam Junka *

check for
updates

Citation: Brozyna, M.; Paleczny, J.;
Koztowska, W.; Ciecholewska-Jusko,
D.; Parfienczyk, A.; Chodaczek, G.;
Junka, A. Chemical Composition and
Antibacterial Activity of Liquid and
Volatile Phase of Essential Oils
against Planktonic and
Biofilm-Forming Cells of Pseudomonas
aeruginosa. Molecules 2022, 27, 4096.
https://doi.org/10.3390/
molecules27134096

Academic Editor: Daniela Rigano

Received: 28 April 2022
Accepted: 22 June 2022
Published: 25 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmaceutical Microbiology and Parasitology, Medical University of Wroclaw,

50-367 Wroclaw, Poland; justyna.paleczny@student.umw.edu.pl

Division of Pharmaceutical Biotechnology, Department of Pharmaceutical Biology and Biotechnology,
Medical University of Wroclaw, 50-367 Wroclaw, Poland; weronika. kozlowska@umw.edu.pl

Department of Microbiology and Biotechnology, West Pomeranian University of Technology,

70-311 Szczecin, Poland; daria.ciecholewska@zut.edu.pl

Faculty of Medicine, Lazarski University, 02-662 Warsaw, Poland; adam.parfienczyk@lazarski.pl
Bioimaging Laboratory, Lukasiewicz Research Network—PORT Polish Center for Technology Development,
54-066 Wroclaw, Poland; grzegorz.chodaczek@port.org.pl

*  Correspondence: malwina.brozyna@student.umw.edu.pl (M.B.); feliks junka@gmail.com (A.].)

Abstract: Pseudomonas aeruginosa is an opportunistic pathogen causing life-threatening, hard-to-heal
infections associated with the presence of a biofilm. Essential oils (EOs) are promising agents to
combat pseudomonal infections because of the alleged antimicrobial activity of their volatile fractions
and liquid forms. Therefore, the purpose of this paper was to evaluate the antibacterial efficacy of
both volatile and liquid phases of seven EOs (thyme, tea tree, basil, rosemary, eucalyptus, menthol
mint, lavender) against P. aeruginosa biofilm and planktonic cells with the use of a broad spectrum of
analytical in vitro methods. According to the study results, the antibacterial activity of EOs in their
liquid forms varied from that of the volatile fractions. Overall, liquid and volatile forms of rosemary
EO and tea tree EO displayed significant antibiofilm effectiveness. The outcomes indicate that these
particular EOs possess the potential to be used in the therapy of P. aeruginosa infections.

Keywords: biofilm; Pseudomonas aeruginosa; essential oil; EOs in liquid form; volatile fractions;
antimicrobial activity

1. Introduction

Pseudomonas aeruginosa is a Gram-negative, opportunistic bacterium responsible for
a growing number of serious nosocomial infections. As an example, such different pop-
ulations as patients suffering from chronic wounds, cystic fibrosis, catheter-related infec-
tions, or AIDS are at risk of developing a severe pseudomonal infection, accounting for
high mortality and morbidity rates [1]. The production of surface factors, flagella, pili,
lipopolysaccharide, toxin secretion and biofilm formation are considered primary virulence
determinants of P. aeruginosa [2]. Biofilms are complex microbial communities in which
cells display characteristic spatial localization and phenotypic and biochemical features
differentiating them from their free-swimming (planktonic) counterparts. Cells in the
biofilm are encased in extracellular polymeric substances (EPS), which serve as a scaffold
for the structural integrity of the microbial community and as a barrier protecting cells from
detrimental factors. The biofilm may form on living tissue and indwelling medical devices,
including catheters, tracheal tubes, implants, etc. Cells in the biofilm are highly tolerant
to antimicrobials (antibiotics, especially) and are resistant to host immune defense mecha-
nisms [3]. Therefore, therapeutic options for the treatment of pseudomonal, biofilm-based
infections are limited. Thus, numerous attempts have been made to devise novel strategies
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for combating Pseudomonas infections [2]. Among them, the application of various kinds of
phytochemical molecules has been reported to be a promising direction with regard to P.
aeruginosa biofilm eradication and overcoming this bacteria’s resistance to antibiotics [4].

One of the types of such phytochemical molecules is referred to as essential oils (EOs).
These mixtures of plants’ secondary metabolites belong mainly to groups of terpenes,
sesquiterpenes, and phenylpropanoids. Their broad spectrum of biological activity covers
antibacterial, antifungal, anti-inflammatory, antiviral, antioxidant, and anticancer proper-
ties. Overall, EO activity depends on the content of the constituents, which is, to a major
extent, impacted by such variables as plant origin, cultivation conditions, and extraction
techniques [5]. EOs are characterized by high lipophilicity and volatility. Due to the
lipophilic nature, they exhibit an unspecific mode of antimicrobial action, which relies on
binding to the cell wall or the membrane and damaging its integrity. Concerning this broad
mechanism of action and already proven effectiveness against multidrug-resistant microor-
ganisms/biofilms, EOs are suggested to be the alternative approach to combat bacterial
infections [6]. However, the topical administration of EOs may cause allergic reactions and
skin irritation; thus, undiluted EOs cannot be applied directly to body parts altered by the
infection process [7]. From the manufacturing perspective, EOs’ lipophilic properties also
restrain the development of physically stable, non-harmful skin formulations [8]. Therefore,
volatile fractions of EOs are more and more considered to be suitable for the treatment of
specific bacterial infections (e.g., of the respiratory tract, skin, or wounds) [9].

The already performed research demonstrated that the volatile forms of EOs may
display a stronger antimicrobial effect than their liquid phases used in direct contact [10]. It
is suggested that hydrophobic molecules in the aqueous phase associate and form micelles,
which hinder the attachment of EOs to microorganisms. The EOs’ volatile fractions are
devoided of this disadvantage [11]. In addition, because EOs’ volatile fractions may be
administered locally (not via systemic dosage), the risk of side effects and interactions
with other drugs is exiguous [8]. However, the majority of research is still mainly focused
on EOs’” antimicrobial activity through direct contact with the oil in its liquid form. Only
a limited number of studies on antimicrobial effectiveness of the volatile forms of EOs
are available [12]. Therefore, the purpose of this paper was to evaluate the antibacterial
potential of both volatile and liquid phases of seven commercially available EOs against
P. aeruginosa biofilm and planktonic cells with the use of a broad spectrum of analytical
in vitro methods.

2. Results
2.1. GC-MS (Gas Chromatography—Mass Spectrometry) Analysis of the Tested EOs Composition

The percentage composition of EOs” constituents was assessed using gas chromatography—
mass spectrometry. The two main ingredients of thyme oil (T-EO) are thymol and p-
cymene. Terpinen-4-ol and y-terpinene predominate in tea tree oil (TT-EO). Basil oil
(B-EO) is composed of methyl chavicol and linalool only. Camphor and 1,8-cineole are the
main components of rosemary oil (R-EO), while 1,8-cineole and y-terpinene are primarily
presented in eucalyptus oil (E-EO). Menthol mint oil (MM-EQO) contains mostly menthol
and menthone, and linalyl acetate and linalool are the main ingredients of lavender oil
(L-EO). The compositions of EOs were compared to the Polish Pharmacopoeia XI standards.
TT-EO was the only one whose components (and their percentage) were directly within
pharmacopeial ranges. B-EO is not included in the Pharmacopoeia. Table 1 presents a
list of the EOs’ detected compounds. Chromatograms of the tested EOs are presented in
Figure S1 in the Supplementary Materials.
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Table 1. The content (% =+ standard deviation) of compounds in essential oils. T-EO, thyme oil;
TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint
oil; L-EO, lavender oil. Dashes (-) indicate the compounds not presented in the specific EO. The
components in line with Polish Pharmacopoeia XI standards are marked in green color.

Retention Mean Concentration (%) £+ SD
Time Compound
(min) T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
6.37 a-Thujene - 1.11 £ 0.02 - - - - -

6.56 a-Pinene 220+0.09 285+ 0.06 - 258 +£028 2304004 3.01+0.17 094 +0.04
6.98 Camphene 0.73 £0.04 - - - - - -

7.8 Sabinene 0.64 £0.03 0.75 £ 0.02 - - - - -

8.22 Cyclofenchene - - - 4.99 + 048 - 2,68 +0.17 3.66 + 0.35
8.25 [-Pinene 0.81 £0.05 0.69 +0.01 - - 1.09 £+ 0.02 - -

8.65 a-Phellandrene - 0.61 +0.01 - 023 +£0.07  2.0240.02 - -

8.69 2-Bornene - - - 3.00 £ 0.29 - - -

9.06 a-Terpinene - 11.07 £ 0.17 - 0.80 £+ 0.04 - - -

9.31 p-Cymene 2691 +£0.99 4.69 +0.07 - - 6.89 £+ 0.07 - -

9.45 Limonene 0.77£0.04  2.08 +0.05 - 14.26 £ 0.99 - 3.78 £0.27 -

9.52 1.8-Cineole - 3.34 £ 0.06 - 3012 +£1.74  79.10 + 0.61 - 2.56 + 0.39
9.57 3 -Thujene - - - 2.33 £0.11 - - -
10.22 Myrcene - - - 0.38 = 0.14 - - -
10.22 Myrcene - - - - - - 0.86 = 0.13
10.47 v-Terpinene 8.60 +0.03  19.07 +0.27 - 821+035 816 +0.07 - -
10.83 3-Carene - - - - - - 1.19 £0.12
11.35 o-Cymene - - - 315+ 145 - - 1.19 £ 0.12
11.44 o-Terpinolene - 4.34 4 0.06 - - - - -
11.85 Linalool 3.45 +0.15 - 10.69 £ 1.13 - - - 37.76 +1.18
13.36 Camphor 0.66 £ 0.06 - - 2197 £0.77 - - 0.84 £ 0.10
14.58 Terpinen-4-ol - 33.27 £ 0.79 - - - - 3.03 £+ 0.46
14.99 a-Terpineol 7.84 +0.30 3.26 +0.13 - 1.56 £+ 0.39 - - -
15.98 Menthone - - - - 2453 +£0.23 -
16.08 Isoborneol - - - 1.53 £ 0.06 - - -
16.36 Isomenthone - - - - - 13.54 £1.75 -
16.40 Borneol - - - 2.69 + 0.09 - - 2.04 +0.56
16.66 Menthol - - - - - 4557 +2.21 -
17.59 Methyl chavicol - - 8931 +£1.13 - - - -
18.49 Thymol 44.00 £+ 0.46 - - - - - -
19.60 Linalyl acetate - - - - - - 41.13 +0.40
20.61 Bornyl acetate - - - 1.17 £ 0.09 - - -
20.81 Lavandulyl - - - - - - 1.80 + 0.22

acetate

20.89 Menthyl acetate - - - - - 5.61 £0.36 -
2236  p-Caryophyllene  1.004+0.05  0.53 & 0.01 - - - - -
22.83 Aromadendrene - 1.83 £ 0.03 - - - - -
23.32  Alloaromadendrene - 0.82 +0.02 - - - - -
24.03 Viridiflorene - 2.35 £ 0.04 - - - - -
24.55 -Cadinene - 2.78 £0.03 - - - - -
24.80 Caryophyllene - - - 0.85 £ 0.21 - 127 £0.57  3.47 £0.66

2.2. Biofilm Biomass and Activity Level Assessment

In the next line of investigation, the level of P. aeruginosa biofilm biomass and its cells’
metabolic activity were assessed. All tested strains were metabolically active and able
to form biofilm under applied in vitro conditions; however, differences in both biofilm
biomass and metabolic activity were observed between specific strains (Figure 1).
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Figure 1. The ability of Pseudomonas aeruginosa clinical (PA 1-7, PA 13-19) and the reference (ATCC
15442) strains to form biofilm. (A) Biofilm biomass level assessed with the crystal violet method.
(B) Metabolic activity of biofilm-forming cells, determined with resazurin staining. Ab, absorbance.
The average and standard deviations are marked.

2.3. Antimicrobial Activity of EOs in Their Liquid Forms against P. aeruginosa Planktonic Forms

Two standard techniques were performed to evaluate the antimicrobial effectiveness
of EOs in their liquid forms toward planktonic cells: disc diffusion, in which non-emulsified
EOs were applied, and minimal inhibitory concentration (MIC) estimation, in which EOs
emulsions were used. The results from the first methodology mentioned are presented in
Table 2. R-EO exhibited the highest antimicrobial activity, and zones of growth inhibition
(mm) were obtained for all strains. T-EO and E-EO displayed moderate antibacterial
efficacy against most of the strains. L-EO was almost inactive against P. aeruginosa strains.
Because Tween 20 was used as an emulsifying agent in the MIC assay; its antibacterial
potential against planktonic forms of P. aeruginosa ATCC 15442 strain was also evaluated.
The aforementioned substance did not influence P. aeruginosa cell growth in concentrations
from 1.0% to 0.002% (v/v), as it is presented in Figure S2 in the Supplementary Materials.
R-EO emulsion was the most active among the tested EOs against planktonic pseudomonal
cells. MIC values of B-EO ranged from 12.5% to 1.6% (v/v). In other EOs, MIC values were
detected mostly in concentrations of 12.5-25.0% (v/v). Moreover, particular strains were
not sensitive to MM-EO and T-EO even if a 25.0% (v/v) concentration of these oils was
applied. The detailed list of the determined MIC (%) values is presented in Table 3.
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Table 2. Mean diameters of inhibition zones (mm = standard deviation) after treatment of P. aeruginosa
clinical (PA 1-7, PA 13-19) and the reference (ATCC 15442) strains with non-emulsified EOs in their
liquid forms assessed with the disc diffusion method. T-EO, thyme oil; TT-EO, tea tree oil; B-EO,
basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender oil.
According to their susceptibility to a particular oil, the strains were divided into two groups of seven
or eight samples per group. In the case of B-EO, MM-EO, and L-EO, the zone equal to 0 mm was
the parameter for the low-susceptibility group and higher than 0 mm for the high-susceptibility
one. The groups are marked as follows: red, low susceptibility among the tested strains; green, high
susceptibility among the tested strains.

Mean Zones of Growth Inhibition (mm =+ SD) after Treatment with Non-Emulsified EOs in Their Liquid Forms

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
PA1 9+1 8§+1 10+2 18 +5 18 +1 8§+7 741
PA 2 13+3 0+0 12+1 17 +5 18+2 0+0 0+0
PA 3 3+5 13+1 040 15+4 11+1 0+0 040
PA 4 9+1 0+0 0+0 29 +2 0+0 0+0 0+0
PA5 0+0 0+0 0+0 20 +2 8+2 6+6 0+0
PA 6 5+5 6+5 040 20+ 1 9+1 7+6 040
PA 7 8§+7 0+0 040 19 £1 0+0 11+2 0+0
PA 13 13+4 4+8 10+1 15+4 14+1 0+0 0+0
PA 14 7+1 0+0 040 15+1 040 0+0 040
PA 15 8§+0 0+0 8§+1 14+1 14 +1 0+0 0+0
PA 16 3+6 9+1 0+0 19+0 0+0 0+0 0+0
PA 17 11+1 9+1 0+0 19+1 10 +8 0+0 040
PA 18 10+1 14 £ 1 0+0 15+0 0+0 4+7 0+0
PA 19 0+0 0+0 0+0 13+2 11+0 0+0 0+0
ATCC 15442 7+0 5+4 040 12+0 040 0+0 040
Table 3. Minimal inhibitory concentration (%) (v/v) of emulsified EOs in their liquid forms against
P. aeruginosa clinical (PA 1-7, PA 13-19) and the reference (ATCC 15442) strains assessed with the
microdilution method. T-EO, thyme oil; TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO,
eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender oil. R symbols indicate EOs where the
minimal inhibitory concentration values were not reached in the highest concentration (25.0% (v/v))
of applied emulsions.
Minimal Inhibitory Concentration (%) of Emulsified EOs in Their Liquid Forms
Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
PA 1 6.3 12.5 6.3 0.4 25.0 25.0 25.0
PA 2 25.0 25.0 12.5 0.8 25.0 25.0 25.0
PA 3 25.0 12.5 3.1 0.4 25.0 25.0 25.0
PA 4 25.0 12.5 6.3 0.4 25.0 25.0 25.0
PA5 12.5 12.5 3.1 0.4 25.0 25.0 25.0
PA 6 25.0 25.0 6.3 0.8 25.0 25.0 25.0
PA 7 0.2 12.5 1.6 6.3 25.0 R 25.0
PA 13 25.0 12.5 1.6 0.8 25.0 R 25.0
PA 14 25.0 25.0 3.1 0.4 25.0 25.0 25.0
PA 15 25.0 25.0 3.1 0.8 25.0 25.0 25.0
PA 16 R 25.0 12.5 0.8 25.0 25.0 25.0
PA 17 R 25.0 12.5 0.8 25.0 25.0 25.0
PA 18 25.0 25.0 3.1 0.8 25.0 12.5 25.0
PA 19 12.5 25.0 3.1 0.4 12.5 6.3 25.0
ATCC 15442 R 25.0 12.5 0.4 25.0 R 25.0

2.4. Antimicrobial Activity of EOs in Their Liquid Forms against P. aeruginosa Biofilms

The antibiofilm activity of EOs in their liquid forms was determined using the standard
microdilution method and the modified A.D.A.M. (antibiofilm dressing’s activity measure-
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ment) technique. To evaluate the MBEC values (minimal biofilm eradication concentration)
of the emulsified EOs in their liquid forms, resazurin (7-hydroxy-3H-phenoxazin-3-one-10-
oxide sodium salt) staining was applied as an indicator of the presence of metabolically
active cells. Due to the observed inconsistency of the results (data not shown) obtained
for strains treated with T-EO and TT-EO, and dyed with resazurin, TTC (2,3,5-triphenyl-
tetrazolium chloride) solution was used instead (for these above-mentioned EOs). As
the MBEC values were not found within the applied concentration spectrum, changes in
the biofilm-forming cells viability (%) after exposure to selected EO concentrations are
presented in the study. The significant changes in the biofilm-forming cells viability were
assessed after the treatment of pseudomonal biofilm with T-EO and TT-EO emulsions in
concentrations of 25.0%—6.3% (v/v). B-EO and R-EO emulsions, both in concentrations of
25.0%-12.5% (v/v) and L-EO emulsion in a concentration of 25.0% (v/v) exhibited potent
antibiofilm effectiveness. The percentage changes in the pseudomonal biofilm-forming cells
viability after the application of 25.0% (v/v), 12.5% (v/v), and 6.3% (v/v) oils emulsions are
presented in Figure 2 and Figures 53 and 54 in the Supplementary Materials, respectively.

Finally, the antibiofilm effect exerted by volatile phases of non-emulsified EOs was
determined with the AntiBioVol (antibiofilm activity of volatile compounds) methodology.
As can be seen in Table 4, PA 6, PA 17-19 and the ATCC 15442 strains were the most
susceptible among all tested strains to volatile EOs. Reductions of biofilm cells viability
ranged from 5.40% to 52.99% were obtained for the strains after the exposure to MM-EO.
Volatile fractions of 96% (v/v) ethanol reduced 100.00% of pseudomonal biofilm.

Table 4. Changes in biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1-7, PA 13-19) and
the reference (ATCC 15442) strains after treatment with volatile non-emulsified EOs assessed with the
AntiBioVol (antibiofilm activity of volatile compounds) method. T-EO, thyme oil; TT-EO, tea tree oil;
B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO, lavender
oil. The strains were grouped by their susceptibility to the particular oil. The groups are marked
as follows: red, lowest susceptibility; purple, moderate susceptibility; green, highest susceptibility
among the tested strains. The negative values indicate an increase in biofilm-forming cells viability
after their treatment with EOs in comparison to the growth control (untreated cells).

Changes in the Biofilm-Forming Cells Viability (%) after Treatment with Volatile Fractions of Non-Emulsified EOs

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
PA 1 18.13 11.08 13.23 2.65 13.21 26.86 4.49
PA 2 29.21 24.08 6.18 —0.11 22.29 40.82 2.53
PA3 10.29 19.17 10.73 —17.52 3.75 25.85 —0.78
PA 4 12.94 14.66 —-1.71 —28.46 6.75 33.56 —6.11
PA5 1.71 50.34 15.55 45.10 18.26 9.98 34.20
PA 6 9.22 53.81 —12.83 37.88 19.24 52.99 32.67
PA 7 3.51 20.04 —83.01 12.43 —96.64 5.40 —81.17

PA 13 8.11 —1.63 22.75 —4.50 3.69 17.62 —2.68

PA 14 12.30 —3.61 —17.21 —5.96 —8.91 19.66 —4.45
PA 15 15.10 —12.49 45.13 —10.29 —-1.21 37.22 —3.83

PA 16 18.57 0.17 —3.85 —3.40 0.01 9.49 1.27

PA 17 6.38 22.34 20,84 14.73 13.74 11.22 42.97
PA 18 9.12 27.69 33.45 16.28 12.29 15.00 33.00

PA 19 3.58 27.20 7.97 18.32 11.94 19.00 40.84

ATCC 15442 13.08 53.11 22.80 43.74 —7.53 46.76 -1.71
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Figure 2. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1-7, PA 13-19)
and the reference (ATCC 15442) strains after treatment with emulsified essential oils in their liquid
forms in the concentration of 25.0% (v/v). Results of microdilution methodology with (A,B) TTC and
(C-G) resazurin staining. Standard deviations are marked. The negative values indicate an increase
in biofilm-forming cells viability after their treatment with EOs in comparison to the growth control
(untreated cells).

To perform the modified A.D.A.M. technique, biocellulose discs were soaked with the
non-emulsified EOs. The concentration of EOs released from the biocellulose discs was
approximately 65.8%. The biofilms of PA 1-7 and PA 14-16 strains were the most prone
to the activity of the EOs in their liquid forms (Table 5). The antibiofilm effectiveness of
individual EOs was strain-dependent, although regarding all EOs except for B-EO, the
reduction of cells viability equal to 60.11% or more was reported for selected strains. The
mentioned B-EO displayed the lowest antibiofilm activity, and 96% (v/v) ethanol was
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applied against the reference strain to prove the method’s usability. The mean obtained
reduction of the biofilm cells viability after the treatment with ethanol was 90.33%.

Table 5. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1-7, PA 13-19)
and the reference (ATCC 15442) strains after treatment with non-emulsified essential oils in their
liquid forms assessed with the A.D.A.M. (antibiofilm dressing’s activity measurement) method. T-EO,
thyme oil; TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO,
menthol mint oil; L-EO, lavender oil. The strains were grouped by their susceptibility to the particular
oil. The groups are marked as follows: red, lowest susceptibility; purple, moderate susceptibility;
green, the highest susceptibility among the tested strains. The negative values indicate an increase in
biofilm-forming cells viability after their treatment with EOs in comparison to the growth control
(untreated cells).

Changes in the Biofilm-Forming Cells Viability (%) after Treatment with Non-Emulsified EOs in Their Liquid Forms

Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
PA1 47.23 50.57 3.49 69.55 33.14 26.11 43.93
PA2 52.79 54.53 32.19 52.64 38.57 35.23 38.61
PA3 63.13 37.74 22.23 87.56 64.39 79.78 69.11
PA 4 38.37 58.28 10.05 81.75 52.14 27.31 61.08
PA 5 69.45 50.36 37.78 70.46 19.31 53.54 54.64
PA 6 60.11 60.23 25.06 37.05 29.49 72.11 60.74
PA 7 36.34 44.24 20.36 38.93 20.23 64.88 40.90
PA 13 51.79 44.36 —34.87 55.01 ~16.98 ~13.07 20.92
PA 14 49.02 81.27 16.06 31.39 31.71 25.78 27.83
PA 15 63.80 85.39 25.56 36.98 23.81 44.93 31.14
PA 16 77.03 80.88 37.35 53.77 21.97 —12.46 50.29
PA 17 13.07 44.30 36.54 31.32 44.17 43.41 51.57
PA 18 —49.39 —39.67 —138.15 ~152.19 —168.89 —110.24 ~127.17
PA 19 56.21 83.26 413 17.92 1.78 46.16 34.75
ATCC 15442 4111 47.06 12.50 14.56 11.33 49.87 57.36
2.5. Antimicrobial Activity of EOs’ Volatile Fractions against P. aeruginosa
The influence of non-emulsified EOs’ volatile phases on pseudomonal planktonic cells
was assessed with the inverted Petri dish method. All of the examined strains (PA 1-7, PA
13-19, ATCC 15442) were resistant to the volatile of L-EO and B-EO. Almost all of the tested
strains were resistant to T-EO (PA 1-6, PA 13-19, ATCC 15442), TT-EO (PA 1-7, PA 13-17, PA
19, ATCC 15442), MM-EO (PA 1-4, PA 6-7, PA 13-19, ATCC 15442). Mean zones of growth
inhibition obtained for R-EO ranged from 0 to 23 mm. Table 6 presents the mean diameters
of inhibition zones (mm) measured after the treatment of planktonic cells with the volatile
fractions of EOs.
Table 6. Mean diameters of inhibition zones (mm = standard deviation) after treatment of planktonic
forms of P. aeruginosa clinical (PA 1-7, PA 13-19) and the reference (ATCC 15442) strains with volatile
fractions of non-emulsified EOs assessed with the inverted Petri dish method. T-EO, thyme oil;
TT-EO, tea tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint
oil; L-EO, lavender oil. According to their susceptibility to R-EO, the strains were divided into two
groups for seven or eight samples per group. For the rest of the EOs, the zone equal to 0 mm was
the parameter for the low susceptibility group and higher than 0 mm for the high susceptibility
one. The groups are marked as follows: red, low susceptibility among the tested strains; green, high
susceptibility among the tested strains.
Mean Zones of Growth Inhibition (mm + SD) after Treatment with Volatile Fractions of Non-Emulsified EOs
Strain T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
PA1 0+0 040 040 18 4 15 2+2 040 040
PA 2 040 0+0 040 13 +13 16 +2 040 040
PA 3 0+0 040 040 13+6 16 + 2 040 040
PA 4 0+0 040 040 2342 040 040 040
PA5 0+0 040 040 19 + 3 040 3+6 040
PA6 040 0+0 040 15+2 040 040 040
PA7 345 040 040 15+ 3 040 040 040
PA 13 0+0 040 040 3+6 345 040 040
PA 14 0+0 040 040 040 040 040 040
PA 15 0+0 040 040 544 040 040 040
PA 16 0+0 040 040 12+ 4 040 040 040
PA 17 040 040 040 16 + 5 040 040 040
PA 18 0+0 7+6 040 14+ 6 040 040 040
PA 19 0+0 040 040 345 040 040 040
ATCC 15442 040 040 040 0+0 040 040 040
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2.6. Microscopic Visualization of Biofilm

The R-EO’s high activity against P. aeruginosa biofilms was additionally confirmed
by fluorescence microscopy (Figure 3). While the high amount of live bacterial, biofilm-
forming cells (dyed green) was observed in the untreated control setting (Figure 3A,C), the
exposure of biofilm to the liquid (Figure 3B) or the volatile (Figure 3D) R-EO resulted in the
high increase in dead /damaged biofilm-forming cells (dyed red/orange).

Figure 3. Impact of R-EO on P. aeruginosa ATCC 15442 biofilm. (A,B) Pseudomonal biofilm untreated
and treated with R-EO in its liquid form, assessed with the modified A.D.A.M. (antibiofilm dressing’s
activity measurement) method. (C,D) Pseudomonal biofilm untreated and treated with R-EO volatiles,
assessed with the AntiBioVol (antibiofilm activity of volatile compounds) assay. The red /orange color
shows pseudomonal cells altered/damaged as the result of exposure to R-EO, while green-colored
cells are non-altered, viable cells. Moreover, the darker (less green) picture shows that fewer live cells
are captured in this particular field of vision.

2.7. Statistical Analysis

Statistical analysis was performed to evaluate statistically significant differences be-
tween EOs’ antimicrobial activity. A summary of significance levels for each method is
presented in Table 7.

Table 7. Significance levels of differences in changes in pseudomonal biofilm cells viability after
treatment with EOs in their liquid forms and volatile fractions obtained with three methods. The
differences were statistically significant for p < 0.05 and are referred to as p < 0.03 (*), p < 0.006 (**),
p < 0.00003 (***); ns refers to difference being statistically insignificant. T-EO, thyme oil; TT-EO, tea
tree oil; B-EO, basil oil; R-EO, rosemary oil; E-EO, eucalyptus oil; MM-EO, menthol mint oil; L-EO,
lavender oil.

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid

Forms in the Concentration of 25.0% (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns wx oo ns ns ns

TT_EO ns - *3% H43% * *3% ns

B_EO B *% - ns EE R B

R_EO R E ns - R EE s

E-EO ns * i i - ns ns

MM-EO ns i o ok ns - ns
L-EO ns ns whx i ns ns -
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Table 7. Cont.

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid

Forms in the Concentration of 12.5 (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns ns ns w3 ] k%

TT-EO ns - ns ns *%% *%% X%

B-EO ns ns - ns *%% X%k v
R-EO ns ns ns - *%% *%% *%

E-EO *F B *% B _ ns ns

MM-EO ok *kok ok *kk ns _ ns
L-EO 4k *4k *kk % ns ns _

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Emulsified EOs in Their Liquid

Forms in the Concentration of 6.3 (v/v)

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
T_EO - ns 4% H%% %3¢ H%% b
TT_EO ns - EEx *% EE R B
B-EO il i - ns ns ns ns
R_EO %% *% ns - R ns *
E_EO R EE ns EE - ns ns
MM-EO wohx oo ns ns ns - ns
L-EO i i ns * ns ns -
Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Non-Emulsified EOs in Their
Liquid Forms
T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO
T-EO - ns wok ns ** ns ns
TT-EO ns - wox ns wEE * ns
B_EO %% X% - H%% ns *3% b
R-EO ns ns ok - ** ns ns
E_EO *% e ns *% - ns *
MM-EO ns * ** ns ns - ns
L-EO ns ns ok ns * ns -

Comparison of the Changes in the Biofilm-Forming Cells Viability after Treatment with Volatile Fractions of

Non-Emulsified EOs

T-EO TT-EO B-EO R-EO E-EO MM-EO L-EO

T-EO - ns ns ns ns i ns
TT-EO ns - ns ** ** ns **

B-EO ns ns - ns ns i ns

R-EO ns ** ns - ns i ns

E-EO ns ** ns ns - ox ns

MM_EO *3% ns *% EE EE - Rl
L-EO ns ** ns ns ns i -

3. Discussion

EOs are volatile plant derivatives of global medical interest due to their high antimi-
crobial activity. However, the number of studies focused specifically on the antimicro-
bial/antibiofilm potential of EOs’ volatile forms is still limited. EO antimicrobial activity
depends on a plethora of factors: EO state of matter (volatile or liquid one), chemical com-
position, hydrophilicity /hydrophobicity, species/strain of microorganism they act against,
but also on the type of methodology applied to analyze the aforementioned potential [13].
Therefore, the aim of this paper was to investigate and compare the anti-pseudomonal
efficacy of seven EOs in their liquid forms and their volatile fraction with the use of a
diversified spectrum of techniques in order to obtain cohesive data. First, the content of
the EOs’ constituents was determined to confirm the presence of molecules recognized
as those exhibiting antimicrobial potential (Table 1, Figure S1 in the Supplementary Ma-
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terials). Next, the pseudomonal strains” ability to form biofilm was assessed (Figure 1).
Having preliminary tests performed, the evaluation of the EOs in their liquid forms” an-
timicrobial activity against P. aeruginosa planktonic cells was made with the use of two
different techniques. Their results indicated that R-EO was the most effective one among
the tested EOs (Tables 2 and 3). In addition, it is suggested that the strong antibacterial
potential of R-EO is associated with the activity of its main component, 1,8-cineole [14-16].
However, 1,8-cineole is also the major compound of E-EO (Table 1); this specific oil ex-
hibited significantly lower anti-pseudomonal efficacy than R-EO. Other research teams
indicated that the antimicrobial effectiveness of crude R-EO and E-EO was stronger than
1,8-cineole applied as a self-reliant antimicrobial agent [17,18]. Therefore, the synergistic
(or at least additive) effect of remaining R-EO constituents may also account for the overall
oil’s activity against P. aeruginosa. It is hypothesized that the smaller the droplets of EO
emulsions, the higher the antimicrobial effect that occurs [19]. As we have shown earlier,
the droplet diameters of the E-EO emulsion were 2201 nm, while R-EO was 783 nm [20].
The minimal inhibitory concentration (MIC) values (Table 3) of L-EO were 25% (v/v). MIC
values of E-EO were: 12.5% (v/v) for PA 19 strain and 25% (v/v) for the rest of the strains,
whereas the zones of growth inhibition being the result of antimicrobial activity of L-EO vs.
E-EO were 0-7 and 0-18 mm, respectively (Table 2). This interesting observation requires
additional experiments to be elucidated because a broad spectrum of possible variables
may contribute to the discrepancy between outcomes measured by two testing methods.
As an example, the differences in water solubility of the main EO ingredients also have an
impact on diffusion through agar. Because agar is mainly composed of water, the higher
the aqueous solubility of the compounds, the better their diffusion across the agar. The
aqueous solubility of 1,8-cineole, which predominates in E-EO, is 2.63 mg/mL at 293 K,
while the solubility of linalool (the main component of L-EO) is 1.34 mg/mL [21]. Linalool
diffuses more poorly through the agar than 1,8-cineole, thus, the growth inhibition zones
of L-EO are less than E-EO.

To evaluate the antibiofilm efficacy of EOs in their liquid forms, the microdilution
method and the modified A.D.A.M. (antibiofilm dressing’s activity measurement) assay
were conducted. In the microdilution assay, significant biofilm-forming cells viability
reduction was demonstrated for the emulsions of T-EO, TT-EO, B-EO, R-EO and L-EO in
their liquid forms at a concentration of 25% (v/v). In the modified A.D.A.M. methodology,
levels of biofilm-forming cells viability reduction were diversified and dependent on the EO
applied and on the specific strain exposed to the EO’s activity. Nevertheless, by means of
both methods, R-EO, T-EO and TT-EO in their liquid forms can be pointed out as the most
potent against the pseudomonal biofilm, which is in line with the results of other research
teams. It was reported that above 90% reduction of P. aeruginosa biofilm was obtained
after the incubation with T-EO and that 1,8-cineole, the main component of R-EO, greatly
affected P. aeruginosa biofilm formation and disrupted the mature biofilm [18,22-24]. The
volatile fractions of R-EO and TT-EO also displayed high effectiveness against P. aeruginosa
biofilm, which may result from their multiple mechanisms of anti-biofilm activity.

In the case of volatile fraction assays, not only does the volatility of the components
determine EO activity but also the number and concentration of particular molecules
adhered to the agar surface where biofilm forms. In the standard inverted Petri dish
method, the EOs are applied to a small stretch (6 mm in diameter paper disc). Therefore,
the obtained zones of growth inhibition also depend on the volatiles spreading. The volume
of the EOs used in the inverted Petri dish method is lower, and the tightness of the setting
is poorer than in the AntiBioVol (antibiofilm activity of volatile compounds) technique;
thus, the loss of volatiles is higher.

As mentioned above, volatile fractions of EOs exhibited higher antimicrobial activity
than those EOs in their liquid forms in some of the research reports [25]. However, opposite
results are reported in the present paper (Tables 4 and 6). In turn, outcomes of other studies
stay in line with the data provided in our work and indicate that EOs in their liquid forms
are more active against bacteria than in volatiles, due to the direct contact of molecules
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with the microorganism [9]. It was also suggested that the antimicrobial activity of EOs’
volatiles is related to the volatility of the EOs” compounds and their adsorption into the
agar surface, which is associated with its hydrophilic character [26,27]. In the previous
paper, we demonstrated that the adsorption of EO compounds to the agar changes with the
time of exposure [28]. Moreover, the maximum concentration of molecules adsorbed into
the agar surface was approximately 40% [28]. Therefore, the working concentration of the
active substances is much lower than in the liquid tests. The obtained differences in both
fractions’ activity may result from various times of biofilm incubation with the applied
indicators of cell metabolic activity (resazurin and tetrazolium chloride). According to the
AntiBioVol results, TT-EO, R-EO, MM-EO, and L-EO were the most potent ones among the
analyzed EOs. The speed of EOs evaporation is related to their vapor pressure; the higher
the vapor pressure, the faster they evaporate. The vapor pressures of EOs main compounds
at 25 °C are: thymol, 2.2 Pa; terpinen-4-ol, 6.4 Pa; methyl chavicol, 22.0 Pa; 1,8-cineole,
253.0 Pa; menthol, 19.0 Pa; linalyl acetate, 61.0 Pa. In our study, we found no correlation
between the above-mentioned parameter and the level of antibacterial activity of EOs. Such
a phenomenon may be explained by the fact that besides vapor pressure, EO’s particular
antimicrobial mechanism of action and affinity to agar surface should be considered to
analyze the total level of antimicrobial activity. Additionally, strain-dependent tolerance
to EOs was observed when AntiBioVol was applied, similar to what was observed when
the modified A.D.A.M. method was used. The EOs examined in the current study were
also scrutinized in our previous line of investigation toward a Gram-positive bacterium,
S. aureus [20]. Comparing results from the recent and the present work, it has to be stated
that both fractions of all EOs (except for R-EO) displayed higher antimicrobial activity
against S. aureus than P. aeruginosa. It may be related to the fact that, because of the
hydrophobic nature, EOs react with lipids of the cell membrane and lead to a leak of
intracellular substances and to damage of the cell. Gram-negative bacteria hydrophilic cell
walls hinder the penetration of lipophilic EOs, resulting in their higher tolerance to EOs
than in the case of Gram-positive pathogens. Furthermore, Gram-negative P. aeruginosa is
a ubiquitous, opportunistic microorganism, forming a robust biofilm on solid surfaces at
the water—air interface [29-31]. It thrives there by developing a vast spectrum of adaptive
resistance to various antimicrobial agents, probably including those secreted by plants. [32].
Contrary to other EOs, MIC values of R-EO in its liquid emulsified form were equal for
S. aureus and P. aeruginosa. (Table 3) [20]. An explanation of this phenomenon may be the
hypothesis that the charge of the bacterial cell surfaces and the cell shape play a role in their
tolerance to EOs as well [33-35]. Hajlaouli et al. demonstrated a more evident reduction of
the bacterial cells’ negative charge for the Gram-negative versus Gram-positive bacteria
after the treatment with EOs [34]. Rod-shaped bacterial cells were also more susceptible
to EOs than the coccoid ones [35]. In the present study, EOs in their liquid forms and
their volatile fractions were investigated because the antimicrobial effect of EOs may alter
among different in vitro conditions. R-EO exhibited the highest antibacterial effectiveness
against P. aeruginosa of all tested EOs. The reported data confirm the high potency of EOs
against P. aeruginosa biofilms and planktonic cells. Therefore, we are convinced that the data
presented in this paper, showing EOs as a promising alternative to the current (performed
by means of antibiotics and antiseptics, mostly) anti-pseudomonal therapies, will finally
pave the way for novel solutions and approaches aiming to significantly reduce the risk
associated with pseudomonal biofilm-related infections.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

For research purposes, one reference strain of Pseudomonas aeruginosa 15442 from the
American Type and Culture Collection (ATCC) and fourteen clinical strains (later referred to
as PA 1-7 and PA 13-19) of this bacterial species were applied. The strains were part of the
Strain and Line Collection of Pharmaceutical Microbiology and Parasitology Department
of the Medical University of Wroclaw. The clinical strains were obtained in the year 2016
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during the internal Wroclaw Medical University SUB. D198.16.001 project: “The insight into
biofilm-related properties of clinical microorganisms and possibilities of their eradication”.
All patients provided written consent to participate in the trial and allowed the material
obtained during the study (exudate, biopsy specimen, microorganisms) to be used for
scientific purposes. The study was approved by the Bioethical Committee of Wroclaw
Medical University, protocol # 8/2016.

In each of the performed experiments, the microorganisms’ overnight cultures in the
TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland) were prepared, and 0.5 Mc-
Farland suspensions were established afterward in a 0.9% (w/v) solution of sodium chloride
(NaCl, Stanlab, Lublin, Poland) using a densitometer (Densilameter II Erba Lachema, Brno,
the Czech Republic).

4.2. Essential Oils

Seven commercially available essential oils in their liquid forms and their volatile
fractions were tested in the research. The applied EOs are listed in Table 8.

Table 8. List of the essential oils analyzed in the paper.

Common

Name of EO Plant Origin Part of the Plant Abbreviation Manufacturer, City, Country
thyme oil Thymus vulgaris L. herb T-EO Etja, Elblag, Poland

tea tree oil Melaleuca alternifolia Cheel. leaves TT-EO Pharmatech, Zukowo, Poland
basil oil Ocimum basilicum L. flowers B-EO Nanga, Zlotow, Poland
rosemary oil Rosmarinus officinalis L. flowering shoots R-EO Nanga, Zlotow, Poland

eucalyptus oil Eucalyptus globulus Labill. leaves and twigs E-EO Pharmatech, Zukowo, Poland
lavender oil Lavandula angustifolia Mill. flowering herb L-EO Kej, Cirkowice, Poland

menthol mint oil Mentha arvensis L. leaves MM-EO Optima Natura, Grodki, Poland

Due to the volatility of EOs, individual essential oils and control settings were exam-
ined on separate plates. Moreover, to prevent EO evaporation, in the experiments where
their volatile phases were investigated, plates were sealed with parafilm.

4.3. GC-MS (Gas Chromatography—Mass Spectrometry) Analysis of the Tested EOs Composition

Essential oils (EOs) were diluted with hexane (JTB, GB), vortexed, and immediately
analyzed. All analyses were performed in triplicate. Analysis was carried out using the
system Agilent 7890B GC coupled with 7000GC/TQ system connected to PAL RSI85
autosampler (Agilent Technologies, Palo Alto, CA, USA).

The applied column was HP-5 MS; 30 m x 0.25 mm x 0.25 um (J&W, Agilent Tech-
nologies, Palo Alto, CA, USA). Helium was used as a carrier gas at a total flow of 1 mL/min.
Chromatographic conditions were applied as follows: split injection in a ratio 100:1, the
injector was set on 250 °C, oven temperature program was: 50 °C held for 1 min, then
4 °C/min up to 130 °C, 10 °C/min to 280 °C, and then isothermal for 2 min. The MS
detector operated in the electronic impact ionization mode at 70 eV; transfer line, source,
and quadrupole temperatures were set at 320, 230, and 150 °C, respectively. Masses
were registered in a range from 30 to 400 m/z. Peaks identification was performed using
MassHunter Workstation Software Version B.08.00 coupled with the NIST17 mass spec-
tra library and accomplished by comparison with linear retention indexes. The relative
abundance of each EO constituent was expressed as percentage content based on the peak
area normalization. Regarding the obtained outcomes, only TT-EO met the requirement of
pharmacopeial standards. Although, the analysis was not performed in accordance with
the normalization procedure from Polish Pharmacopea XI (different column and different
temperature program).
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4.4. Biofilm Biomass Level Assay

The crystal violet assay was performed in 96-well plates (Wuxi Nest Biotechnology,
Whuxi, China) to evaluate the total biofilm mass. Briefly, 0.5 McFarland bacterial suspensions,
prepared as described in Materials and Methods Section 4.1., were diluted 1000 times in
TSB (Tryptic Soy Broth, Biomaxima, Lublin, Poland) medium, and 100 uL was poured into
the wells of the plates. The plates were then incubated under static conditions for 24 h
at 37 °C. Subsequently, the medium above the biofilm was gently pipetted out, and the
plates were dried for 10 min at 37 °C. Then, 100 pL of 20% (v/v) aqueous crystal violet
solution (Aqua-med, Lodz, Poland) was added to each well for 10 min at room temperature.
Biofilm cells were rinsed twice with 100 pL of 0.9% (w/v) solution of sodium chloride (NaCl,
Stanlab, Lublin, Poland) to remove unbounded cells and excess stain. The plates were
transferred to the incubator (37 °C) for 10 min. Next, 100 uL of 30% (v/v) water solution of
acetic acid (Chempur, Piekary Slaskie, Poland) was introduced to the wells, and the plates
were shaken for 30 min at room temperature at 450 rpm (Mini-shaker PSU-2T, Biosan SIA,
Riga, Latvia). The solution was transferred to fresh 96-well plates, and the absorbance was
measured at 550 nm using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific,
Vantaa, Finland). One independent experiment was performed with six technical replicates.

4.5. Biofilm Activity Level Assessment

The presented protocol of biofilm culturing in Materials and Methods Section 4.4. was
applied. After the biofilm formation, 10 uL of 0.1% (w/v) resazurin sodium salt (7-Hydroxy-
3H-phenoxazin-3-one-10-oxide sodium salt, Acros Organics, Geel, Belgium) solution in TSB
(Tryptic Soy Broth, Biomaxima, Lublin, Poland) was added to the wells, and the plates were
incubated at 37 °C for two hours. The solution was transferred to fresh 96-well plates (Wuxi
Nest Biotechnology, Wuxi, China), and its absorbance was measured at 570 and 600 nm
using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). To
assess the cells viability, the absorbance value at 600 nm was subtracted from the value at
570 nm. One independent experiment was carried out with six technical repetitions.

4.6. Methods for the Assessment of the Activity of EOs in Their Liquid Forms
4.6.1. The Disc Diffusion Method

In the experiment, 90 mm diameter, 14.2 mm height Petri dishes (Noex, Komorniki,
Poland) with 5 mm thick Mueller-Hinton agar layers (Biomaxima, Lublin, Poland) were
used. Standard paper discs (diameter of 6 mm, 0.5 mm thickness) were introduced to the
wells of 48-well plates (Thermo Fisher Scientific, Waltham, MA, USA), and 0.2 mL of each
non-emulsified EOs or saline (control of bacterial growth) (NaCl, Stanlab, Lublin, Poland)
was added. The plates were wrapped with tape and kept at 4 °C for 30 min to soak the
discs. In the second step of the tests, the Petri dish plates were inoculated with the bacterial
suspensions at density 0.5 McFarland prepared as described in Materials and Methods
Section 4.1. Next, the soaked paper discs were placed onto the agar layer for assessing the
antimicrobial activity of pure EOs in their liquid forms. The dishes were incubated for 24 h
at 37 °C, and bacterial growth inhibition zones were measured in mm with a ruler. If no
total inhibition was obtained, zones of partial growth inhibition were assessed (in mm).
When unequal zones were observed, a shorter diameter was included. One independent
experiment with three repetitions was performed, and the mean diameters were calculated.

4.6.2. Assessment of the Minimal Inhibitory Concentrations of EOs Emulsions

To determine the minimal inhibitory concentration (MIC) values of the EOs in their
liquid forms, their emulsions in Tween 20 (Zielony Klub, Kielce, Poland) were prepared.
In the first step, each EO was combined with the solution of 1.0% (v/v) Tween 20 in TSB
medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland) in ratio 1:1 and mixed with a
vortex (Micro-shaker type 326 m, Premed, Marki, Poland) for 30 min at room temperature.
Following, geometric dilutions were prepared in TSB and shaken for 30 s. Subsequently,
0.5 MacFarland bacterial suspensions were made according to the description in Materials
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and Methods Section 4.1. and diluted 1000 times in the TSB medium. Next, 100 pL
of the suspensions was added to the wells of 96-well plates (Jet Bio-Filtration Co. Ltd.,
Guangzhou, China), and the same volume of diluted emulsions was poured. Therefore, the
final concentration of each EO applied in the test ranged from 25.0% (v/v) to 0.01% (v/v).
The following additional samples were included: control of bacterial growth (bacteria
with medium), control of medium sterility (medium only), control of 1.0-0.002% (v/v)
Tween 20 antimicrobial activity and samples of emulsions only. The absorbance of the
solution was measured at 580 nm using a spectrophotometer (Multiskan Go, Thermo Fisher
Scientific, Vantaa, Finland). During the 24 h incubation at 37 °C, the plates were shaken at
350 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). The absorbance was measured
immediately after the incubation at the same wavelength. The MIC value was assessed in
the concentration (%) (v/v) in which the difference between the absorbance after and before
the sample’s incubation was equal to or lower than zero. Two independent experiments
were performed, each with three technical replicates.

4.6.3. Assessment of the Minimal Biofilm Eradication Concentrations of EOs Emulsions

The EOs emulsions and bacterial suspensions applied to assess the Minimal Biofilm
Eradication Concentration (MBEC) values were prepared as was elaborated in Materials
and Methods Section 4.6.2.. On the first day of the experiment, 100 pL of the aforementioned
suspensions was added to the wells of 96-well plates (Jet Bio-Filtration Co. Ltd., Guangzhou,
China) containing 100 uL of TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland).
The plates were incubated at 37 °C for 24 h under static conditions. Subsequently, the
medium was aspirated, and 200 pL of EOs emulsions geometric dilutions were added to the
wells. The concentration of each EO applied in the test ranged from 25.0% (v/v) to 0.01%
(v/v). Control of bacterial growth (bacteria with medium) and medium sterility (medium
only) were also prepared. The plates were re-incubated for the next 24 h. Based on the
results of the preliminary study (data not shown), the MBEC values of T-EO and TT-EO were
determined using TTC (2,3,5-triphenyl-tetrazolium chloride, AppliChem Gmbh, Darmstadt,
Germany) as the indicator, while resazurin sodium salt (7-Hydroxy-3H-phenoxazin-3-one-
10-oxide sodium salt, Acros Organics, Geel, Belgium) was applied to other EOs. The
following steps were executed for the resazurin assay: 40 puL of 0.05% (w/v) resazurin
solution in TSB medium was added to the biofilm wells treated with EOs emulsions and to
the control wells. The plates were incubated for 2 h at 37 °C with continuous shaking at
400 rpm (Mini-shaker PSU-2T, Biosan SIA, Riga, Latvia). The absorbance was measured at
570 and 600 nm using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa,
Finland). To calculate the final absorbance of the tested substance, the absorbance value
at 600 nm was subtracted from the value at 570 nm. The MBEC values were determined
as the lowest concentration of the emulsions where the obtained difference was equal to
or lower than zero. For the TTC methodology, 0.2% (w/v) TTC solution in TSB was added
in the volume of 150 pL to the biofilm after its incubation with EOs emulsions. The plates
were incubated for 2 h at 37 °C. Next, the MBEC value was visually determined in the
lowest concentration where no red color was observed. Due to the fact that in no case was
the MBEC assessed, the three highest concentrations of each EO emulsion for each strain
were chosen for further analysis. The contents of the mentioned wells were transferred to
1.5 mL Eppendorf tubes, and 350 pL of 0.1% (w/v) solution of saponin (VWR Chemicals,
Radnor, PA, USA) was added, and the Eppendorf tubes were vortexed for 1 min. Then,
700 puL of methanol (Stanlab, Lublin, Poland) was added, and the Eppendorf tubes were
vortexed for 30 min. Finally, the Eppendorf tubes were centrifuged for 1 min at 3000 rpm,
and 100 pL of the supernatant was transferred in three replicates to the wells of the 96-well
plates. The same procedure was performed for the control growth wells. The absorbance
was measured at 490 nm.
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The level of the reduction of biofilm-forming cells viability was calculated according
to the formula.

ADbS > 1)

Cells viability reduction (%) = 100% — (AbC * 100%

ADbS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
Two independent experiments were performed, each with three technical replicates.

4.6.4. Evaluation of Antibiofilm Activity of Non-Emulsified EOs Using the Modified
A.D.AM. (Antibiofilm Dressing’s Activity Measurement) Assay

The methodology was a modification of the procedure displayed in our previous
research [36]. The following steps of the experiment were performed:

Preparation before the Experiment

To treat the biofilm with the EOs, biocellulose discs (BC) were produced. A Koma-
gataeibacter xylinus ATCC 53524 (American Type and Culture Collection) strain was used for
this purpose. A Herstin-Schramm (H-S) medium composed of 2% (w/v) glucose (Chempur,
Piekary Slaskie, Poland), 0.5% (w/v) yeast extract (VWR, Radnor, PA, USA), 0.5% (w/v)
bactopeptone (VWR, Radnor, PA, USA), 0.115% (w/v) citric acid monohydric (POCH, Gli-
wice, Poland), 0.27% (w/v) Na2HPO4 (POCH, Gliwice, Poland), 0.05% (w/v) MgSO4-7H20
(POCH, Gliwice, Poland), and 1% (v/v) ethanol (Chempur, Piekary Slaskie, Poland) was
used for bacterial culturing. Then, 1 mL of H-S medium was added to the wells of a 24-well
plate (Wuxi Nest Biotechnology, Wuxi, China) and inoculated with K.xylinus. The plate was
incubated for 7 days at 28 °C to obtain 14 mm BC discs. Then, the discs were removed and
washed with 0.1 M NaOH (Chempur, Piekary Slaskie, Poland) at 80 °C. Next, BC discs were
washed with double-distilled water to neutralize their pH and autoclaved. To evaluate the
concentration of substances adsorbed into the BC discs, six of them were weighed, dried
at 37 °C and weighed again. The average concentration (%) of the adsorbed liquid was
calculated with the formula:

Compound concentration (%) = [EV/((WBC — DBC) + EV)] * 100% )

EV, a volume of essential oil (mL);
WBC, the weight of wet BC disc (g);
DBC, the weight of dry BC disc (g).

First Day of the Experiment

In the first line of the investigation, 1.5 mL of Brain Heart Infusion Broth (BHI, Biomax-
ima, Lublin, Poland) with 2% (w/v) of Bacteriological Lab Agar (Biomaxima, Lublin, Poland)
was poured into the wells of a 24-well plate (further referred to as Agar Plate). After the
agar solidifies, 8 mm in diameter plugs were cut out of each well using a cork-borer. The
plugs were removed and discarded to make 8 mm in diameter tunnels in agar, and the
Agar Plate was kept refrigerated for the next day. Simultaneously, the same agar formula-
tion was used to prepare a 6 mm in height agar layer on a Petri dish (Noex, Komorniki,
Poland). Then, agar plugs 8 mm in diameter were cut out from the agar Petri dish and
placed in a fresh 24-well plate (further referred to as Plugs Plate). The microorganisms’
suspensions, prepared according to the description in Materials and Methods Section 4.1.,
were diluted 1000 times in TSB medium (Tryptic Soy Broth, Biomaxima, Lublin, Poland),
introduced to the wells of the Plugs Plate in the volume of 2 mL and transferred to the
incubator (37 °C) for biofilm formation. The BC discs, prepared as described above, were
placed in a fresh 24-well plate (further referred to as Discs Plate), and 1 mL of undiluted,
non-emulsified essential oils or saline (control of bacterial growth), or 96% (v/v) ethanol
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(Chempur, Piekary Slaskie, Poland) was added, and the plate was sealed with parafilm and
placed at 4 °C. Both plates (Plugs Plate 2 and Discs Plate) were incubated for 24 h.

Second Day of the Experiment

Subsequently, biofilm plugs were taken out from the Plugs Plate and placed in the
bottom of agar tunnels in the Agar Plate so that the biofilm was on the top of the plugs.
Then, 50 puL of TSB medium was added to fill up the space in the tunnels. The BC discs
soaked with non-emulsified EOs/saline/ethanol were transferred from the Disc Plate and
placed on the top of the agar wells in the Agar Plate. The biofilm was adhered to the
plug and had no direct contact with the BC. Substances were gradually released from
the BC to the medium. The experimental setting was incubated for 24 h/ 37 °C under
static conditions.

Third Day of the Experiment

After the biofilm treatment with the tested substances, the BC discs were removed.
The content of each agar tunnel (medium and agar plugs) was transferred to the wells of
48-well plates (Wuxi Nest Biotechnology, Wuxi, China) and 1 mL of 0.002% (w/v) resazurin
sodium salt (7-Hydroxy-3H-phenoxazin-3-one-10-oxide sodium salt, Acros Organics, Geel,
Belgium) in TSB was added. The plates were shaken at 350 rpm (Mini-shaker PSU-2T,
Biosan SIA, Riga, Latvia) for 4 h and 15 min at 37 °C. Then, 100 pL of the color solution
was transferred to 96-well plates (Jet Bio-Filtration Co. Ltd., Guangzhou, China) in three
replications from each 48-well. The absorbance was measured at 570 and 600 nm using a
spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). To calculate
the final absorbance of the tested substance, the absorbance at 600 nm was subtracted from
the value at 570 nm. The formula calculated the reduction of cells viability:

ADbS
AbC

Cells viability reduction (%) = 100% — ( % 100%) (©)]
ADS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
One independent experiment was performed with six technical replicates. Antibiofilm
activity of ethanol was examined only against the P. aeruginosa 15442 strain.

4.7. Methods for the Assessment of EOs’ Volatile Fractions Activity
4.7.1. The Inverted Petri Dish Methodology

The assay was performed similarly to the method presented in Materials and Methods
Section 4.6.1. The paper disc soaked with the non-emulsified tested substances was solely
placed onto the lid of the Petri dish.

4.7.2. Evaluation of Antibiofilm Activity of Non-Emulsified EOs Using the AntiBioVol
(Antibiofilm Activity of Volatile Compounds) Method

The assay was performed based on the protocol presented in our previous study [37].

First Day of the Experiment

In this part of the investigation, the Agar Plate, the Petri dish with the plugs and
the Plugs Plate were prepared as mentioned in Materials and Methods Section 4.6.4. The
following modifications were made. First, wells of the Agar Plate were filled with BHI
(Brain Heart Infusion Broth, Biomaxima, Lublin, Poland) and agar to full. Second, twice as
many agar plugs were cut out from the Petri dish, and part of them remained sterile. They
were placed on the bottom of the agar tunnels (Agar Plate) and kept refrigerated until the
next day.
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Second Day of the Experiment

Biofilm plugs were taken out from the Plugs Plate and placed in the agar tunnels of the
Agar Plate on the top of the sterile ones. Then, 0.5 mL of undiluted, non-emulsified EOs or
saline (control of growth) or ethanol (Chempur, Piekary Slaskie, Poland) was added to the
wells of a fresh 24-well plate (later referred to as Substance Plate) (Wuxi Nest Biotechnology,
Whuxi, China). The Agar Plate was placed upside down on the Substance Plate, and the agar
wells were set directly above the wells with the tested substances. The plugs’ diameters
were the same as the tunnels in which they were placed, and plates were gently transferred
to protect the plugs from dropping into the wells of the Substance Plate. The plates were
sealed and incubated for 24 h at 37 °C under static conditions.

Third Day of the Experiment

As the incubation was completed, the plates were separated, and the upper plugs
(containing biofilms) were transferred to fresh 48-well plates (Wuxi Nest Biotechnology,
Wuxi, China), and 1 mL of 0.002% (w/v) resazurin sodium salt (7-Hydroxy-3H-phenoxazin-
3-one-10-oxide sodium salt, Acros Organics, Geel, Belgium) in TSB was poured. The
incubation was continued for 2 h/ 37 °C with shaking at 350 rpm. Then, 100 uL of the color
solution was transferred to 96-well plates (Jet Bio-Filtration Co. Ltd Guangzhou, China))
in three replications from each 48-well. The absorbance was measured at 570 and 600 nm
using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, Vantaa, Finland). The
absorbance at 600 nm was subtracted from the value at 570 nm. The reduction of cells
viability was calculated by the formula:

ADbS
AbC

Cells viability reduction (%) = 100% — ( * 100%) 4)
ADS, absorbance of the tested substance;
AbC, mean absorbance of growth control.
One independent experiment was performed with six technical replicates. Antibiofilm
activity of ethanol was examined only against the P. aeruginosa 15442 strain.

4.8. Microscopic Visualization of Biofilm

The pseudomonal biofilm (ATCC 15442 strain) treated with R-EO or saline by means
of the A.D.A.M. (antibiofilm dressing’s activity measurement) or the AntiBioVol (an-
tibiofilm activity of volatile compounds) technique (as presented in Materials and Meth-
ods Section 4.6.4. or Section 4.7.2, respectively) was immersed in 1 mL of Filmtracer™
LIVE/DEAD™ Biofilm Viability Kit (Invitrogen, Thermo Fisher Scientific, USA) solution
and incubated at room temperature for 15 min. After incubation, the solution was removed,
and the biofilms were gently rinsed once with sterile water. The biofilms were analyzed
using a confocal microscope (Leica, SP8, Wetzlar, Germany) with a 25x water dipping
objective, using sequential mode for 488 nm laser line and 500-530 nm emission to detect
SYTO-9 and 552 nm laser line and 575-627 nm emission to detect propidium iodide (PI)
within microbial cells.

4.9. Statistical Analysis

Statistical analysis was performed using Statistica (Version 13; TIBCO Software Inc.,
Palo Alto, CA, USA). Normality distribution was assessed with the Shapiro-Wilk test.
To compare EOs’ efficacy, a non-parametric ANOVA Kruskal-Wallis test and post hoc
Dunn’s analysis were performed. Results with a significance level p < 0.05 were considered
significant. The statistical analysis is presented in Table 7.

5. Conclusions

The antimicrobial activity of EOs’ volatile fractions varies from that of EOs in their
liquid forms. The antimicrobial effectiveness of EOs may depend on the type of methodol-
ogy applied to analyze the antimicrobial activity. Rosemary and tea tree EOs in their liquid
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forms and their volatile fractions displayed significant antibiofilm effectiveness against
P. aeruginosa. Volatile fractions of menthol mint EO exhibited the most potent antibiofilm
effect among all tested EOs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27134096/s1, Figure S1: Chromatograms of tested EOs
measured with GC-MS (Gas Chromatography—-Mass Spectrometry); Figure S2: The antimicrobial
activity of different concentrations (%) (v/v) of Tween 20 against planktonic forms of P. aeruginosa
ATCC 15442 strains. Ab, absorbance; C+, untreated cells. The absorbance of untreated cells is marked
with a red line; Figure S3: Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical
(PA 1-7, PA 13-19) and the reference (ATCC 15442) strains after treatment with emulsified essential
oils in their liquid forms in the concentration of 12.5% (v/v). Results of microdilution methodology
with (A,B) TTC and (C-G) resazurin staining. Standard deviations are marked. The negative values
indicate an increase in biofilm-forming cells viability after their treatment with EOs in comparison
to the growth control (untreated cells); Figure S4: Changes in the biofilm-forming cells viability (%)
of P. aeruginosa clinical (PA 1-7, PA 13-19) and the reference (ATCC 15442) strains after treatment
with emulsified essential oils in their liquid forms in the concentration of 6.3% (v/v). Results of
microdilution methodology with (A,B) TTC and (C-G) resazurin staining. Standard deviations
are marked. The negative values indicate an increase in biofilm-forming cells viability after their
treatment with EOs in comparison to the growth control (untreated cells).
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Figure S1. Chromatograms of tested EOs measured with GC-MS (Gas Chromatography-Mass Spectrometry).
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aeruginosa ATCC 15442 strain. Ab- absorbance after 24 h incubation, C+- untreated cells. The absorbance of untreated
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Figure S3. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1- 7, PA 13- 19) and the reference
(ATCC 15442) strains after treatment with emulsified essential oils in their liquid forms in the concentration of 12.5%
(v/v). Results of microdilution methodology with (A-B) TTC and (C-G) resazurin staining. Standard deviations are
marked. The negative values indicate an increase of biofilm-forming cells’ viability after their treatment with EOs in

comparison to the growth control (untreated cells).



9of11

6.3% Thyme oil

<

1 1 | 1
o o =] =]
D =F ]

804

1
(=]
(=]
—

(o) &yqera syao ayy ur saSueyy

2
2
J
9
Vv v Vv T .Y
0: ;«r m\ —.‘...‘.‘.". .' ’. s
\, “...."..“’.".
A OO
<
nv
%
[

_
P m H B

==

40
0
0

1 1 1
o [ =]
=] 3] D
—

(o) Aypiqera sppao ayy ul sa8ueyd




10 of 11

Changes in the cells viability (%)

C 6.3% Basil oil
& 150
£ 100+
=
1
= 504
@
g 0
7]
=
g -50— J_
5
% 100
:
Y -150 T T T T T T T T T T T T T T T
% o & P o p e D g
o
SUSEEE LA U L L L L L L (A s L ) o &\‘P
w
D 6.3% Rosemary oil
§ 150 =
=
= 100+
i o]
<
=
£ 50
(]
(*]
(]
= 0=
5
& 50+
<
Y -100 T T T T T T T T T T T T T T T
g 2 A > i el o ) b A
»
SR L e A L A ) ) ) o &fp
>
E 6.3% Eucalyptus oil

-100 T T




110f11

6.3% Menthol mint oil

Changes in the cells viability (%)

-100 T T T T T T T
Vv D “ ) i
Q?’ Q?” Q/?"’ Q?’ Q/?‘ Q/\” Q/\’”
G 6.3% Lavender oil
;;‘ 150 -
= _
Z: 1004
] T
=
& 504 —%
g
2, .
el ANZ T
2]
5 50 T =S 5 i
=
“ 100 T T T T T T T T T T T T T T T
Vv “ ) @ 5 L o) o 4 ) \
3 2 ¥ P s 2 ko > i e - > i >
Q < Q < 2 Q ] Q‘E’ Q?” Q?’ Q?’ Q/?“ QV’ q\"‘ C/(,\%
S

Figure S4. Changes in the biofilm-forming cells viability (%) of P. aeruginosa clinical (PA 1- 7, PA 13- 19)
and the reference (ATCC 15442) strains after treatment with emulsified essential oils in their liquid
forms in the concentration of 6.3% (v/v). Results of microdilution methodology with (A-B) TTC and (C-
G) resazurin staining. Standard deviations are marked. The negative values indicate an increase of
biofilm-forming cells viability after their treatment with EOs in comparison to the growth control
(untreated cells).
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Abstract

The treatment of infected non-healing wounds poses a significant challenge to contemporary medicine.
Essential oils (EOs) are being increasingly investigated as potential antibiofilm agents for the
management of biofilm-related wound infections. However, their in vitro antimicrobial activity
reported in literature does not necessarily reflect the actual in vivo activity due to, among others,
methodological imperfections of performed tests. In our study, we cultivated a Staphylococcus aureus
biofilm in a novel IVWM (In Vitro Wound Milieu) medium designed to simulate the wound
environment and compared it with biofilms cultured in the standard microbiological Tryptic Soy Broth
(TSB) medium. We examined and compared critical biofilm properties such as morphology, biomass,
metabolic activity, cell count, thickness, and spatial distribution of live and dead cells. Subsequently,
staphylococcal biofilms and planktonic cells cultured in both media were exposed to the activity of
thyme or rosemary EOs (T-EO, R-EO, respectively). We found that morphology of biofilms cultured
in IVWM resembled more the morphology of biofilms visualized in the non-healing wounds than
biofilms cultured in TSB. The biomass, metabolic activity, cell number, and the ratio of live to dead
cells of S. aureus biofilms were all lower in IVWM compared to the TSB medium. Additionally, while
EOs demonstrated overall significant anti-staphylococcal activity, their efficacy varied depending on
the medium used. Generally, EOs displayed lower antimicrobial activity (against planktonic cells) in
the IVWM than in the TSB medium. Interestingly, T-EO caused a higher reduction of biofilm cells in
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IVWM than in the TSB medium, in contrast to R-EO. Our findings suggest that EOs hold promise as
agents for the treatment of biofilm-related wound infections. However, it is crucial to apply in vitro
conditions that closely reflect the wound infection site to gain an accurate insight into the real-world
activity of these antimicrobial/antibiofilm agents.

1 Introduction

The dissemination of antibiotic-resistant microorganisms poses a global threat to public health care.
As the efficacy of existing antibiotics decreases and new ones remain undeveloped, the applicability
of nonantibiotic therapeutics to combat infections is being thoroughly investigated worldwide (Miihlen
and Dersch, 2016).

Non-healing wounds are particularly susceptible to infections caused by antibiotic-resistant
microorganisms (Bowler, 2018). These wounds affect 20 million patients annually and require more
than 31 billion USD per year for treatment (Leaper et al., 2015). The five-year mortality rate for people
with diabetic non-healing wounds is comparable to the five-year mortality rate for patients with cancer
(30.5% vs. 31%, respectively) (Armstrong et al., 2020).

Infections, one of the most frequent complications of non-healing wounds, are caused by biofilms —
complex microbial communities embedded within an extracellular matrix (ECM) (Percival et al.,
2012). This scaffold provides not only a physical framework for the biofilm but also impedes the
immune response and penetration of antimicrobial agents. Furthermore, some microbial cells within
the biofilm matrix exhibit low cellular activity, rendering them insensitive to antibiotics that target
cellular transcription or translation processes (Povolotsky et al., 2021). In general, biofilms exhibit
significantly higher tolerance to the immune system and antimicrobials compared to their free-floating
(planktonic) counterparts.

Thus, the treatment of infected non-healing wounds is a major challenge for modern medicine. Current
strategies to eradicate wound biofilms involve the debridement (removal) of infected tissue, combined
with the topical application of dressings and antiseptic agents (Kaiser et al.,, 2021). Topical
administration of antibiotics is no longer recommended due to their low activity against biofilms and
the potential to induce microbial resistance, hypersensitivity, or contact allergy (Siddiqui and
Bernstein, 2010).

Modern antiseptic agents are considered first-line antimicrobials for non-healing wound management
due to their broad spectrum of antimicrobial activity, non-specific mode of action, and low in
vivo cytotoxicity (Alves et al., 2021). However, several reports indicate the potential for
microorganisms to develop tolerance to modern antiseptic agents (compounds obtained through
industrial chemical synthesis). The survival of Burkholderia cepacia in octenidine dihydrochloride-
containing solutions and the increased tolerance of certain strains of Pseudomonas aeruginosa to
octenidine dihydrochloride exemplify such risks (Becker et al., 2018; Shepherd et al., 2018)

It can be inferred that the effectiveness of systemic antibiotic therapy against wound biofilms is limited,
and the topical administration of these antimicrobials is not recommended. The use of modern
antiseptic agents (e.g., polyhexanide, povidone-iodine) still correlates with favorable clinical
outcomes, but the example of octenidine dihydrochloride raises concerns that the efficacy of these
antiseptics may also be reduced due to microorganisms' tendency to develop resistance (Becker et al.,
2018; Shepherd et al., 2018). Therefore, not only non-antibiotic but also non-antiseptic approaches are
now considered next-generation strategies for treating biofilm-related infections. These methods
include the use of natural compounds, enzymes, and other bioactive molecules that can disrupt biofilm
formation and/or enhance host immune responses (Silva et al., 2020). In this regard, plant-derived
essential oils (EOs) are of great interest as potential antibiofilm agents. These multi-component volatile
liquids exhibit a broad spectrum of antimicrobial activity against Gram-positive and Gram-negative
bacteria and fungi (Agreles et al., 2021). EOs can also interfere with or impede various processes
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occurring in biofilms, such as adhesion, quorum-sensing, or modulation of the expression of biofilm-
related genes (Reichling, 2020).

The non-specific mode of EOs' antimicrobial action is considered to limit the risk of triggering bacterial
resistance (Yap et al., 2014). Thanks to their low cytotoxicity, anti-inflammatory activity, and ability
to promote the wound-healing process, the use of EOs can be perceived as an effective future strategy
for the treatment of non-healing wound infections (Costa et al., 2019). Although several in vitro studies
report significant antimicrobial properties of EOs, these likely do not reflect their actual in vivo activity
(Orchard et al., 2017; Sienkiewicz et al., 2017; Patterson et al., 2019). Major shortcomings of this in
vitro, research include using standard microbiological media (rather than media reflecting the
composition of wound exudate) and the evaluation of EOs' activity primarily against planktonic forms
of microbes, not against biofilms. Recent reports indicate that providing a milieu that mimics the
wound environment in in vitro tests significantly alters key biofilm characteristics such as metabolic
activity, three-dimensional structure, and matrix composition, thereby affecting its tolerance to
antimicrobial agents (Thaarup and Bjarnsholt, 2021; Vyas et al., 2022). Therefore, in this study, we
cultivated a Staphylococcus aureus biofilm (one of the main factors of wound infection) in a newly
formulated medium known as the IVWM (In Vitro Wound Milieu), which comprises serum, cell-
matrix elements, and host factors that reflect the wound environment (Kadam et al., 2021). After
conducting a thorough analysis of the key properties of the biofilm grown in IVWM and comparing
them to those of the biofilm cultivated in standard microbiological TSB medium, we exposed
staphylococcal biofilms to the activity of thyme and rosemary EOs (T-EO, R-EO, respectively). We
also carried out control analyses on planktonic Staphylococcus aureus cells. To the best of our
knowledge, this is the first study that assesses the antimicrobial properties of EOs under conditions that
resemble a chronic wound milieu.

2 Materials and methods

2.1 Microorganisms

One reference strain, Staphylococcus aureus ATCC 6538 (American Type and Culture Collection),
and eleven clinical isolates were tested for research purposes. The clinical strains included four MSSA
strains (Methicillin-Susceptible Staphylococcus aureus) and seven MRSA strains (Methicillin-
Resistant Staphylococcus aureus). The MSSA strains were marked S3, S6, S8, S11; MRSA as R1, R8-
R13. The strains are part of the Strain and Line Collection of the Pharmaceutical Microbiology and
Parasitology Department of the Medical University of Wroclaw.

2.2 Essential oils

The antimicrobial activity of two commercial essential oils (EOs) was tested:

o thyme oil, thyme chemotype (T-EO, obtained from Thymus vulgaris L. leaves),
produced by Instytut Aromaterapii, Poland,;

o rosemary oil, camphor chemotype (R-EO, obtained from Rosmarinus officinalis L.
leaves), produced by Instytut Aromaterapii, Poland.

2.3 Culture conditions

Bacteria were cultured in two media:
1. Standard microbiological Tryptic Soy Broth (Biomaxima, Poland) marked TSB. The detailed
composition of TSB is presented in Table 1.
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2. Medium prepared according to the formula presented by (Kadam et al., 2021), marked IVWM
(In Vitro Wound Milieu).
Sterile Fetal Bovine Serum (Biowest, France, cat. no. S181H) was used as the base component of
IVWM. Firstly, stock solutions of the components were prepared as follows:
- fibronectin (Human plasma fibronectin, Sigma-Aldrich, USA, cat. no. FC010) 1 mg/mL
solution in autoclaved distilled water,
- fibrinogen (Fibrinogen from human plasma, Sigma-Aldrich, USA, cat. no. F3879) 10
mg/mL solution in saline (Stanlab, Poland),
- lactoferrin (Lactoferrin human, Sigma-Aldrich, USA, cat. no. L4040) 2 mg/mL solution in
Dulbecco’s Phosphate Buffered Saline (Sigma-Aldrich, USA),
- lactic acid (Sigma-Aldrich, USA, cat. no. W261114) 11.4 M solution,
and they were filtered using a 0.22 um syringe filter (Sungo, Europe). Collagen (Collagen solution
from bovine skin, concentration 2.9-3.2 mg/mL, Sigma-Aldrich, USA, cat. no. C4243) was purchased
sterile. The IVWM was obtained by combining the ingredients at concentrations presented in Table 1.
The medium was stored for a maximum of seven days at 2-8°C and was protected from light.

Table 1. Composition of Tryptic Soy Broth (TSB) according to the manufacturer’s specification (A).
Composition of In Vitro Wound Milieu (IVWM) (B).

(A)TSB
Pancreatic digest of casein 17 g/L
Peptic digest of soybean 3g/L
Dipotassium hydrogen phosphate 2.5g/L
Sodium chloride 5¢g/L
Glucose monohydrate 2.5 g/L
(B) IVWM
Fetal Bovine Serum 70%
Fibronectin 30-60 pg/mL
Fibrinogen 200-400 pg/mL
Lactoferrin 20-30 pg/mL
Lactic acid 11-12 mM
Collagen 10-12 pg/mL
Saline 19.6%

2.4 Assessment of EOs Chemical Composition using Gas Chromatography-Mass
Spectrometry (GC-MS)

EOs were diluted 50 times with hexane (JTB, GB), vortexed, and immediately analyzed. The analysis
was performed on Agilent 7890B GC system coupled with 7000GC/TQ connected with PAL RSI85
autosampler (Agilent Technologies, USA) and equipped with an HP-5 MS column (30 m x 0.25 mm
% (0.25 um). Helium was used as a carrier gas at a total flow of 1 mL/min, and the injection mode was
split in a ratio of 1:100. Analysis conditions were as follows: the initial temperature was 50°C for 1
min, then increased to 4°C/min to 170°C, and then 10°C/min to 280°C which maintained for 2 min.
The MS detector settings were as follows: ionization voltage 70 eV, transfer line, source, and
quadrupole temperature — 320, 230, and 150°C, respectively. Detection was performed in full scan
mode in a range of 30-400 m/z. Identification was based on a comparison of retention index (RI) and
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mass spectra with data from the NIST 17.1 library and literature. Linear retention indexes were
determined using a mixture of C8-C20 saturated alkanes (Sigma-Aldrich, USA) under the same
conditions as for EOs. The relative abundance of each EO component was expressed as percentage
content based on peak area normalization. The MassHunter Workstation Software version B.09.00 was
used for peak normalization. All analyses were performed in triplicate.

2.5 Evaluation of biofilm biomass, biofilm metabolic activity, and the number of colony-
forming units

Biofilm mass and biofilm metabolic activity of one reference and eleven clinical S. aureus strains were
evaluated in TSB (Tryptic Soy Broth, Biomaxima, Poland) or IVWM (In Vitro Wound Milieu)
medium. The number of colony-forming units was assessed for the reference strain. For this purpose,
the bacteria were pre-incubated overnight in an appropriate medium (TSB or IVWM) at 37°C. Next,
the bacterial suspensions were prepared in saline (Stanlab, Poland) and adjusted to 0.5 MF (McFarland,
1.5 x 10"® CFU/mL (Colony-Forming Unit) using a densitometer (DEN-1, Biosan SIA, Latvia), and
diluted thousand times in TSB or IVWM. 500 pL of this suspension was poured into the wells of a 48-
well polystyrene plate (Wuxi Nest Biotechnology, China) and incubated for 24 h under static
conditions at 37°C. To assess the total biofilm mass, crystal violet staining was performed. The level
of biofilm activity was evaluated using tetrazolium staining. Both tests were performed in two
independent experiments in six replicates. Quantitative culturing was performed in one experiment in
triplicate to determine the number of colony-forming units.

e Evaluation of biofilm biomass level using crystal violet assay
After the biofilm culturing described above, the medium was removed, and the plates were dried for
10 min (37°C). Subsequently, 500 uL of 20% (v/v) crystal violet (Aqua-med, Poland) solution in water
was added to the wells, and the plates were kept at room temperature for 10 min. The stain was gently
removed, the biofilm was washed once with 500 pL of saline (Chempur, Poland), and the plates were
incubated at 37°C for 10 min. Next, violet crystals were dissolved with 500 uL of 30% (v/v) acetic
acid (Stanlab, Poland) water solution, and the plates were shaken for 30 min at 450 rpm (Mini-shaker
PSU-2T, Biosan SIA, Latvia) at room temperature. 100 uL of the solution was transferred from one
well in four replicates to 96-well plates (Wuxi Nest Biotechnology, China), and the absorbance was
measured at 550 nm using a spectrophotometer (Multiskan Go, Thermo Fisher Scientific, USA). The
average absorbance was calculated for each sample. The absorbance of media without bacteria was
also measured, and their average values were subtracted from the absorbance of each sample. Based
on the results, the strains were divided into four groups according to their biofilm biomass:

o high biofilm biomass in TSB: S11, R12, R13;

o low biofilm biomass in TSB: ATCC 6538, S3, R1;

o high biofilm biomass in IVWM: S6, S8, R9;

o low biofilm biomass in IVWM: R8, R10, R11.

e Assessment of biofilm activity level using tetrazolium staining

The biofilm was cultured as presented above, and the medium was removed from above the cells. Next,
metabolically active biofilm cells were two-hours stained with 500 uL of 0.1% (w/v) TTC solution
(2,3,5-triphenyl-tetrazolium chloride, Sigma-Aldrich, USA) in TSB (Tryptic Soy Broth, Biomaxima,
Poland) or IVWM (In Vitro Wound Milieu) medium at 37°C. The medium was pipetted-out, and the
plates were dried for 10 min at 37°C. 500 uL of methanol (Stanlab, Poland) and acetic acid (Stanlab,
Poland) (9:1 ratio) solution was introduced to the wells, and the plates were shaken (Mini-shaker PSU-
2T, Biosan SIA, Latvia) for 30 min at room temperature (400 rpm). 100 uL of the solution was
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transferred from one well in four replicates to 96-well plates (Wuxi Nest Biotechnology, China), and
the absorbance was measured at 490 nm using a spectrophotometer (Multiskan Go, Thermo Fisher
Scientific, USA). The average absorbance was calculated for each sample. The absorbance of media
without bacteria was also measured, and their average values were subtracted from the absorbance of
each sample.

e Assessment of the number of colony-forming units

As described above, the biofilm was cultured in polystyrene plates in TSB or IVWM medium.
Subsequently, the medium was removed, and each well was shaken with 500 puL of 0.1% (w/v) saponin
(VWR Chemicals, USA) water solution for 30 s at 600 rmp. Solutions from each well were resuspended
and transferred to Eppendorf tubes. Plates were shaken again for 30 s/600 rpm with the fresh saponin
solution (500 pL), and solutions from both steps were combined. The serial dilutions of the suspension
were then prepared in saline solution and cultured onto Mueller-Hinton agar (Biomaxima, Poland)
Petri dishes (Noex, Poland) and incubated for 24 h at 37°C. The CFU number was counted using
ImageJ (National Institutes of Health, Bethesda, MD, USA, accessed on 1 December 2022).

2.6 Visualization of live and dead biofilm-forming cells using fluorescent dyes and a Confocal
Microscopy

The staphylococcal strains were cultured in TSB (Tryptic Soy Broth, Biomaxima, Poland) or IVWM
(In Vitro Wound Milieu) medium in 24-well plates (Wuxi Nest Biotechnology, China). The preparation
of suspensions and biofilm cultivation conditions were the same as described in the section “Evaluation
of biofilm biomass, biofilm metabolic activity, and the number of colony-forming units”. Filmtracer™
LIVE/DEAD™ Biofilm Viability Kit (Thermo Fischer Scientific, USA), prepared according to the
manufacturer’s instruction, was applied as a dye to assess the membrane integrity and indirectly to
measure a relative number of live and dead biofilm-forming cells and also to visualize the
morphology/spatial distribution of cells within biofilm structure. The microscopic visualizations were
performed using an SP8 MP laser-scanning confocal microscope (Leica, Germany). SYTO-9 showing
live bacteria was excited at 488 nm wavelength using a laser line (SP8). The collected emission was
within the 500-530 nm range. Propidium iodide (PI) for the visualization of dead bacteria was a 552
nm laser line (SP8). The emission of Pl was collected within the 575-625 nm SP8 ranges. The
acquisition was performed using 20um dry objectives in a sequence to avoid a spectral bleed through.
For a given set of experimental conditions (untreated biofilm and biofilms with EOs), the same
acquisition settings were applied to each system to enable quantitative comparisons between the
conditions. The settings and signal intensity were always set on the brightest samples to avoid
oversaturation. Next, the pictures were processed using ImageJ (National Institutes of Health,
Bethesda, MD, USA) software. The whole captured picture was treated as the Region of Interest (ROI).
The mean grey value (MGV) of each ROI was recorded for green and red fluorescence channels and
served as an estimator of changes in the number of live and dead cells, respectively. The MGV was
considered the sum of gray values of all the pixels in the selection divided by the number of pixels. For
RGB images recorded for the purpose of this analysis, the MGV was calculated by converting each
pixel to grayscale using the Equation: gray = 0.299red + 0.587green + 0.114blue.

2.7 Visualization of biofilm using a Scanning Electron Microscope

The S.aureus ATCC 6538 biofilm strain was visualized with a Scanning Electron Microscope (SEM,
Auriga 60, ZEISS, Germany). Firstly, 1 mL of 2% (w/v) Bacteriological Lab Agar (Biomaxima,
Poland) was poured into a 24-well plate (Wuxi Nest Biotechnology, China) and left for solidification.
Next, 500 uL of the appropriate medium (TSB (Tryptic Soy Broth, Biomaxima, Poland) or IVWM (In
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Vitro Wound Milieu)) was poured into the wells with agar, and the plate was kept refrigerated for 24
h. Subsequently, the medium was removed from above the agar, and the bacterial suspension in TSB
or IVWM medium was prepared as described in the section “Evaluation of biofilm biomass, biofilm
metabolic activity, and the number of colony-forming units”, and added in the amount of 500 uL to
the agar wells. The plate was incubated for 24 h at 37°C under static conditions. The medium was then
removed, and 500 uL of 4.5% (v/v) glutaraldehyde (ChemPur, Poland) was poured. Next, samples
were dried in a critical point dryer EM CPD300 (Leica Microsystems, Germany). Subsequently, the
samples were subjected to sputtering with Au/Pd (60:40) using EM ACEG600, Leica sputter (Leica
Microsystems, Germany). The sputtered samples were examined using a scanning electron microscope
(SEM, Auriga 60, Zeiss, Germany).

2.8 Evaluation of Minimal Inhibitory and Minimal Biofilm Eradication Concentrations of
EOs Emulsions

The antimicrobial activity of T-EO or R-EO was assessed in 96-well plates (Wuxi Nest Biotechnology,
China) in TSB (Tryptic Soy Broth, Biomaxima, Poland) or IVWM (In Vitro Wound Milieu) media.
Tests were carried out in two independent experiments in three replicates. For both experiments,
bacterial suspension was prepared as follows. From overnight cultures in TSB or IVWM medium
suspensions were prepared in saline (Stanlab, Polnad) and adjusted to 0.5 MF (McFarland, 1.5 x 1078
CFU/mL (Colony-Forming Unit)) using a densitometer (DEN-1, Biosan SIA, Latvia), and diluted a
thousand times in TSB or IVWM. EOs were tested as emulsions in TSB or IVWM medium with the
addition of Tween 20 (Pol-aura, Poland). In the T-EO emulsions stock solution, the oil constituted 5%
(v/v) of the emulsion volume, and in R-EO, 10% (v/v). Tween 20 constituted 1% (v/v) of the entire
volume on both emulsions. The emulsions were prepared as follows: the EOs were mixed with Tween
20 for 30 min using a magnetic stirrer (IKA RH basic 2, IKA-Werke GmbH & CO. KG, Deutschland).
Next, the medium was gradually added and stirred for one hour more at room temperature.

e Minimal Inhibitory Concentration (MIC) evaluation

To evaluate MIC values, geometric concentrations of EOs’ stock solutions were prepared in TSB or
IVWM medium at concentrations ranging from 5 % to 0.002% (v/v) for T-EO and from 10% to 0.005%
(v/v) for R-EO and added in a volume of 100 pL to the wells of the plates. Next, 100 puL of bacterial
suspensions in TSB or IVWM medium (prepared as described above) were added to the wells, and the
plates were incubated for 24 hours at 37°C with shaking (Mini-shaker PSU-2T, Biosan SIA, Latvia) at
450 rpm. Controls of bacterial growth (bacteria in TSB or IVWM medium) and medium sterility
(medium only) were also prepared. After incubation, 20 uL of 1% (w/v) TTC solution (2,3,5-triphenyl-
tetrazolium chloride, Sigma-Aldrich, USA) in the medium was added to each well, and plates were
incubated for 2 hours under the same conditions. MIC values were evaluated in the first well, where
no red color was observed. The influence of five concentrations [(%) (v/v)] of Tween 20 on S. aureus
ATCC 6538 planktonic forms cultured in TSB medium was also evaluated in the same manner as the
test with EOs. In addition, the absorbance of the samples at 580 nm was measured using a
spectrophotometer (Multiskan Go, Thermo Fisher Scientific, USA) before adding the TTC solution.
The percentage of cell viability was calculated in each Tween 20 concentration with respect to the
growth control. The test was performed in one experiment in six replicates.

e Minimal Biofilm Eradication Concentration (MBEC) evaluation

To analyze the antibiofilm properties of EOs emulsions, biofilms were first cultivated in polystyrene
plates. For this purpose, 100 uL of TSB or IVWM was added to the wells of the plates, and 100 pL of
bacterial suspensions in TSB or IVWM medium (prepared as described above) was poured. The plates
were incubated at 37°C for 24 hours under static conditions. The geometric concentrations of the EOs’
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stock solutions were then prepared in TSB or IVWM medium at concentrations ranging from 5 % to
0.002% (v/v) for T-EO and from 10% to 0.005% (v/v) for R-EO. After the biofilm’s incubation, the
medium was gently removed, and 200 uL of EOs emulsions was added to the wells. The plates were
incubated at 37°C for 24 hours under static conditions. Subsequently, the medium was removed, and
200 pL of 0.1% (w/v) TTC solution in the medium was added to each well for 2 hours at 37°C. Then
MBEC values were assessed in the first colorless well. Subsequently, the medium was removed, and
200 uL of a solution of methanol (Stanlab, Poland) and acetic acid (Stanlab, Poland) in a 9:1 ratio was
poured into the wells, and the plates were subjected to shaking (Mini-shaker PSU-2T, Biosan SIA,
Latvia) for one hour at room temperature at 550 rpm. 100 uL of the solution was transferred to fresh
96-well plates (Wuxi Nest Biotechnology, China), and the absorbance of the solution was
spectrophotometrically measured at 490 nm (Multiskan Go, Thermo Fisher Scientific, USA). Controls
of bacterial growth (bacteria in TSB or IVWM medium) and medium sterility (medium only) were also
prepared. To evaluate the percentage reduction of biofilm cells treated with EOs emulsions, the
absorbance value of the sample was compared to the average bacterial growth absorbance.

2.9 Analysis of the Size of EOs Emulsion Droplets

The hydrodynamic diameters of the EOs droplets within emulsions were measured with the dynamic
light scattering method. The analysis was performed using the Zetasizer Nano ZS ZEN3600 (Malvern
Instruments Ltd., UK) equipped with a laser light source (A=633 nm) and a detector operating at a
scattering angle of 173°. Emulsions of EOs were prepared in TSB medium (Tryptic Soy Broth,
Biomaxima, Poland) with 1% (v/v) Tween 20 (Pol-aura, Poland) and diluted in sterile purified water
one thousand times prior to the measurement. The oil phase content was 5% (v/v) in the case of T-EO
and 10% (v/v) regarding R-EO. The test was run at 25+0.1°C, and the samples were measured at least
5 times. The values of hydrodynamic diameters included in the work are Z-Average values.

2.10 Statistical analysis

Calculations were performed using Statistica software (Version 13; TIBCO Software Inc, Palo Alto,
California, USA). The Hampel test was performed to identify outliers in the results of the biofilm
biomass test, the biofilm metabolic activity assay, the biofilm thickness, and the share of live/ dead
cells when all strains were analyzed together. The normality distribution and variance homogeneity
were calculated with the Shapiro-Wilk and Levene tests, respectively. The t-test and the Mann-
Whitney U test were performed to compare differences in biofilm biomass, biofilm metabolic activity,
number of colony-forming units, thickness, and live/dead cell ratio between both media. The t-tests
were used when normal distribution was determined (p>0.05). A Welch’s adjusted t-test was used for
unequal variances (p<0.05). A Mann-Whitney U test was used when the normal distribution was not
determined. The Pearson correlation was calculated to assess a linear correlation between biofilm
biomass level and biofilm metabolic activity. Multivariate analysis of variance was performed to
evaluate the effect of medium, strain, and EOs concentration on the reduction of biofilm cells after
treatment with EOs. The results of statistical analyses with a significance level of p <0.05 were
considered significant. The graphical abstract was created with BioRender.com (BioRender Inc,
Switzerland, accessed on 17 May 2023)

3 Results

In the first line of the experiment, a GC-MS analysis was performed to evaluate the percentage
composition of the EOs’ components. T-EO comprised 50.6% thymol, 19.2% p-cymene, and 9.1% v-
terpinene. Three main components of R-EO were: 21.1% a-pinene, 20.0% 1,8-cineole, and 18.5%
camphor. A detailed list of the composition of the EOs is presented in Supplementary Table 1.
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The ability of S. aureus strains to form biofilm biomass in standard TSB (Tryptic Soy Broth) or
IVWM (In Vitro Wound Milieu) medium was evaluated using the crystal violet method (CV). The
biofilms’ metabolic activity was assessed using tetrazolium chloride (TTC) staining (Figure 1).
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Figure 1. The average biofilm biomass (A) and metabolic activity (B) in Tryptic Soy Broth (TSB) or
In Vitro Wound Milieu (IVWM) of analyzed reference (ATCC 6538, American Type Culture
Collection) and clinical (S3, S6, S8, S11, R1, R8-R13) strains of S. aureus. The pairs of letters (a/b,
c/d, e/f, g/h, i/j, k/l, m/n, o/p, r/s, t/lu, wix, y/z) refer to the statistically significant differences (p <0.05,
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t-test or Welch’s t-test for biofilm biomass assay, t-test or Welch’s t-test or Mann-Whitney U test for
the biofilm metabolic activity assay). The error lines represent the standard error of the mean (n=12).

All strains were able to form a biofilm in TSB or IVWM medium. The biomass and metabolic activity
of all biofilms were higher in TSB than in IVWM medium. For all strains, this trend was statistically
significant (p <0.05, t-test or Welch’s t-test for the biofilm biomass assay, t-test or Welch’s t-test or
Mann-Whitney U test for the biofilm metabolic activity assay, Supplementary Tables 3, 4,
Supplementary Figures 5, 6), and it also remained statistically significant when the mean of all strains
was calculated (p<0.05, Mann-Whitney U test), Supplementary Figure 7, Supplementary Table 5).
A significant linear correlation (p=0.001) between the level of biofilm biomass and metabolic activity
for biofilms cultured in IVWM medium, but not in TSB medium (p=0.315), was observed
(Supplementary Table 6, Supplementary Figure 8). The correlation coefficient was determined as
moderate or very strong for TSB (r=0.32) or IVWM (r=0.83), respectively. To confirm data obtained
by semiquantitative CV and TTC methods, the number of biofilm-forming cells of reference strain
cultivated in TSB or IVWM was quantitatively cultured (Table 2). The average number of biofilm-
forming cells was significantly higher (p<0.05, t-test, Supplementary Table 7, Supplementary
Figure 9 A, B) in TSB than IVWM medium. A macroscopic visualization of representative biofilm
stained with crystal violet or tetrazolium chloride confirming differences in the level of biofilm biomass
and metabolic activity between bacteria cultured in TSB or IVWM is presented in Figure 2. The
biofilm in the TSB was highly confluent, i.e., biofilm-forming cells covered essentially the entire
surface of the plate’s wells (Figure 2 A, C). Biofilm cells cultured in IVWM formed cells aggregates
unequally distributed on the well’s surface (Figure 2 B, D).

Figure 2. Macroscopic visualization of the S. aureus S11 biofilm formed on polystyrene. A, B- biofilm
cultured in TSB or IVWM, respectively, and stained with tetrazolium chloride; C, D- biofilm cultured
in TSB or IVWM, respectively, and stained with crystal violet. TSB- Tryptic Soy Broth, IVWM- In
Vitro Wound Milieu. In macroscopic visualizations, the contrast was enhanced using GIMP software
(Version 2.20.22, www.gimp.org, assessed 26.11.2020, original images are presented in
Supplementary Figure 1). The scale bar is 2 mm.
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Table 2. A mean number of Colony-Forming Units/mL (CFU/mL) of biofilm of S. aureus ATCC 6538
reference strain (American Type Culture Collection) cultured in TSB (Tryptic Soy Broth) or the VWM
(In Vitro Wound Milieu). SEM- standard error of the mean. A statistically significant difference

(p<0.05, t-test) IS marked with the pair of letters a/b.
Number of CFU/mL
Strain TSB VWM
Mean SEM Mean SEM
ATCC 6538
8.98E+142 1.07E+14 1.46E+12° 6.65E+11

Next, the analysis of live and dead cells within the Z-axis (thickness) of the 24-hour-old staphylococcal
biofilm structure was performed using LIVE/DEAD (L/D) dyeing and confocal microscopy (Figure
3). The staphylococcal biofilm cultured in TSB resembled the structure of a dense lawn (Figure 3 A,
C, E). The biofilm-forming cells evenly covered the whole field of vision. In turn, the biofilm
cultivated in IVWM formed mushroom-like structures of diversified sizes (Figure 3 B, D, F). The
IVWM biofilm contained regions of differential thickness and cell density, including areas not covered
with cells (black regions). Structural differences between biofilms cultured in TSB or IVWM medium
were also observed in microscopic visualizations performed with the Scanning Electron Microscope
(SEM) (Figure 4).
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Figure 3. Microscopic visualizations of the S. aureus biofilm formed on polystyrene and stained with
a LIVE/DEAD dye. A, B- an aerial perspective of the S8 biofilm cultured in TSB (A) or IVWM (B) —
C, D- an aerial perspective of the S11 biofilm cultured in TSB (C) or IVWM (D); E, F- the Z- axis
image stack visualizing the S11 biofilm cultured in TSB (E) or IVWM (F) from the side aerial
perspective. The red/orange color indicates staphylococcal cells of altered/damaged cell walls, while
green-colored shapes show unaltered cell walls. TSB- Tryptic Soy Broth, IVWM- In Vitro Wound
Milieu. The scale bar is 40um. The confocal microscope SP8, magnification 25x.
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Figure 4. Microscopic visualizations of the S. aureus ATCC 6538 biofilm formed on agar and cultured
in TSB (A) or IVWM (B) medium. TSB- Tryptic Soy Broth, IVWM- In Vitro Wound Milieu. The
scale bar is 2um. Scanning Electron Microscope Zeiss Auriga 60 (magnification 10000x).

The average thickness of the biofilm formed by all S. aureus strains in TSB medium was significantly
lower than in VWM medium (p<0.05, Mann-Whitney U test, Figure 5, Supplementary Table 7,
Supplementary Figure 9 C, D).
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Figure 5. Comparison of the average thickness (um) of all staphylococcal biofilms cultured in TSB
(Tryptic Soy Broth) or IVWM (In Vitro Wound Milieu) medium measured with the confocal
microscopy. The error lines represent the standard error of the mean (n=36). The statistically significant
difference (p<0.05, Mann-Whitney U test) is marked with a pair of letters a/b.
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In turn, the share of live cells was higher for ten (83% of strains) strains cultured in TSB medium than
in IVWM (Table 3). The average share of live cells was also significantly higher (p<0.05, Mann-
Whitney U test) in TSB than in IVWM when all strains were analyzed together (Supplementary Table
7, Supplementary Figure 9 E, F, G).

Table 3. Average percentage (%) share of live and dead cells in biofilms of staphylococcal reference
(ATCC 6538, American Type Culture Collection) or clinical (S3, S6, S8, S11, R1, R8-R13) strains
cultured in TSB (Tryptic Soy Broth) or IVWM (In Vitro Wound Milieu) medium measured with the

confocal microscope. SEM- standard error of the mean (n=3).
Percentage (%) share of cells in S. aureus biofilms
Strain TSB VWM
number
LIVE | DEAD SEM LIVE DEAD SEM

Aé-ggg: 84 16 0.1 80 20 1.0
S3 83 17 0.5 73 27 0.9
S6 76 24 2.3 61 39 3.1
S8 79 21 3.3 73 27 1.8
S11 74 26 24 63 37 1.5
R1 82 18 0.5 54 46 3.2
R8 86 14 1.7 67 33 0.5
R9 86 14 0.4 76 24 1.4
R10 66 34 1.1 68 32 0.9
R11 71 29 2.2 69 31 0.5
R12 70 30 0.5 74 26 1.3
R13 82 18 0.6 47 53 5.4
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The analysis of the cellular spatial composition of the biofilms allowed us to distinguish their three
sections: bottom one (B, the closest to the polystyrene surface), middle (M), and top (T, the farthest
from the polystyrene surface) (Figure 3, 6, Supplementary Figure 2, Supplementary Table 2).
Different patterns of live (green) and dead (red) share in parts (T, M, and B) of biofilms were revealed
in each medium. Three (I, 11, I11) patterns were distinguished in TSB medium, and four (I1V, V, VI,
VII) in IVWM (Figure 6, Supplementary Figure 2). The share of dead cells was higher in the T parts
than in the M and B parts in 100% or 92% of staphylococcal biofilms grown in TSB or IVWM medium,
respectively (Figure 6, Supplementary Table 2). A higher share of live cells was observed in B (for
92% of strains) and M (for 83% of strains) parts of biofilms cultured in TSB medium than in IVWM
(Figure 6, Supplementary Figure 2, Supplementary Table 2). For 58% of staphylococcal biofilms,
the share of live cells in T parts was higher in TSB medium than in IVWM.
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Figure 6. The main patterns of live (L, green) and dead (D, red) cells distribution (%) in staphylococcal
biofilms across the Z-axis, cultured in TSB (Tryptic Soy Broth) or IVWM (In Vitro Wound Milieu)
medium. The thickness of each section was 2 um. Black lines divide graphs into the top (T), middle
(M), and bottom (B) parts. I, 11, and I11- strains representing particular patterns of cells share in TSB;
IV, V, VI, and VII- strains representing particular patterns of cells share in IVWM. S3, S8, R1, R8,
R13- S. aureus clinical strains. Figures of the other strains are presented in Supplementary Figure 2.
The confocal microscope SP8, magnification 25x%.

The antimicrobial activity of the emulsified T- and R-EOs against planktonic S. aureus cells was
evaluated using a microdilution technique (Table 4). The applied emulsifier, Tween 20, did not affect
the viability of staphylococcal cells (Supplementary Figure 3). The Minimal Inhibitory
Concentrations (MIC) values of applied EOs were higher for 75% (T-EO) or 58% (R-EO) of strains
cultivated in IVWM compared to strains cultivated in TSB medium. T-EO acted 2 to 4 times weaker
against this 75% of strains in VWM than in TSB medium. For 50% of strains treated with R-EO, the
MIC values were twice higher in VWM than in TSB, and for 8%, this parameter was sixty-four times
higher in IVWM than in TSB.

In the case of biofilms, T-EO exhibited higher activity than R-EO regardless of the medium applied
(Table 4). The MBEC (Minimal Biofilm Eradication Concentration) values of T-EO were determined
for all staphylococcal strains and ranged from 2.5% (v/v) to 0.63% (v/v). The MBEC value of T-EO
differed in 50% of strains, depending on the medium applied (TSB or IVWM). For half of these strains,
the MBEC value was higher in IVWM than in TSB medium. In the case of R-EO, no MBEC values
were achieved, therefore, the assessment of the biofilm cells’ reduction (%) was performed in the
subsequent analyses.

Table 4. Antimicrobial activity of the tested EOs’ emulsions against planktonic (MIC (%) (v/v)) and
biofilm cells (MBEC (%) (v/v)) of reference (ATCC 6538, American Type Culture Collection) or
clinical (S3, S6, S8, S11, R1, R8-R13) strains of S. aureus. N/R indicates EOs where MBEC values
were not reached at the highest applied concentration (10% (v/v)) of R-EO. Each EO's MIC and MBEC
values were compared in both media and marked green in a medium where the difference was higher
than one geometric dilution, blue where the difference was one geometric dilution, and yellow where
the parameters were equal. T-EO—thyme oil, R-EO—rosemary oil, TSB- Tryptic Soy Broth, IVWM-
In Vitro Wound Milieu, MIC- Minimal Inhibitory Concentration, MBEC- Minimal Biofilm
Eradication Concentration.
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MIC (%) MBEC (%)
T-EO R-EO T-EO R-EO
Strain TSB VWM TSB IVWM TSB IVWM TSB VWM
number
ATCC 0.02 0.04 1.25 1.25 0.63 0.63 N/R N/R
6538
S3 0.16 0.31 1.25 25 0.63 0.63 25 N/R
S6 0.31 0.31 1.25 25 0.63 0.63 N/R N/R
S8 0.16 0.31 25 25 0.63 0.63 N/R N/R
S11 0.08 0.16 1.25 1.25 0.63 0.63 N/R N/R
R1 0.31 0.31 1.25 2.5 1.25 0.63 N/R N/R
R8 0.16 0.31 0.04 25 1.25 25 N/R N/R
R9 0.16 0.31 1.25 1.25 1.25 0.63 N/R N/R
R10 0.16 0.16 1.25 25 0.63 0.63 N/R N/R
R11 0.16 0.31 1.25 2.5 0.63 1.25 N/R N/R
R12 0.04 0.16 2.5 2.5 1.25 0.63 N/R N/R
R13 0.08 0.31 1.25 2.5 1.25 25 N/R N/R

The level of biofilm cell reduction (%) was above 90% for all strains in TSB or IVWM medium after
the treatment with T-EO at concentrations of 2.5% - 0.63% (v/v) (Supplementary Figure 4 A). Ata
T-EO concentration of 0.31%, (v/v) lower reduction was observed for nine of twelve strains cultured
in TSB comparing to the IVWM medium (Figure 7 A). The three strains with different patterns of
reduction were: ATCC 6538, S6, and R9. The reduction of biofilm cells treated with R-EO was reached
for all strains at concentrations ranging from 10% (v/v) to 0.63% (v/v) when cultured in TSB medium
or from 10% (v/v) to 1.25% (v/v) in IVWM medium (Figure 7 B, Supplementary Figure 4 B-F). In
concentration ranges of 10% (v/v) to 2.5% (v/v), a higher level of biofilm reduction was evaluated only
for 30% of strains (R8-R11) cultured in IVWM medium than in TSB. The percentage reductions of
staphylococcal biofilms after treatment with selected EOs concentrations are presented in Figure 7 and
Supplementary Figure 4. Multivariate analysis of variance was performed to evaluate the effect of
medium, strain and EOs concentrations on the reduction of biofilm cells after treatment with T-EO or
R-EO (Supplementary Tables 8, 9, Supplementary Figures 10, 11). In the case of both EOs, all of
the factors significantly influenced the biofilm cells reduction. Additionally, for T-EO, there were
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significant interactions between each factor and all factors together. The biofilm cells reduction was
significantly lower in TSB than in IVWM medium for T-EO and significantly higher in TSB than in
IVWM for R-RO. In the case of R-EO, significant interactions occurred between medium and strain,
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Figure 7. Average reduction (%) of biofilm cells of reference (ATCC 6538, American Type Culture
Collection) or clinical (S3, S6, S8, S11, R1, R8-R13) strains of S. aureus after treatment with selected
concentrations (%) (v/v) of thyme oil (A, T-EO) and rosemary oil (B, R-EO). The error lines represent
the standard error of the mean (n=6). TSB- Tryptic Soy Broth, IVWM- In Vitro Wound Milieu.

Finally, the average diameters of the EOs droplets within the prepared formulations were measured.
The droplets of T-EO and R-EO were 209+22 nm and 9954341 nm, respectively. The polydispersity
index (PDI) of T-EO and R-EO’s emulsions was 0.46 and 0.68, respectively.

4 Discussion

Due to the limited usability of antibiotics in non-healing wound management and the emerging
microbial resistance to antiseptics, there is a need to develop novel strategies for treating biofilm-
related infections, such as utilizing natural compounds, e.g., essential oils (EOs). However, most in
vitro research evaluates EOs’ antimicrobial activity against planktonic forms of microorganisms and
in standard microbiological media. In contrast, the influence of EOs on microbial biofilm in a wound's
exudate-like medium should be assessed to accurately gauge their effectiveness at the infection site.
Therefore, in this study, we applied a novel medium (In Vitro Wound Milieu, IVWM) containing
serum, cell-matrix elements, and host factors that mimic the wound environment (Kadam et al., 2021).
The biofilm characteristics and eradication following EO treatment were assessed in IVWM and a
standard microbiological medium (Tryptic Soy Broth, TSB). Our first line of research involved the use
of crystal violet and TTC (2,3,5-triphenyl-tetrazolium chloride) staining to evaluate the strains’ ability
to form a biofilm (Figure 1). The results revealed high intraspecies variability in biofilm biomass and
metabolic activity, regardless of the medium used.

The biomass, metabolic activity, and cell number of S. aureus biofilms were higher in TSB than in
IVWM medium (Figures 1, 2). Unlike TSB, which primarily contains proteins, glucose, and sodium
chloride, IVWM presents host factors that may impair biofilm formation (Table 1). Studies indicate
that lactoferrin inhibits bacterial growth by binding iron, which restricts its availability for bacteria, or
through direct interaction with negatively charged regions of bacterial membranes, causing cell damage
(Aguila et al., 2001; Ammons and Copi¢, 2013). Lactoferrin can also obstruct biofilm formation by
preventing its adhesion, disrupting existing structures, and significantly altering the expression of
genes responsible for cell metabolism (Roseanu et al., 2010; Ammons and Copié, 2013). According to
Abraham et al., non-protein compounds of bovine serum (which constitutes 70% of IVWM medium)
inhibit staphylococcal biofilm formation (Abraham and Jefferson, 2010).

Moreover, the biofilm in TSB was highly confluent (Figure 2 A, C), while the biofilm cultured in
IVWM formed cellular aggregates unevenly distributed on the well’s surface. However, these were
covered with an extracellular matrix to a greater extent than the biofilms formed in the TSB (Figure 2
B, D). These findings confirm that IVWM medium accurately reflects biofilm structure under in vivo
conditions because bacterial aggregates were also observed in biopsy materials from chronic wounds
(Kirketerp-Magller et al., 2008; Fazli et al., 2009; Bay et al., 2018). S. aureus is equipped with surface
proteins that bind to fibrinogen and fibronectin, leading to the formation of cell clusters. Aggregation
facilitates bacterial evasion from host’s immune system, including phagocytosis (Crosby et al., 2016;
Pestrak et al., 2020). Nevertheless, cell aggregation has been reported to limit bacterial attachment to
surfaces such as steel or hydroxyapatite. This may be explained by the fact that larger particle sizes
lead to higher drag forces and lower attachment (Pestrak et al., 2020). This phenomenon presumably
accounts for the significantly lower biofilm mass formed in IVWM than in TSB, demonstrated in our
study.

A positive high correlation (r=0.83) was observed between the level of biofilm biomass and metabolic
activity for biofilms cultured in IVWM medium but not in TSB medium (Supplementary Table 6,
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Supplementary Figure 8). One explanation for the lack of aforementioned correlation in TSB could
be that biofilm structure is metabolically differentiated, and regions with decreased metabolic activity
may be present in biofilms where an abundant extracellular matrix hinders the diffusion of nutrients
and oxygen (Marcos-Zambrano et al., 2014; Xu et al., 2016). To extensively assess biofilm
characteristics in both media, we analyzed the biofilm's 3D structure using LIVE/DEAD staining and
confocal microscopy. The biofilm cells in TSB are evenly distributed, thus forming a thinner structure
than in IVWM, where the cells are clustered in aggregates with more cell layers, forming mushroom-
like structures. However, in IVWM, there are also cell-free areas between these aggregates (Figures
3, 4). The different spatial distribution of cells in both media may be the cause of the lower thickness
of the biofilm formed in the TSB medium than in the IVWM medium (Figure 5). It was indicated that
the percentage of live cells was higher in biofilms cultured in TSB medium than in IVWM (Table 3,
Supplementary Figure 89G). The finding aligns with the results of the metabolic analysis assay,
where the cells’ metabolic activity was higher in TSB than in IVWM medium (Figure 1B). This may
be due to less favorable conditions for biofilm formation in IVWM, such as the presence of antibiofilm
compounds and a lower concentration of nutrients. When analyzing the cellular spatial composition of
the biofilms, we demonstrated that in both media, the share of dead cells was higher in the top (T) than
in the middle (M) and bottom (B) parts (Figure 6, Supplementary Figure 2, Supplementary Table
2). In IVWM medium, this could be a biofilm protection mechanism against antimicrobial substances.
Dead cells are preferentially localized and act as a barrier, limiting the diffusion of antimicrobials into
deeper layers of the biofilm (Chambless et al., 2006). Subsequently, S. aureus planktonic and biofilm
cells were cultured in both media and treated with T- and R-EO. EOs showed significant
antistaphylococcal activity, though intraspecies variability was observed (Table 4, Figure 7,
Supplementary Figure 4). This is consistent with the results presented by our research team and other
researchers (Tohidpour et al., 2010; Kot et al., 2018; Brozyna et al., 2021) and indicates the necessity
of including a broad spectrum of various strains in the tests. Differences in EOs” MIC and MBEC
values were observed between experimental settings using IVWM or TSB medium, and they were
higher in the case of planktonic forms than in biofilms. EOs exhibited lower antimicrobial activity
against planktonic forms in IVWM than in TSB medium for more than half of the strains. This may be
due to the impairment of EOs activity by bovine serum albumin (Juven et al., 1994; Hammer and
Carson, 2010). EOs influence bacteria mainly by binding to the cell wall/membrane and leading to the
disruption of its integrity. Albumin presumably binds to the hydrophobic components of EOs and
hinders the interaction of EOs with bacterial membrane proteins, which decreases their efficacy (Juven
et al., 1994; Veldhuizen et al., 2007). In general, a lower level of biofilm reduction was obtained after
treatment with R-EO in IVWM than in TSB medium (Figure 7, Supplementary Figure 4). Regarding
the antibiofilm activity of T-EO, higher cell reduction was achieved for 75% of strains cultured in
IVWM than in TSB medium.

Previous studies demonstrated that clustered bacterial cells (like those in VWM medium) exhibit
increased tolerance to antimicrobial substances (Pestrak et al., 2020). Thicker biofilms, observed in
IVWM medium, are also more difficult to eradicate because antimicrobial agents' penetration through
the biofilm structure is reduced. The higher antibiofilm activity of T-EO in IVWM than in TSB medium
against specific strains suggests that the EO influences biofilm not only by direct interaction with the
cell wall but also through other mechanisms, which are enhanced with VWM medium components.
In both the present study and our previous research, we demonstrated that key biofilm characteristics
differ significantly depending on the medium in which microorganisms are cultivated (Paleczny et al.,
2021, 2022). These differences translate to variances in the results of the antimicrobial activity of the
tested substances. Therefore, using only standard microbiological media in in vitro studies to evaluate
the antimicrobial substances’ efficacy may lead to over- or underestimation of their effect.

Although intraspecies variability was observed, we demonstrated the high effectiveness of EOs in the
eradication of S. aureus biofilm and planktonic forms in both TSB and IVWM media. EOs, especially
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T-EO, are promising agents for the treatment of biofilm-related wound infections since, in specific
cases, their activity in the IVWM medium was higher than in TSB.
The research results underscore the importance of using a medium that reflects the state of the infection
site (e.g., wound exudate) and including a high number of tested strains in in vitro studies. This
understanding will help develop effective treatments for biofilm-related infections and better manage
wound healing processes in the future.
Highlights
e Biofilm cultured in IVWM s thicker, and the biomass, metabolic activity, and cell
number are higher than in TSB medium.
e T-and R-EO exhibited lower antimicrobial activity against planktonic forms in VWM
than in TSB medium.
e A lower level of biofilm reduction was obtained after treatment with R-EO in IVWM
than in TSB medium.
e A higher level of biofilm reduction was obtained after treatment with T-EO in IVWM
than in TSB medium.
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Supplementary Table 1. Ingredients of T-EO (A) and R-EO (B) measured with GC-MS (Gas
Chromatography-Mass Spectrometry). Components in line with Polish Pharmakopea XI standards are
marked green; the ones not in line are marked red. RI - retention index, RT — retention time, T-EO-
thyme essential oil, R-RO- rosemary essential oil.

(A)T-EO

RI RT Compound T-EO
925 8.94 a-thujene 0.38
932 9.19 a-pinene 0.91
948 9.77 camphene 1.06
976 10.75 B-pinene 0.31
988 11.19 myrcene 1.11
1016 12.19 a-terpinene 1.81
1024 12.50 p-cymene 19.20
1028 12.65 limonene 0.37
1030 12.70 eucalyptol 0.28
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1058 13.74 y-terpinene 9.06
1099 15.28 linalool 3.21
1147 17.01 camphor 0.62
1172 17.92 borneol 1.98
1180 18.23 terpinen-4-ol 1.02
1195 18.76 a-terpineol 0.42
1238 20.27 | thymol methyl ether 0.46
1291 22.15 thymol 50.59
1297 22.36 carvacrol 5.65
1426 26.37 caryophyllene 1.66
Polish Pharmakopea X1 ranges for thyme oil, thymol chemotype:
a- thujene: 0.2 percent to 1.5 percent
B-myrcene: 1.0 percent to 3.0 percent
a-terpinene: 0.9 percent to 2.6 percent
p-cymene: 14.0 percent to 28.0 percent
y-terpinene: 4.0 percent to 12.0 percent
linalool: 1.5 percent to 6.5 percent
terpinen-4-ol: 0.1 percent to 2.5 percent
carvacrol methyl ether: 0.05 percent to 1.5 percent
thymol: 37.0 percent to 55.0 percent
carvacrol: 0.5 percent to 5.5 percent
(B)R-EO
RI RT Compound R-EO
921 8.81 tricyclene 0.41
925 8.94 a-thujene 0.11
933 9.22 a-pinene 21.07
948 9.77 camphene 8.81
952 9.90 thuja-2,4(10)-diene 0.30
976 10.76 B-pinene 3.78
984 11.04 octen-2-ol 0.20
989 11.20 myrcene 2.70
1005 11.80 a-phellandrene 0.52
1008 11.89 3-carene 0.61
1016 12.19 a-terpinene 0.65
1024 12.48 p-cymene 2.46
1029 12.66 limonene 3.88
1032 12.79 1,8-cineole 19.98
1035 12.91 trans-p-ocimene 0.16
1057 13.73 y-terpinene 1.01
1084 14.73 terpinolene 0.68




1099 15.28 linalool 0.71
1148 17.05 camphor 18.52
1172 17.92 borneol 3.54
1180 18.23 terpinen-4-ol 0.68
1194 18.76 a-terpineol 2.32
1206 19.18 verbenone 1.91
1284 21.88 bornyl acetate 1.23
1369 24.74 copaene 0.15
1419 26.37 B-caryophyllene 2.76
1456 27.50 a-humulene 0.50
1479 28.23 y-muurolene 0.11
1517 29.41 o-cadinene 0.12

For rosemary oil, Spanish type, the percentages are within the following ranges:

a-pinene: 18 percent to 26 percent
camphene: 8.0 percent to 12.0 percent
B-pinene: 2.0 percent to 6.0 percent
B-myrcene: 1.5 percent to 5.0 percent
limonene: 2.5 percent to 5.0 percent
cineole: 16.0 percent to 25.0 percent
p-cymene: 1.0 percent to 2.2 percent
camphor: 13.0 percent to 21.0 percent
bornyl acetate: 0.5 percent to 2.5 percent
a-terpineol: 1.0 percent to 3.5 percent
borneol: 2.0 percent to 4.5 percent
verbenone: 0.7 percent to 2.5 percent
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Supplementary Figure 1. Original images of S. aureus S11 biofilm formed on polystyrene. A, B-
biofilm cultured in TSB (A) or IVWM (B) and stained with tetrazolium chloride; C, D- biofilm cultured
in TSB (C) or IVWM (D) and stained with crystal violet. TSB- Tryptic Soy Broth, IVWM- In Vitro
Wound Milieu. The scale bar is 2 mm.

Supplementary Table 2. Average percentage share of live and dead cells in biofilms of staphylococcal
reference (ATCC 6538, American Type Culture Collection) or clinical (S3, S6, S8, S11, R1, R8-R13)
strains cultured in TSB (Tryptic Soy Broth) or IVWM (In Vitro Wound Milieu) medium measured
with a confocal microscope. Biofilms were divided into three parts along the Z-axis: top (T), middle
(M), and bottom (B). The share of cells in each part was compared in both media and marked green in
medium where the parameter was higher and red where it was lower.

Share (%) of cells in S. aureus
biofilms
Strain Part of | Type TSB VWM
number | biofilm of
cells
ATCC T Live ] 71
6538 Dead 32 I
M Live 84
Dead 16 21
B Live 87 82
Dead i 18
S3 T Live 71 61
Dead 2 39
M Live 87 74
Dead . 26
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Supplementary Figure 2. The main patterns of live (L, green) and dead (D, red) cells distribution
(%) in staphylococcal biofilms across the Z-axis, cultured in TSB (Tryptic Soy Broth) or IVWM (In
Vitro Wound Milieu) medium. The thickness of each section was 2 um. Black lines divide graphs into
the top (T), middle (M), and bottom (B) parts. I, I1, I11- strains of particular patterns of cells share in
TSB; IV, V, Vl-strains of particular patterns of cells share in IVWM. ATCC 6538- S. aureus reference
strain (American Type Culture Collection), S6, S8, S11, R8-R13- clinical strains of S. aureus. The
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Supplementary Figure 3. Average viability (%) of S. aureus ATCC 6538 (American Type Culture
Collection) planktonic forms treated with different concentrations of Tween 20 [(%)(v/v)] in TSB
(Tryptic Soy Broth) medium with regard to untreated cells. Error lines represent the the standard error
of the mean (n=6). A red line marks untreated cells.
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Supplementary Figure 4. Average reduction (%) of biofilm cells of reference (ATCC 6538, American
Type Culture Collection) or clinical (S3, S6, S8, S11, R1, R8-R13) strains of S. aureus after treatment
with selected concentrations (%) (v/v) of thyme oil (A, T-EO) or rosemary oil (B-F, R-EO). Error lines
represent the standard error of the mean (n=6). TSB- Tryptic Soy Broth, IVWM- In Vitro Wound
Milieu.
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Supplementary Figure 5. Normal probability plots for analysis of differences in
particular staphylococcal reference (ATCC 6538, American Type Culture Collection) or clinical (S3,
S6, S8, S11, R1, R8-R13) strains’ ability to form biofilm biomass between Tryptic Soy Broth (A, TSB)
or In Vitro Wound Milieu (B, IVWM) medium. Red curves indicate the matching of the values to the
normal distribution. P- probability level calculated with Shapiro-Wilk test. Normal distribution was
considered for values of p>0.05.

Supplementary Table 3. Parameters of the tested statistic of the differences in particular
staphylococcal reference (ATCC 6538, American Type Culture Collection) or clinical (S3, S6, S8,
S11, R1, R8-R13) strains’ ability to form biofilm biomass between Tryptic Soy Broth (TSB) or In Vitro
Wound Milieu (IVWM) medium. The normal distribution of the absorbance values was determined in
each group (Shapiro-Wilk test, p<0.05). Depending on the variance homogeneity (Levene’s test,
p<0.05), t-test (for homogeneous variances, ATCC 6538, S8, S11, R1, R8, R9, R12 strains), or Welch’s
t-test (for non-homogeneous variances, S3, S6, R10, R11, R13 strains) were performed. T- values of t-
test, df- degrees of freedom, p- probability level (values of p<0.05 were considered significant).

Biofilm biomass
. Average Average
Number of strain TSBg IVWI\%I t df p
ATCC 6538 1.1 0.4 116 | 22 0.000000
S3 0.9 0.2 79 |16 0.000001
S6 1.4 0.9 9.0 |15 0.000000
S8 1.3 0.6 9.6 |22 0.000000
S11 1.6 0.3 50.0 | 20 0.000000
R1 1.0 0.2 112 |21 0.000000
R8 1.3 0.1 320 |20 0.000000
R9 1.2 0.6 81 |22 0.000000
R10 1.2 0.2 21.3 | 15 0.000000
R11 1.2 0.1 16.2 | 12 0.000000
R12 1.5 0.2 25.7 | 21 0.000000
R13 1.6 0.2 25.3 |13 0.000000
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Supplementary Figure 6. Normal probability plots for analysis of differences in
particular staphylococcal reference (ATCC 6538, American Type Culture Collection) or clinical (S3,
S6, S8, S11, R1, R8-R13) strains’ metabolic activity of biofilms between Tryptic Soy Broth (A, TSB)
or In Vitro Wound Milieu (B, IVWM) medium. Red curves indicate the fitting of the values to the
normal distribution. P- probability level calculated with Shapiro-Wilk test. Normal distribution was
considered for values of p>0.05.

Supplementary Table 4. Parameters of the tested statistic of the differences in particular
staphylococcal reference (ATCC 6538, American Type Culture Collection) or clinical (S3, S6, S8,
S11, R1, R8-R13) strains’ metabolic activity of biofilms between Tryptic Soy Broth (TSB) or In Vitro
Wound Milieu (IVWM) medium. Normal distribution of the values was determined in each group
except the R1 strain (Shapiro-Wilk test, p<0.05). Depending on the variance homogeneity (Levene’s
test, p<0.05), t-test (for homogeneous variances, ATCC 6538, S8, R13 strains) or Welch’s t-test (for
non-homogeneous variances, S3, S6, S11, R8, R9, R10, R11, R12 strains) were performed in groups
with the normal distribution of values. For the R1 strain, Mann-Whitney U test was performed. T-
values of t-test, df- degrees of freedom, p- probability level (values of p<0.05 were considered
significant), U and Z- values of U-test.

Biofilm metabolic activity
. Average Average
Number of strain TSBg IVWI\%I t df p
ATCC 6538 3.0 0.5 26.7 | 22 0.000000
S3 2.9 0.4 16.2 | 11 0.000000
S6 3.1 1.3 30.2 | 14 0.000000
S8 2.5 0.6 243 | 21 0.000000
S11 3.2 0.4 354 | 18 0.000000
R8 3.5 0.2 404 | 13 0.000000
R9 3.3 0.9 15.2 | 13 0.000000
R10 35 0.3 359 | 13 0.000000
R11 3.4 0.3 27.7 | 13 0.000000
R12 3.2 0.5 28.7 | 16 0.000000
R13 3.7 0.5 42.0 | 22 0.000000
Rank sum Rank sum U 7 D
TSB IVWM
R1 222 78 0 4 0.000037
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Supplementary Figure 7. Detailed analysis of differences in all (as a group) staphylococcal strains’
ability to form biofilm biomass or their metabolic activity between Tryptic Soy Broth (TSB) or In Vitro
Wound Milieu (IVWM) medium. Normal probability plots for biofilm biomass in TSB (A) or IVWM
(B) medium. Box and whisker plot of the absorbance values of biofilm biomass (C). Normal
probability plots for biofilm metabolic activity in TSB (D) or IVWM (E) medium. Box and whisker
plot of the absorbance values of biofilm metabolic activity (F). 25%-75%- interquartile range, Min-
Max- a range between minimal and maximum values. Red curves indicate the fitting of the values to
the normal distribution. The statistically significant differences are marked with pairs of letters a/b. P-
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probability level calculated with Shapiro-Wilk test. Normal distribution was considered for values of

p>0.05.

Supplementary Table 5. Parameters of the tested statistics of the differences in all (as a group)
staphylococcal strains’ ability to form biofilm biomass or their metabolic activity between Tryptic Soy
Broth (TSB) or In Vitro Wound Milieu (IVWM) medium. Non-parametric Mann-Whitney U test was
performed because the distributions were non-normal strain (Shapiro-Wilk test, p<0.05). P- probability

level (values of p<0.05 were considered significant), U and Z- values of U-test.

Analysis of all strains as a group
. ... | Rank sum | Rank sum
Type of compared biofilm characteristic TSB VWM ul|Z p
Biofilm biomass 28802 9702 249|14| 0.000000
Biofilm metabolic activity 30600 9870 0 |15| 0.000000
A Correlation of biofilm biomass and metabolic activity in TSB
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Supplementary Figure 8. Scatter plots of correlations of average staphylococcal strains’ ability to
form biofilm biomass and average metabolic activity for strains cultured in Tryptic Soy Broth (TSB,
A) or In Vitro Wound Milieu (IVWM, B) medium. R- correlation coefficient, p- probability level
(values of p<0.05 were considered significant). Red lines indicate 95% confidence intervals.

Supplementary Table 6. Results of the correlation analysis of average staphylococcal strains’ ability
to form biofilm biomass and average metabolic activity for strains cultured in Tryptic Soy Broth (TSB)
or In Vitro Wound Milieu (IVWM) medium. Avr- average, SD- standard deviation, r- correlation
coefficient, t- values of statistics, p- probability level (values of p<0.05 were considered significant).

Correlation of biofilm biomass and metabolic activity
Biofilm biomass Metabolic activity
Medium | Avr SD Avr SD r t p
TSB 1.3 0.2 3.2 0.3 0.32 1.1 |0.314698
IVWM 0.3 0.2 0.5 0.2 0.83 4.5 |0.001463
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Supplementary Figure 9. Detailed analysis of the differences in the number of CFU/mL (Colony-
Forming Units), biofilm thickness, and percentage share of LIVE cells between staphylococcal
biofilms cultured in Tryptic Soy Broth (TSB) or In Vitro Wound Milieu (IVWM) medium. Normal
probability plots for the number of CFU/mL in TSB (A) or IVWM (B) medium. Normal probability
plots for biofilm thickness in TSB (C) or IVWM (D) medium. Normal probability plots for a share of
LIVE cells in biofilm in TSB (E) or IVWM (F) medium. Box and whisker plot of share of LIVE cells
in biofilm (G). 25%-75%- interquartile range, Min-Max- a range between minimal and maximum
values. Red curves indicate the fitting of the values to the normal distribution. The statistically
significant difference is marked with a pair of letters a/b. P- probability level calculated with Shapiro-
Wilk test. Normal distribution was considered for values of p>0.05.

Supplementary Table 7. Parameters of the tested statistics of the differences in the number of
CFU/mL (Colony-Forming Units), biofilm thickness, and percentage share of LIVE cells between
staphylococcal strains cultured in Tryptic Soy Broth (TSB) or In Vitro Wound Milieu (IVWM)
medium. Normal distribution of the values and homogeneity of variances were determined in the
number of CFU/mL (Shapiro-Wilk test, Levene’s test, respectively p<0.05), therefore t-test was
performed. Mann-Whitney U test was performed for biofilm thickness and share of LIVE cells because
the distributions were non-normal. T- values of t-test, df- degrees of freedom, p- probability level
(values of p<0.05 were considered significant), U and Z- values of U-test.

Analysis of other biofilm characteristics
Type of com_pa}red Average Average t |df 0
characteristic TSB IVWM
Number of CFU/mL 9.0E+14 1.5E+12 8.4 0.001124
Rank sum Rank sum U lz 0
TSB VWM
Biofilm thickness 813 1602 218 |-5| 0.000006
Share of LIVE cells 1702 854 2241 5| 0.000003
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Supplementary Table 8. Results of the multivariate analysis of variance for biofilm cells reduction
after T-EO treatment. F- values of the test, p- probability level (values of p<0.05 were considered

significant).

Effect f D
Medium 13.7 0.000239
Strain 1.9 0.036016

T-EO concentration (%)

701.9 | 0.000000

Medium and Strain

4.0 0.000013

Medium and T-EO concentration (%)

10.9 | 0.000000

Strain and T-EO concentration (%)

1.8 0.002131

Medium and Strain and T-EO concentration (%)

3.7 0.000000

Biofilm cells reduction (%)
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B on biofilm cells reduction
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Supplementary Figure 10. Effect of medium (A) or medium and EO concentration (%) (v/v)
interaction (B) on biofilm cells reduction after treatment with T-EO (thyme oil). Results of the
multivariate analysis of variance. The statistically significant difference is marked with pairs of letters
a/b. Tags denote means, and vertical bars denote 0.95 confidence intervals. Tags are dislocated on the
X-axis values to gain higher visibility. TSB- Tryptic Soy Broth, IVWM- In Vitro Wound Milieu.

Supplementary Table 9. Results of the multivariate analysis of variance for biofilm cells reduction
after R-EO treatment. F- values of the test, p- probability level (values of p<0.05 were considered
significant).

Effect f D

Medium 83.9 | 0.000000

Strain 30.0 | 0.000000

R-EO concentration (%) 488.2 | 0.000000

Medium and Strain 17.1 | 0.000000

Medium and R-EO concentration (%) 11 0.379590
Strain and R-EO concentration (%0) 3.1 0.000000
Medium and Strain and R-EO concentration (%) 2.6 0.000000
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Supplementary Figure 11. Effect of medium (A) or medium and EO concentration (%) (v/v)
interaction (B) on biofilm cells reduction after treatment with R-EO (rosemary oil). Results of the
multivariate analysis of variance. Tags denote means, and vertical bars denote 0.95 confidence
intervals. The statistically significant difference is marked with pairs of letters a/b. Tags are dislocated
on the X-axis values to gain higher visibility. TSB- Tryptic Soy Broth, IVWM- In Vitro Wound Milieu.
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