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ABSTRAKT

Disertacni prace se zabyva testovanim antimikrobialni u€innosti nové pfipravenych
a referencnich latek typu kvartérnich amoniovych soli (KAS). Nové latky byly pfipraveny
v ramci spoluprace s Katedrou toxikologie a vojenské farmacie Fakulty vojenského
zdravotnictvi Univerzity obrany a Centrem biomedicinského vyzkumu Fakultni

nemocnice Hradec Kralové v ramci spolecnych projektu.

V ramci disertacni prace byla stanovena antimikrobialni u¢innost na grampozitivnich
(G*) i gramnegativnich (G’) bakteriich, v planktonni i biofilmové formé, na sbirkovych
kmenech i klinickych izolatech. Zakladni screening antimikrobialni aktivity byl proveden
pomoci mikrodiluéni bujénové metody. Na modifikované metodice byl zarover
pozorovan vliv pouzitého kultivaCniho média a pocate¢ni bakterialni hustoty na
stanoveni. Pro podrobnégjsi stanoveni antimikrobialni aktivity byla uspé&sné zavedena
kvantitativni suspenzni zkou$ka, kde jsou lépe simulovany podminky v bézné praxi.
Antibiofilmova aktivita byla stanovena pomoci Uspédné zavedeného biofilmového
modelu na bazi Calgary biofilm device. Podrobngjsi antibiofiimova aktivita byla
stanovena na nové zavedenych pokroCilych modelech biofilmu. Zaroveh byl v ramci
testovani na biofilmovém modelu E. faecalis prozkouman potencial KAS pfi

kombinované lécbé s mechanickym laserovym pusobenim.

Na zakladé ziskanych vysledku byl prokazan komplexni antibakterialni ucinek
testovanych KAS na G* i G- kmenech, véetné vysoce infekéniho kmene F. tularensis.
V ramci sledovani vlivu strukturnich modifikaci molekuly KAS na antimikrobialni aktivitu
byla prokazana zasadni uloha délky alkylového fetézce v lipofilni &asti molekuly oproti
modifikacim na polarni hlavé KAS. Kromé délky alkylového fetézce byl sledovan i vliv
pridani druhého alkylového fetézce do struktury. Kromeé ucinnosti vici planktonni formé
bakterii byla podrobné zkoumana i antibiofiimova aktivita. Bylo zjiSténo, ze testované
KAS vykazuji obecné dobry biofilmcidni u€inek a pfi vyhodné kombinaci s mechanickym
laserovym plisobenim Ize docilit Uplné eradikace bakterii i v biofilmové formé. Tento druh
kombinovaného Cisténi by si mohl najit uplatnéni pfedevsim v zubnim Iékafstvi, kde by

latky typu KAS mohly nahradit sou¢asné pouzivané vysoce iritujici dezinfekéni agens.

Vysledky disertacni prace byly pribézné publikovany a nové pfipravené latky

s nejvySSi u€innosti byly patentovany pro jejich pfipadné budouci komeréni vyuziti.

Klicova slova: kvartérni amoniové soli; dezinfekce; antimikrobialni testovani;

biofilmové modely



ABSTRACT

This dissertation thesis deals with the antimicrobial susceptibility testing of newly
prepared compounds based on quaternary ammonium salts (KAS) and their reference
standards commonly used in practice. The new compounds were prepared in
cooperation with the Department of Toxicology and Military Pharmacy of the Faculty of
Military Health Sciences of the University of Defence and the Biomedical Research

Centre at the University Hospital Hradec Kralové as a part of joint projects.

The antimicrobial activity was established on gram-positive (G*) and gram-negative
(G°) bacteria from type culture collections and clinical isolates, in planktonic and biofilm
form. At first, the basic antimicrobial activity evaluation was performed by using the
microdilution broth method. Additionally, the modified methodology was used to explore
the influence of culture broth and initial bacterial density on evaluating the antimicrobial
activity. Secondly, by using the quantitative suspension test, that better simulates normal
practice conditions, has been successfully implemented at the department for the
detailed antimicrobial activity evaluation. Thirdly, the biofilm model based on the Calgary
Biofilm Device was successfully introduced and optimized for antibiofilm activity testing.
Detailed antibiofilm activity was also evaluated by advanced biofilm models and the
potential of combination treatment of selected compounds with laser irritation was

investigated on the E. faecalis biofilm model.

Complex antibacterial effect of tested compounds was observed on both G* and G
strains, including the highly infectious F. tularensis strain. The influence of several
structural modifications of the KAS molecule on antibacterial activity was examined, such
as related to the alkyl chain length, the addition of a second alkyl chain and the
modifications of the polar part of the molecule. In addition to the effectiveness against
the planktonic form of bacteria, the antibiofilm activity was also investigated in detail. The
tested KAS exhibited generally good antibiofilm activity and, moreover, the combination
of KAS and laser treatment led to complete biofilm eradication. This kind of combined
treatment could be advantageous, especially in dentistry, where agents based on KAS

could replace the highly irritating disinfecting agents which are used nowadays.

Obtained results were continuously published and the most promising compounds

have been patented for possible future commercial use.

Key words: quaternary ammonium salts; disinfection; antimicrobial evaluation;

biofilm models



R U )V o TR 18
2. TEORETICKA CAST ... 19
21. Kvartérni @amonioVe SOli ............uueuei s 19
211, Mechanismus UCINKU ............uuiiiiiiiiiiiiiiiiieiiiii et aeeeeeeeeeees 20
2.1.2.  SPeKIrUM UCINKU .....ceeeiiiiiee e e e e e e e 22
213, VYUZIEE V PIaXi ceeeeeeeeeeeiieiiieeee ettt sasanssnnnnnne 22
2.2 Materialy s antimikrobialni aktivitou..............cccoooiiiiiiii e 23
221, Dentalni Materi@ly ...........oeeiiiiiiiiiiiiiiiieieie e 25
2.2.2.  Ortopedické Materi@ly ..............ouuiiiiiiiiiiiiiiiiiiiiiiieeiiee e 28
2.2.3.  KryCi MAteri@ly ........oooiiiiiiiiiiiiiiiiiiieeeeeeee et 29
2.3. Bakterialni biofilm ... ... 30
2.3.1. QUOIUM SENSING ..eetetitieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeseeeeeeseeeeeesssssssesesnnsennnnnne 31
3. CILE PRAGE ...ttt 35
4. EXPERIMENTALNI CAST ...oiiiiiiiiiieiiieieieie et 37
4.1. Testovan@ [atKY..........ovvuiiii e 37
4.2. Bakterialni KMeNY ......ccoooiiii e e 40
4.3. KUItivaCni MEdIa ..........eueiiiiiiiie e 41
4.4. ChemiIKANIE........eieiiieie e 42
4.5, POStUPY tE€STOVANI ...ueii e 42
4.5.1. Primarni screening antibakterialni aktivity .............ccccccoiiiiiiiiiii 42
4.5.2. Vliv média na stanoveni MIC a MBC...........coooiiiiiiiiiiiiiiiieeeee e 43
4.5.3. Vliv bakterialni denzity na antimikrobni aktivitu KAS ..............ccccciieel. 44
4.5.4. Testovani aktivity proti F. tularensis..........cccccoooeviiiiieiiiiiiiii e, 44
4.55. Kvantitativni suspenzni zkouska CSN EN 1276 (665202)............cce.v...... 45
4.5.6. Calgary biofilm deViCe........uuuumii s 47
4.5.7. Biofilmovy model E. fa€CaliS .........ccccooiiiiiiiiieeee s 48
4.5.8. Model biofilmu na biokompatibilnim povrchu...........ccccooooeiiii 50



5. VYSLEDKY A DISKUZE ......ccocviuiuiieecteeeieeeeeee et 54

5.1. Primarni screening antibakterialni aktivity ...............ccccooviiiiiiiiiiiiiiiiiiiiiiis 54
5.1.1.  Vliv struktury na antibakterialni uinnost..................c 54
5.2. Vliv média na stanoveni MIC a MBC u kmene E. faecalis.......................... 59
5.3. Vliv bakterialni denzity na antimikrobni aktivitu KAS ...................cc 60
5.4. Testovani aktivity proti F. tularensis.............ccccccco 62
5.5. Kvantitativni suspenzni zkOUSKa ............coovviiiiiiiiiiic e 63
5.6. Calgary biofilm deVICE..........uuiiiiiiiiiiiiiii e 65
5.7. Biofilmovy model E. fa@CaliS .............oooueiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieia 68
571, EfeKt KAS ..t 68
5.7.2. Kombinace KAS s EYAG laserem ... 70
5.8. Model biofilmu na biokompatibilnim povrchu ................ceevviiiiiiiiiiiiiiiiiiiiies 72
B.  ZAVER .. ... 76

7. SEZNAM POUZITE LITERATURY

8. SEZNAM PRILOH ... oo 92



SEZNAM POUZITYCH ZKRATEK

AB Alamar Blue

AHL N-acylhomoserinové laktony

Al autoinduktory

AIP autoindukujici peptidy

a-TCP a-trikalcium fosfat

ART atraumatické vyplriové oSetfeni

BHI Brain heart infusion broth (bujén z mozko-srdcové infuze)
C1o alkylovy fetézec obsahujici 10 uhlikd

Ci2 alkylovy fetézec obsahujici 12 uhlikd

Cia alkylovy fetézec obsahujici 14 uhlikd

Cis alkylovy fetézec obsahujici 16 uhlikd

Cis alkylovy fetézec obsahujici 18 uhlikd

Ca?* vapenaté kationty

C. albicans Candida albicans

CBD Calgary biofilm device

CBV FNHK Centrum biomedicinského vyzkumu, Fakultni nemocnice

Hradec Kralové

CDHA kalcium-deficientni hydroxyapatit

Clog P vypocitany logaritmus rozdélovaciho koeficientu

CLSM konfokalni mikroskopie

CMC kriticka micelarni koncentrace

DDAB didecyldimethylammonium bromid

DDMAI 2-dimethyl-2-dodecyl-1-methacryloxyethyl ammonium
iodine

DMADDM dimethylaminododecyl methacrylate

DMAE-CB methacryloxylethyl cetyl ammonium chloride

DMSO dimethylsulfoxid
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E. coli
eDNA

E. faecalis
EPS
ESBL
ESCO

Eexp

Eobs

Eob

FACS
G

G*

HA
HACC
ICSD

KAS

K. pneumoniae

KLPN -

KLPN +

LVS
Mg?*
MDPB
MBC
MBEC

MHA

Escherichia coli

extracelularni deoxyribonukleova kyselina
Enterococcus faecalis

extracelularni polymerni latky
Sirokospektré p-laktamazy

Escherichia coli

expected combined effect (pfedpokladany vysledek

kombinované Iécby)

observed combined effect (pozorovany vysledek

kombinované Iécby)

excess over Bliss (rozdil mezi pfedpokladanym a

pozorovanym vysledkem kombinované Iécby)
fluorescent activated cell sorting (pratokova cytometrie)
gramnegativni

grampozitivni

hydroxyapatit

hydroxypropyltrimethyl ammonium chlorid chitosanu
Inorganic Crystal Structure Database

kvartérni amoniové soli

Klebsiella pneumoniae

Klebsiella pneumoniae

Klebsiella pneumoniae produkujici Sirokospektré

B-laktamazy

live vaccine strain (zivy vakcinacni kmen)
hofeCnaté kationty
12-methacryloyloxydodecylpyridinium bromide
minimalni baktericidni koncentrace

minimalni biofilm eradikujici koncentrace

Mueller-Hinton agar
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MIC

MPC

MRSA

NaOCiI

0O.D.

OHHL

P. aeruginosa

PBS
PMMA
PMPC

PS

PSAE MR
QADM
QAM

QAMA

QAMP
QQ

QS

Qs

S. aureus

SEM

S. epidermidis

SHA

SSP

STAU

STEP

Mueller-Hinton bujén

minimalni inhibi¢ni koncentrace
2-methacryloyloxyethyl phosphorylcholine
meticilin-rezistentni Staphylococcus aureus
chlornan sodny

opticka denzita
N-(3-oxohexanoyl)-L-homoserin lakton
Pseudomonas aeruginosa

fosfatovy pufr

polymethylmethakrylat
poly-2-methacryloyloxyethyl phosphorylcholine
plastovy povrch (polystyren)
multirezistentni Pseudomonas aeruginosa
quaternary ammonium dimethacrylate
quaternary ammonium methacrylate

quaternized ethylene glycol dimethacrylate piperazine

octyl ammonium iodide

quaternary ammonium methacrylate polymer
quorum quenching

quorum sensing

quorum sensing inhibitory
Staphylococcus aureus

rastrovaci elektronovy mikroskop
Staphylococcus epidermidis

spékany hydroxyapatit

super short pulse (super kratky impulz)
Staphylococcus aureus

Staphylococcus epidermidis
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TPGDA

TSA

TSB

VRE

XRD

tripropylene glycol diacrylate

Trypton-sojovy agar

Trypton-sojovy bujon

vankomycin-rezistentni Enterococcus faecium

X-ray powder diffraction (rentgenova krystalografie)
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1. UVOD

Naduzivani antimikrobnich latek ve zdravotnictvi, zemédélstvi a potravinarstvi nebo
jejich nespravna likvidace vede dlouhodobé k vyraznému narlstu antimikrobialni
rezistence. To vyvolava nejen u odbornikd, ale i u Siroké vefejnosti velké obavy, jelikoz
vétina oblasti moderni mediciny by bez ucinné antimikrobialni 1éby nemohla nadale
fungovat. JiZ nyni se odhaduje, ze nejméné 700 000 lidi kazdoro¢né umira na rezistentni
infekce a pokud se tento problém nebude FeSit, mize se dle prognoz toto Cislo do roku
2050 vysplhat az na 10 milion." Tento celosvétovy problém je tieba fesit hledanim
novych antimikrobialnich latek, které vyznamnym zplUsobem zpomaluji nebo uplné
zastavuji Sifeni nebezpelnych nakaz. Jednu z moznosti popisuje i pfedlozena disertacni
prace, ve které jsou popsany antimikrobni U¢inky novych latek na bazi kvartérnich
amoniovych soli. Vyznamnou soucasti prace je rovnéz zavedeni a popis slozitéjSich

metodik testovani latek mimo jiné na bakterialnim biofilmu.

18



2. TEORETICKA CAST

2.1.Kvartérni amoniové soli

Kvartérni amoniové soli (KAS) byly poprvé pfipraveny v roce 1890 Menschutkinem
reakci terciarmich amind s alkylovymi halogenidy.? Jejich antimikrobialni potencial byl
poprvé prokazan v roce 1916 u hexamethylentetraaminu Jacobsem a jeho
spolupracovniky.® Z chemického hlediska se jedna o kationtové surfaktanty, které se
skladaji z jednoho kvartérniho dusiku nesouciho jeden nebo vice hydrofobnich
substituentu.* Diky jejich Sirokospektrému antimikrobialnimu G¢inku jsou ¢asto soucasti

v praxi b&Zné uzivanych antiseptickych a dezinfekénich pfipravka.>®

Zakladni chemicka struktura KAS je tvofena hydrofobni a hydrofini &asti
(obrazek 1). Pro antimikrobialni aktivitu jsou dulezité obé tyto ¢asti, kdy hydrofilni kladné
nabita ¢ast molekuly je schopna interagovat s polarnim prostiedim a je tak zodpovédna
za rozpustnost ve vodé a schopnost navazat se na negativné nabity povrch bakterialni
stény. Tato ¢ast molekuly je reprezentovana kladné nabitym atomem dusiku, ktery mize
byt inkorporovany do aromatického kruhu nebo se mlze vyskytovat jako necyklicky
atom, ktery se kovalentné vaze se Ctyfmi atomy uhliku, kde alesporn jeden substituent
(R) je lipofilni n-alkylovy fetézec s riiznym poétem uhliki (nejéastéji Cs—C1s).”"" Tento
dlouhy alkylovy fetézec reprezentuje hydrofobni €ast molekuly, ktera umozhuje
penetrovat nepolarni aglomeraty a ovliviiovat biologické struktury, jako napf. membrany,
receptory a lipidy.'>" Aniontova ¢ast soli je nejcastéji zastoupena chloridem (CI-) nebo
bromidem (Br)."*"® Na zakladé amfifiiniho charakteru, ktery je uréen vySe popisovanou
strukturou, jsou KAS povazovany za povrchové aktivni latky, neboli tenzidy Cdi
surfaktanty. Charakteristickou vlastnosti tenzidl je tvorba micel pfi prekro€eni kritické
micelarni koncentrace (CMC), ktera je specificka pro kazdy tenzid.'® Ve vysoce
koncentrovaném roztoku se v polarnim rozpoustédle usporadaji molekuly tenzidu tak,
ze nepolarni (hydrofobni) ¢ast vytvori hydrofobni jadro obalené hydrofilnim obalem.
Tento termodynamicky stabilni sféricky agregat stabilizovany hydrofobnimi interakcemi
podporuje rozpousténi hydrofobnich komponent membrany (napf. lipid A, fosfolipidy
atd.)."'® Zarovefi mohou micely vytvafet pfiznivé mikroprostiedi a slouzit tak jako
katalyzatory akcelerujici rozklad nezadoucich chemickych latek. Z tohoto duvodu jsou

vyuzivany i jako aktivni slozky dekontaminaénich smési."
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Hydrofabnl Sist X

Hydrafilnl &ast

Obrazek 1 - Struktura kvartérnich amoniovych soli.
Hydrofilni ¢ast obsahuje kvartérni dusik (N*) a kratké alkylové fetézce, nebo jiné hydrofilni
substituenty (R). Zluté je zobrazen dlouhy alkylovy fetézec tvorici hydrofobni &ast. X predstavuje

aniont. Obrazek byl vytvoren pomoci BioRender.com.

2.1.1. Mechanismus ucinku

Biocidni ucinek KAS je zalozen na narudeni cytoplazmatické membrany, respektive
fosfolipidové dvojvrstvy, a nasledném ovlivnéni funkce jadernych kyselin, enzymua nebo
receptorl. Finalnim dusledkem tohoto procesu je fizena bunééna smrt prostfednictvim

lytickych enzymu.>%°

Mechanismus uc€inku KAS je podrobné znazornény na obrazku 2. Molekula KAS
nejprve penetruje skrz bakterialni sténu k cytoplazmatické membrané, kde se nasledné
navaze pozitivné nabity kvartérni dusik na hydrofilni ¢ast membranovych fosfolipidua.
Kladny naboj KAS tak zaroven nahradi vapenaté kationty (Ca?*) na povrchu membrany,
které za normalni situace stabilizuji spole¢né s hofe¢natymi kationty (Mg?*) negativné
nabity povrch bakterialnich membran. Nasledné dochazi k zanofeni hydrofobniho
alkylového fetézce do hydrofobni fosfolipidové vrstvy mikroorganismu, coz vede ke
ztraté fluidity a segmentaci membrany do shlukd az po pfipadné vytrzeni jednotlivych
segmentll z této dvojvrstvy a difuzi do okolniho prostfedi.'® Membrana nasledné ztraci
osmoregulacni schopnost, fyziologické funkce a dochazi k uniku nizkomolekularnich
molekul, jako napf. ATP. U nizSich koncentraci KAS byla taktéz pozorovana
intracelularni degradace proteind a nukleovych kyselin, ktera vede k naruseni
fyziologickych funkci a uvolnéni autolytickych enzyma zpUsobuijicich lyzi bunééné stény.

Finalné dochazi ke kompletni ztraté bunécéné integrity.2!22

Vyse popsané specifické interakce ovliviuji selektivitu antimikrobialniho pisobeni
rznych zastupct KAS.2® Obecné jsou ke KAS méné citlivé G- (gramnegativni) bakterie
oproti G* (grampozitivnim) bakteriim. Hlavnim divodem muze byt rozdil ve slozeni

bunécné stény G- a G* bakterii. Bunéfna sténa G* bakterii obsahuje silnou vrstvu
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peptidoglykanu, kyselinu teichoovou a mensi mnozstvi fosfolipidli. Naproti tomu
bunécna sténa G- bakterii obsahuje tencCi vrstvu peptidoglykanu, neobsahuje kyselinu
teichoovou a na povrchu je kryta vnéjSi membranovou vrstvou s obsahem antigenu.
ZvySena odolnost G bakterii je tak pravdépodobné zplsobena pravé pritomnosti vnéjsi
fosfolipidové membrany, ktera poskytuje bufkam silnéjsi fyzikalné-chemickou i
mechanickou ochranu a znesnadfiuje biocidnim latkam pranik k cytoplazmatickeé
membrané.?*? Rozdilné sloZeni bakterialni stény a mechanismus plsobeni KAS na

bakterialni buriky jsou znazornény na obrazku 2.

Grampozitivnl baktorle Gramnagalivini bakterls

| A
Lipaidy sadhandy

Ligied vl
N :
T L] ™ -
el sy ki AR EERE IS RSB R b sebEaERE
iR sRaSadsEaE AR RE R R

i
L

i
re IR T L | EbNG sl
osnl = '

Mamilicknovy §
----- T \

- = ﬂ Ll

' o (Do %
-ﬁ.ﬁ-;gﬂ:‘-"" .'- o

(ILXIERRI T RIS AL DTSRI TR R T I T l]]

Obrazek 2 - Mechanismus ptsobeni KAS na bakterialni buriku

1. Kvartérni amoniova sul (KAS) penetruje skrz bakterialni sténu. 2. Kvartérni dusik se vaze na
fosfolipidy a nahrazuje horecnaté a vapenaté kationty na povrchu membrany. Alkylovy fetézec se
zanofi mezi fosfolipidy. 3. Destabilizace a segmentace membrany az pripadné odtrzeni
jednotlivych segmentu. 4. Ztrata osmoregulace, naruSeni fyziologickych funkci. 5. Intracelularni

degradace proteint a nukleovych kyselin. Obrazek byl vytvoren pomoci BioRender.com.
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2.1.2. Spektrum ucinku

Jak jiz bylo naznaceno vySe, KAS vykazuji pfedevSim antibakterialni aktivitu.
Nicméné spektrum jejich GCinku je mnohem SirSi. Byla potvrzena efektivita i vUCi
kvasinkam, vlaknitym houbam, fasam, obalenym virim (jako je virus hepatitidy B a
cytomegalovirus) a vyjimecné vykazuji i sporicidni ucinek pfi vys8ich koncentracich a
teplotach.>72026 Zaroven byla prokazana biocidni aktivita nejen proti planktonnim
formam patogennich mikroorganism( ale i proti formé biofilmové, ktera dle studii
vykazuje az 1000x vy$si rezistenci vci antimikrobialnim latkam.?”-%" V ptipadé KAS a
dalSich antimikrobnich latek pozoruje vétSina studii pfedevsim parametry stanovujici
inhibici tvorby biofilmu namisto jeho eradikace. Napf. byla prokazana biofilm-inhibiéni
aktivita bézné velmi ¢asto pouzivané KAS, benzalkonia chloridu, u kmenl Escherichia
coli (E. coli), Klebsiella pneumoniae (K. pneumoniae), Pseudomonas aeruginosa
(P. aeruginosa) a Staphylococcus epidermidis (S. epidermidis).*? Biofilm eradikujici efekt
u derivatu KAS dale prokazal Maegan C. Jennings a spol. na kmenech Staphylococcus
aureus (S. aureus) a Enterococcus faecalis (E. faecalis).?® Dale byla pozorovana i
schopnost inhibovat tvorbu filament Candida albicans (C. albicans), které jsou kliCové
v prvnim stadiu tvorby kandidového biofilmu.3®* Schopnost KAS eradikovat biofiim a

samotna biofilmova forma bakterii je podrobnéji popsana nize.

2.1.3. Vyuziti v praxi

KAS se diky svym vySe zminénym fyzikalné-chemickym vlastnostem a
Sirokospektrému antimikrobialnimu Gc&inku pouzivaji v mnoha oblastech mediciny,
primyslu a zemédélstvi. Antimikrobialni G¢inek je vyuzivan pfi implementaci do zubnich
vyplni a past, Ustnich vod, o¢nich kapek, hydrata¢nich krémd, Cisticich pFipravkd na
obli¢ej, opalovacich krému, dezinfekénich prostfedk( na ruce, vyplachi mocového
méchyfe a pochvy, pfidavkl do dezinfekénich koupeli, pfi purifikaci vody, zpracovavani
potravin, o$etfeni bazénu, fontan, lodi a dieva.3?*+3° Dal$i skupina derivati KAS sinasla
sveé uplatnéni pfi Ié€bé bronchitidy a bronchialniho astmatu a jako svaloveé relaxans pfi
kieCich a v anesteziologii*®*?. Dale jsou KAS vyuzivany jako katalyzatory fazového
pfenosu, separacni ¢inidla, extrakéni ¢inidla a fluorescenéni sondy**#* Pfiklady b&znych

aplikaci KAS jsou vyobrazeny na obrazku 3.
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Obrazek 3 - Zplsob aplikace kvartérnich amoniovych soli.

Obrazek byl vytvofen pomoci BioRender.com.

2.2. Materialy s antimikrobialni aktivitou

Vyvoj material(l zabrariujicich inicialni bakterialni adhezi a naslednou tvorbu biofilmu
hraji vyznamnou roli vprevenci a boji s perzistentnimi infekcemi. U&innost
antimikrobialniho povrchu miize byt zalozena bud na antiadhezivni aktivité zabranujici
inicialni pfilnuti bakterii k povrchu, nebo na baktericidni aktivité, kdy jsou mikroorganismy
ni¢eny pfed nebo po kontaktu s danym povrchem. Nejvétsi potencial maji antimikrobialni
povrchy uplatiiujici obé tyto strategie zaroven. Ve vyvoji téchto materialt se kromé KAS
uplatfiuji i jiné znamé antimikrobialni latky, jako napf. antimikrobialni peptidy, antibiotika
nebo stfibrné nanocastice.* S ohledem na téma disertacni prace budou blize popsany
pouze materidly obsahujici KAS. Casto se jedna o polymemi KAS se slozitym
systematickym nazvem, u kterych se bé&zné vyuzivaji zkratky a polosystematické
anglické nazvy. Zkratky, nazvy a struktury nize popsanych latek jsou uvedené

v tabulce 1.
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Tabulka 1 — KAS inkorporované do antimikrobialnich materialt

VDPEB o
Br
12-methacryloyloxydodecylpyridinium bromide
8
QADM ey s .-_.\.__.- xc. \I
guaternary ammanium dimethacrylate
DDMAI T SO N
|
(2-dimethyl-2-dodecyl-1-methacryloxyethyl ammenium iodine
f i
QAM [ e ¢
guaternary ammanium methacrylate
o ol
MPC ' g o bl
o
2-methacryloyloxyethyl phpsphoryicholing.
=]
A A B
DMADDM I e
imethylami
N
— —Fy
I o
TS
'}'r_’ W) ‘;'_._|_.- =
O={ * Q= =
QAMP R
guaternary ammanium methacrylate polymer
0 .
e f_\]\ e -
DMAE-CB | oF
methacrvloxylethyl cetyl ammeonium chioride
PMPC o7 uoﬁza i
poly-2-methacryloyloxyethyl phosphorylcholing.
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Pokracovani tabulky 1 - KAS inkorporované do antimikrobialnich materiali

QAMA iR K Y B

D gD -
Q CHa
P - NP 3 | i
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WGDA o | (HsCh B ['s]
(] )
S - N I/
i o Q
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2.2.1. Dentalni materialy

Jednim z nejbéznéjSich biofilmu je zubni plak, ktery se tvofi velmi rychle a ¢asto i pfi
peclivé ustni hygiené, zejména pak na Spatné pfistupnych mistech, napf. v mezizubnich
prostorech. Zapfic¢inuje nasledné onemocnéni dasni a zavésného aparatu zubu
(parodontopatie) a je rozhodujicim faktorem pfi tvorbé zubniho kazu. DalSimi zubnimi
onemocnénimi spojenymi s lokalni bakterialni infekci jsou napf. zanét v okoli kofene (tzv.
vacek) nebo odumreni zubni dfené (nervu), které vedou k ¢asto nezbytnému oSetreni
kofenovych kanalku. V soucasné dobé Ize vétSinu bakterii v kofenovém kanalku vycistit
mechanicky, nicméné tento postup zanechava ¢asto malé mnozstvi rezidualnich bakterii
ve Spatné dostupnych mistech. Do téchto oblasti se obtizné zavadéji nastroje pro
kofenové kanalky i vyplachova tekutina. Proto neni mozné infekci kofenového kanalku
zcela odstranit a rezidualni bakterie se stavaji hlavnim rizikovym faktorem pro vznik

pulpalni infekce a periradikularni 1éze.46-5°

Zakladni zubni hygiena byla postupem ¢asu vylepsena dnes jiZ béznym vyuzivanim
specialnich zubnich kartackud, niti a vyplachu. NovéjSim pfistupem, jak zamezit tvorbé
zubniho biofilmu je pak inkorporace antimikrobialnich latek, v&etné& polymernich a
monomernich KAS, do dentalnich materiall popsanych nize. Na zakladé zkoumani

finalniho antimikrobialniho Gc&inku, mechanickych vlastnosti a biokompatibility se
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inkorporace KAS setkava s obecné pozitivnimi vysledky, které byly detailné popsany

v souhrnném ¢&lanku Zhang a spol.’
Kompozitni pryskyfice

V soucCasné dobé je nejrozSifenéjSim dentalnim materialem pouzivanym k oSetfeni
kazivych lézi kompozitni pryskyfice, a to zejména pro jeji vynikajici estetické, nosné a
plastické vlastnosti.®>** Na druhou stranu mohou byt miniaturni mezery na okrajich
vyplIni snadno kolonizovany bakteriemi a potencovat tak vznik sekundamiho zubniho

kazu.5*% Mezi KAS inkorporované do kompozitnich pryskyfic patfi napt.:

e MDPB (12-methacryloyloxydodecylpyridinium bromide)®®
e QADM (quaternary ammonium dimethacrylate)®°5
e DDMAI (2-dimethyl-2-dodecyl-1-methacryloxyethyl ammonium iodine)®?
e QAM (quaternary ammonium methacrylate)®
e MPC (2-methacryloyloxyethyl phosphorylcholine)®*
Pryskyfice obsahujici vySe uvedené KAS prokazaly ve vSech pfipadech
antimikrobialni aktivitu bez vyznamného ovlivnéni mechanickych vlastnosti.®®-%4

Adhezivni systémy

Rizikovym mistem pro bakterialni kolonizaci je také kavita, ktera se vypliuje
adhezivnimi systémy pro spojeni zubni tkané a pryskyficné nahrady. Antimikrobialni
pusobeni adhezivnich systému jesté pred jejich vytvrzenim by snizilo riziko vzniku
pfipadné infekce. S timto cilem byly pfipraveny adhezivni systémy obsahujici nasledujici
KAS:

e QADM®

e DMADDM (dimethylaminododecyl methacrylate)®®

e QAMP (quaternary ammonium methacrylate polymer)&7¢8

e DMAE-CB (methacryloxylethyl cetyl ammonium chloride)®®"°
e benzalkoniumchlorid”’

Adhezivni systémy obsahujici vySe uvedené KAS prokazaly ve vS8ech pfipadech

antimikrobialni aktivitu, a zarover doslo v nékterych ptipadech k posileni sily spoje.®>""
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Polymethylmethakrylat

Dal$im ¢asto pouzivanym vypliiovym materidlem je polymethylmetakrylat (PMMA)."2
Ten bohuzel snadno absorbuje vodu a potencuje tak bakterialni a plisfiovou kolonizaci
a nasledny vyskyt zubniho kazu, parodontézy a stomatitidy zubnich nahrad.”* Proto
byly pfipraveny i PMMA obsahujici nasledujici KAS, které dodaly akrylatové pryskyfici
antimikrobialni aktivitu:

e PMPC (poly-2-methacryloyloxyethyl phosphorylcholine)’

o KAS (Poly 202063A)777

Skloionomerni cement

Pfi inovativnim atraumatickém vyplhiovém oSetfeni (ART) se vyuZiva
skloionomerniho cementu, ktery je tvofen smési portlandského cementu a
modifikovaného cementu se soli polykarboxylové kyseliny a integruje tak vyhody obou
materiald. V klinické praxi vykazuje dobrou biokompatibilitu, schopnost postupného
uvolfiovani fluorid(i a pomocné mineralizace.”®%2 V ramci ART je v8ak obtizné odstranit
bakterie a snadno tak miZe dojit k tvorbé sekundarniho kazu.®3%* Proto se i do

skloionomerniho cementu zacaly pfidavat tyto KAS:

e benzalkoniumchlorid®
e cetylpyridiniumchlorid®
e cetrimid®?®’

Skloionomerni cementy obsahujici vySe uvedené KAS prokazaly ve vSech
pfipadech antimikrobialni aktivitu bez vyznamného ovlivnéni uvolnovani fluoridd.
Benzalkoniumchlorid a cetylpyridiniumchlorid zarovern neovlivnily mechanické viastnosti

cementu. Pouze u cetrimidu se prokazal pokles mechanické odolnosti.
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2.2.2. Ortopedické materialy

| pres pfisné sterilizani a aseptické postupy zlstavaji infekce spojené
s biomedicinskym materialem v ortopedii kritickym problémem. Incidence periprotetické
infekce je 0,5-5 % v zavislosti na misté operace a provedeném zakroku.% Proto jsou i
v ortopedii velmi Zadouci antimikrobialné aktivni biomedicinské materialy, které by
zabranily potencialnim infekcim a slouzily jako lokalni systémy pro podavani
antimikrobialnich latek k 1éEbé& hlubokych kostnich infekci. V souasné dobé je mozné
vyuzivat kostni cementy obsahujici antibiotika, ktera se fizené& uvolfuji a slouzi pro
prevenci infekci po totalni nahradé kloubu a pro lé¢bu osteomyelitidy.® Nedegradabilni
kostni cementy a spacery zPMMA nalozené antibiotiky mohou uvolfiovat
IéCiva z cementu v pribéhu Casu s vysokou pocatec€ni rychlosti uvolfiovani a naslednym
konstantnim uvolfovanim. Nicméné jejich pouZiti je spojeno také s nevyhodami, jako je
nepfedvidatelna dlouhodoba ucinnost, riziko vzniku antibiotické rezistence a lokalni

tkanova toxicita.

Kostni cementy

Nékolik publikaci potvrzuje, Ze pouziti KAS poskytuje kostnim cementum stabilni a
trvalé antimikrobialni viastnosti. Do kostnich cement( byly inkorporovany nasledujici
KAS:

QAMA (quaternized ethylene glycol dimethacrylate piperazine octyl

ammonium iodide)®

e QADM®"

e TPGDA (tripropylene glycol diacrylate)®?

e HACC (hydroxypropyltrimethyl ammonium chloride chitosan)®%4
e nanodastice derivatu kvartérniho chitosanu®%

Tyto modifikované kostni cementy prokazaly Sirokospektrou antimikrobialni aktivitu
proti G* i G™ bakteriim a zaroven nepusobily cytotoxicky na okolni tkané a nezapficinily
zmeénu mechanickych vlastnosti cementu. V pfipadé HACC byla pozorovana dokonce i

lepSi osteogenni aktivita oproti PMMA s gentamycinem.
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Titanové implantaty

HACC je mozné také imobilizovat na povrchu titanovych implantatd. Tento material
prokazal schopnost zabranit uchyceni bakterii na povrch, tim snizil vznik infekce a byl

dobfe integrovan s okolni kosti.®’

2.2.3. Kryci materialy

Lécba ran je dllezitou soucasti zdravotni péCe a pfipadné uchyceni a mnozeni
bakterii na Sicich a obvazovych materialech je vyznamnym rizikovym faktorem pro rozvoj
infekce rany.®® Aby se zabranilo t&mto infekcim a zajistilo se optimalni prostfedi pro
regeneraci tkani, jsou pfedmétem intenzivniho vyzkumu i antibakterialni Upravy

obvazovych material.%-1%
Obvazy

PFi inkorporaci KAS bylo dosazeno nejlepsSich vysledkd u polymernich latek, jako
napf. u akryloyloxyethyltrimethylammonium chloridu, ktery byl inkorporovan do
biokompatibilnich keratinovych vlaken pro lékafské aplikace. Modifikovana vlakna
vykazovala antimikrobialni aktivitu a zaroven vyrazné lepSi schopnost odvadét
vihkost.™”" V dal§im pfipadé byly stehy a zubni nité potazeny derivatem
octadecanaminia, coz dodalo materialu antibakterialni aktivitu proti parodontalnimu
patogenu Porphyromonas gingivalis a endodontickému patogenu E. faecalis.'®? Dale
Kang a spol. zaznamenali zlepSenou antibakterialni ucinnost u antimikrobialnich
bavinénych vilaken, ktera byla oSetfena glycidyltrimethylamonium-chloridem a stfibrnymi
nanodasticemi.'® Inkorporace KAS do polyuretanového obvazu na rany vedla k inhibici
tvorby bakterialniho biofilmu v rané a obvazu.'®*1% Modifikované antibakterialni obvazy
soucasné vykazuji vSeobecné dobrou biokompatibilitu pro fibroblasty a epidermalni
keratinocyty a maiji vynikajici propustnost pro vodni paru, coZz zabranuje hromadéni

exsudatl a snizuje povrchovy zanét v oblasti rany.
Hydrogely

Jako obvazy na rany Ize také vyuzit hydrogely na bazi syntetickych nebo pfirodnich
polymeru. Ty jsou biokompatibilni, malo imunogenni, za fyziologickych podminek rychle
hydrolyzuji a Ize je také vyuzit k lokalnimu dodani bioaktivnich latek.'® Pilakasiri a spol.

zjistili, ze modifikované chitinové gely na bazi KAS jsou slibnymi kandidaty pro IéCbu
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celoploSnych otevfenych ran, pfi€emz hojeni ran probihalo lépe nez u klinicky
dostupného obvazu.'"” | Zelatinovy hydrogel obsahujici KAS prokazal antibakterialni
vlastnosti proti G* i G bakteriim, véetné S. aureus, E. coli a Bacillus subtilis.'® Kromé
Sirokospektralni antimikrobialni aktivity vykazovaly gely rychlou degradaci pfi pokojové
teploté (4—6 dni). To je Cini slibnymi pro vyuzZiti v implantabilnich biomaterialech pro

hojeni ran.

2.3.Bakterialni biofilm

Biofilm Ize obecné definovat jako pfisedlé spoleCenstvo mikroorganismu, jehoz
buriky jsou nevratné pfichyceny k povrchu nebo jedna k druhé a vytvareji kolem sebe
extracelularni polymerni matrix. Nejlépe se tvofi na hydrofobnich pérovitych plochach ve
vihkém prostiedi s dostateénym mnozstvim Zivin.'” Tyto bakterie zaroven vykazuji
odlisny fenotyp s ohledem na rychlost rUstu a transkripci genu. Existence bakterii i jinych
mikroorganism@ v biofilmu je pro né vyhodna pfedevSim diky vétsi ochrané pred

chemickym i fyzikalnim pusobenim.

V prvni fazi dochazi k reverzibilnimu pfisednuti jednotlivych bakterii k povrchu, ze
kterého se ale mohou jednoduse uvolnit zpét do okoli. Mira adheze je zavisla pfedevsim
na typu bakterialniho pohybu (pasivni transport tekutinou nebo aktivni transport za
pomoci bic¢ikl), zeta potencialu, mife produkce extracelularnich polymert, van der
Waalsovych a elektrostatickych silach. Adheziny nejprve specificky vazou mono i
oligosacharidy a vytvafi tak nejprve bakterialni monovrstvu, ktera postupnym délenim
nabyva 3D struktury a nasledna maturace vede ke vzniku tzv. ,zralého® biofilmu.
Za adhezi jsou zodpovédné predevsim skupiny povrchovych proteinl. Prvni povrchovy
protein asociovany s biofilmovou formaci — Bap, byl odhalen u kmene S. aureus,
zpuUsobujiciho mastitidu krav, a dalSich stafylokokd. Homology Bap (BapA, Esp €i LapA)
byly nalezeny u jinych kmen( s vyjimkou lidskych typd S. aureus.'® Béhem maturace
biofilmu dochazi nasledné k aktivaci specifickych gena, které zodpovidaji za zastavu
tvorby bi€ikla &i za vznik polysacharidové matrix. Polysacharidova matrix se sklada ze
smeési extracelularnich polymernich latek (EPS), které zajiStuji soudrznost biofilmu. EPS
obsahuje neutralni a anionické polysacharidy, které se sdruzuji s dvojmocnymi ionty a
vytvari tak polymerni vlakna. Dale se zde nachazi stavebni a enzymatické proteiny a
extracelularni deoxyribonukleova kyselina (eDNA), ktera vytvafi mfizkovitou strukturu,
usnadriuje prenaseni elektronl a zaroven stabilizuje biofilmovou strukturu.'® Na zakladé

tlaku cirkulujici vody a produkce latek podporujicich degradaci nebo odumirani bakterii
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v biofilmu muze nasledné dochazet k disperzi biofilmu a uvolnéni ¢asti planktonnich
bakterii do okoli. Jednotliva stadia tvorby biofilmu jsou zobrazena a popsana na
obrazku 4. Bakterie v rlznych hloubkach biofilmu méni svou genovou expresi na
zakladé gradientu kysliku a vyzivy. Ve spodnich vrstvach biofilmu se tedy nachazi

predevsim burky v klidovém stavu, a naopak na povrchu jsou pfedevsim aktivné délici

se bakterie.
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Obrazek 4 - Formovani biofilmu

Obrazek byl vytvofen pomoci BioRender.com.

2.3.1. Quorum sensing

Mezibakterialni komunikace, ktera reguluje tvorbu biofilmu, se nazyva quorum
sensing (QS). Objev komunikace mezi jednotlivymi bufikami bakterii byl poprvé
zaznamenan u bakterie Vibrio fischeri. Jednalo se o dllezity védecky poznatek, jelikoz
komunikace byla do té doby povazovana za vyhradu pouze vy$$ich organism(.""

Zakladem QS jsou specifické signalni molekuly, tzv. autoinduktory (Al), a jejich
odpovidaijici receptory. V prvotnich fazich vzniku biofilmu se navysSuje mnozstvi bakterii
v okoli a zaroven se tak zvySuje koncentrace Al. Pfi dosaZeni prahové koncentrace se
Al navazou na receptor, ktery indukuje expresi genl specifickych pro biofilm a
zajistujicich urcité fyziologické aktivity biofilmu (napf. bioluminiscenci, virulenci,
symbidzu, pohyblivost). Jednotlivé bakterialni druhy maji své vlastni specifické Al, na

zakladé kterych byly prozatim odhaleny &tyfi hlavni QS systémy (tabulka 2).""2
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Tabulka 2 - Quorum sensing systémy

Quorum sensing

systém Signalni molekula Vyskyt

AHL N-acylhomoserinové laktony G

AIP autoindukujici peptidy G*
furanosylboratové diestery, jejichZ prekurzorem je 4,5- A

Al-2 ! . G'iG
dihydroxypentan-2,3-dion

Al-3 pyretroidy G'iG

* grampozitivni bakterie (G*), gramnegativni bakterie (G’)

QS regulace tvorby biofilmu u G™ bakterii

U vétsiny G™ bakterii je tvorba biofilmu regulovana pfedevsim QS systémem AHL se
signalni molekulou reprezentovanou N-acylhomoserinovymi laktony. Tento systém byl
poprvé objeven u bakterie Vibrio fischeri.'"® U této bakterie je signalni molekula N-(3-
oxohexanoyl)-L-homoserin lakton (OHHL) biosyntetizovana Al syntetazou LuxL a
nasledné difunduje ven z bakterialni buniky. Pfi pfekroCeni kritické bakterialni hustoty
v okoli se OHHL vaze na receptor LuxR, ktery aktivuje expresi genu spojenych s tvorbou

biofilmu. Na obrazku 5 je schematické znazornéni QS-AHL typického pro G™ bakterie.'*

Obrazek 5 - Quorum sensing — AHL typ
N-acylhomoserinové laktony (AHL) predstavujici u G bakterii signalni molekulu pro QS regulaci.

Obrazek byl vytvofen pomoci BioRender.com.
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QS regulace tvorby biofilmu u G* bakterii

Pro G* bakterie je typickym regulaénim systémem tvorby biofilmu systém AIP.
Bakterie produkuji ve svych burikach maly oligopeptid, ktery je modifikaci zpracovan na
zraly AlP, a poté je transportovan mimo buriky. Kdyz koncentrace AIP dosahne prahové
hodnoty, navaZe se na extracelularni segment histidinkinazy, ktery je reprezentovan
transmembranovym receptorem na buné&né membrané a zprostfedkovava aktivaci
kinazy, ktera nasledné fosforyluje dalSi faktory regulujici expresi genli souvisejicich
s tvorbou biofilmu. Na obrazku 6 je schematické znazornéni QS-AIP typického pro G*

bakterie.®

Obrazek 6 - Quorum sensing — AIP typ
Autoindukujici peptidy (AIP) predstavujici u G* bakterii signalni molekulu pro QS regulaci. Pro-

AIP je prekurzor zralého AIP. Obrazek byl vytvofen pomoci BioRender.com.
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Kontrola biofilmu pomoci inhibice QS

V poslednich 20 letech se zac¢al vyzkum zaméfovat na vyvoj QS inhibitort (QSI) a
tzv. quorum quenching (QQ) enzymU s cilem zabranit tvorbé této odolngjsi formy
bakterii. Dle mista a mechanismu inhibice QS lze délit QSI i QQ enzymy na 3 kategorie:

¢ inhibice Al signalnich molekul
¢ inhibice receptord signalnich molekul
e inhibice enzymu v ramci signalni kaskady.
Jednotliva mista pusobeni inhibice QS jsou schematicky znazornéna na obrazku 7.

Pokles tvorby biofilmu jako nasledek flavonoidy indukované inaktivace receptorti LasR

byl pozorovan napf. u P. aeruginosa.'"®

@ @ & . g
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Obrazek 7 - Mechanismy QS inhibice

1. Inhibice syntézy Al. 2. Enzymaticka degradace nebo inaktivace Al. 3. Blokace Al receptoru.
4. NaruSeni signalni kaskady pres ,response regulator. 5. Inhibice efluxu Al — snizeni
koncentrace Al v okoli a nasledné mezibunécéné signalizace. Autoindukujici peptidy (AIP)
predstavujici u G+ bakterii signalni molekulu pro QS regulaci. Pro-AlP je prekurzor zralého AIP.
N-acylhomoserinové laktony (AHL) predstavujici u G- bakterii signalni molekulu pro QS regulaci.

Obrazek byl vytvofen pomoci BioRender.com.
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3. CiLE PRACE

1) In vitro testovani vybranych skupin nové pfipravenych KAS a porovnani
s referenénimi latkami

— testovani antibakterialni ucinnosti na nozokomialnich bakterialnich
kmenech v planktonni formé.

— sledovani vlivu strukturni modifikace KAS na antimikrobialni d¢innost.

2) Testovani vybranych KAS proti F. tularensis jako modelové biologické

agens pomoci pritokové cytometrie.

3) Zavedeni a optimalizace kvantitativni suspenzni zkousky dle CSN EN

1276 (665202) s vyuzitim sbirkovych kmenl pro testovani antibakterialni

vvvvvv

4) Zavedeni a optimalizace metodiky testovani ucinnosti proti biofilmové
formé& bakterii (Calgary biofilm device metodika, jeji obmény a pokrocilé

biofilmové modely).
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4. EXPERIMENTALNI CAST

4.1.Testované latky

V obdobi studia bylo pfipraveno a otestovano vice nez 80 novych latek typu
kvartérnich amoniovych soli. Latky byly pfipraveny v ramci spoluprace s Katedrou
toxikologie a vojenské farmacie Fakulty vojenského zdravotnictvi Univerzity obrany a
Centrem biomedicinského vyzkumu Fakultni nemocnice Hradec Kralové (CBV FNHK).
Na zakladé vysledkl primarniho screeningu antimikrobialni aktivity (stanoveni minimalni
inhibi¢ni a baktericidni koncentrace) byly pro tuto disertaCni praci vybrany 4 strukturni
fady, které prokazaly nejvy$si antimikrobialni u€innost. Zastupci téchto chemickych
skupin podstoupili podrobné&jsi stanoveni antimikrobialni aktivity, jehoz vysledky jsou
v ramci disertaéni prace uvedeny a komentovany. Prvni &islice oznaceni testovanych
latek udava cislo strukturni fady (1-4) a oznaceni a-f udava délku alkylového fetézce,
kdy a predstavuje alkylovy fetézec obsahujici 8 uhlikd, b 10 uhlikd, ¢ 12 uhlik(, d 14
uhlikd, e 16 uhlikt a f 18 uhliku.

Jako referenéni latky byly pfipraveny 3 standardné pouzivané benzalkoniové soli
(v textu oznaceny S1c¢, S1d, S1e), které jsou obsazeny jako smés hlavnich aktivnich
latek v komerénim dezinfekénim pfipravku Ajatin a 3 standardné pouzivané pyridiniové
soli (v textu oznaCeny S2c¢, S2d, S2e). DalSi referenéni latky bézné pouzivané v praxi
byly zakoupeny od dodavatele Sigma — Aldrich (St. Louis, Missouri, USA). Seznam nové
pfipravenych latek zahrnutych v této disertaéni praci spolu s jejich oznacenim a
strukturami je uveden v tabulce 3, referencni latky pak v tabulce 4. Pfipravené latky
byly charakterizovany pomoci nuklearni magnetické rezonance a hmotnostni
spektrometrie s vysokym rozliSenim. Lipofilita latek je vyjadfena vypocitanym logaritmem
rozdélovaciho koeficientu (Clog P). Vypodéty provadél PharmDr. Lukas Prchal, Ph.D.
z CBV FNHK pomoci softwaru MarvinSketch (v14.9.8.0). Syntéza a biologicka testovani
nékterych latek uvedenych v disertaéni praci byla jiz publikovana v zahrani¢nich
odbornych periodikach.?”28117 Pfiprava referenénich latek série S1 byla popsana v
publikaci Kuéi a kol.""® a pfiprava referencnich latek série S2 byla popsana v publikaci

Marka a kol.""®
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Tabulka 3 - Nové syntetizované latky

Oznaceni R Struktura
1b C1oH21 -1,91
1c Ci2H2s -1,02
1d C14H29 -0,13
1e CreHss HO T 1o 0,76
1f C1gHa7 1,65
2b CiroHas 1,41
2c Ci2H2s 2,30
2d Crakao N |N+R 3,19
N
2e CieHss 4,08
2f CigHs7 4,96
3ab CsH17, C1oH21 2,63
3ac CsH17, C12H2s 3,52
RiR2
3bc C1oHz21, C12H25 HO/\/‘NJr\/\OH 1,74
3bb C1oH21, C1oH21 4,41
3cc C12Hazs, Ci2H2s 2,63
4c Ci2Hzs II? 0,72
N I
4d C1aH29 E,\GZ 1,61
4e C1sHas \_\OH 2,50

* Clog P je vypocitany logaritmus rozdélovaciho koeficientu
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Tabulka 4 - Referencni latky

Struktura

Si1c C12H25 2,6
R

N+/ CI
S1d  CisHao 7\ 3,52

benzalkonium chlorid

Sle C16H33 4,41
S2c C12H2s 1,69
_R
/ N+ CI_
S2d C1aH2o Q 2,58
alkylpyridinium chlorid
S2e C16H33 3,47
Br
S3bb /N< 4,01

didecyldimethylammonium bromid (DDAB)

O\/\O/\/N

S4 2,37
cr

benzethonium chlorid

N
H H H \©\
S5 M NH NH cl 3.63

OH OH O

chlorhexidin diglukonat

@//N\/\/\/\/
N/\/\/\/\/\/N =

=
S6 A 10,96
N 2HCI

oktenidin dihydrochlorid

* Clog P je vypocitany logaritmus rozdélovaciho koeficientu
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4.2.Bakterialni kmeny

Seznam bakterialnich kmend, jejich oznaceni, informace o puvodu a doplfujici
informace jsou uvedeny v tabulce 5 nize. VSechny kmeny byly zamrazeny v ITEST
kryozkumavkach (ITEST plus s.r.0., Hradec Kralové, Ceska republika) a uchovavany pfi
teploté -70 °C. Pfed testovanim byly kmeny rozmrazeny a kultivovany na sekundarni

kulturu.

Set bakteridlnich kmenl pro testovani antibakterialni uginnosti mikrodiluéni
bujénovou metodou a Calgary biofilm device (CBD) metodikou byl vybran a izolovan na
zakladé spoluprace s FNHK. Izolace, identifikace a antibioticka citlivost byla stanovena
v ramgi rutinni laboratorni diagnostiky na Ustavu klinické mikrobiologie FNHK. V&echny
kmeny se fadi mezi tzv. nozokomialni patogeny. Set bakterialnich kmend pro
kvantitativni zkousku v suspenzi byl zvolen dle protokolu CSN EN 1276. Pro pokrogilé

biofilmové modely byly vybrany bakterialni kmeny spojené s tvorbou oralniho biofilmu.

Tabulka 5 - Bakterialni kmeny pouzité v ramci jednotlivych metodik

Metodika Bakterialni Oznaéeni e ATB

kmen (zkratka) Jjove rezistence
oznaceni

Mikrodiluéni Staphylococcus  S. aureus, Klinicky izolat

bujénové metoda aureus STAU FNHK C1947

Calgary biofilm Escherichia coli €Ol Klinicky izolat

device ESCO FNHK A1235
Staphylococcus Klinicky izolat .
aureus MRSA FNHK C1926 ~ Meticilin
Streptococcus S. epidermidis Klinicky izolat
epidermidis STEP FNHK C1936
Enterococcus Klinicky izolat .

Mikrodilugni faecium VRE FNHK S2484  Vankomycin

bujénova metoda Klebsiella K. pneumoniae Klinicky izolat
pneumoniae KLPN ESBL - FNHK C1950
Klebsiella K. pneumoniae Klinicky izolat ESBL +
pneumoniae KLPN ESBL + FNHK C1934
Pseudomonas P. aeruginosa MR  Klinicky izolat MR
aeruginosa PSAE MR FNHK A1245

Mikrodilucni

g:‘lg';?;abi:‘ﬁlt;da’ Streptococcus S. mutans Klinicky izolat

device, Biofilmovy mutans FNHK

model S. mutans

* ESBL+ (kmen produkujici Sirokospektré B-laktamazy), MR (multirezistentni)
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Pokracovani tabulky 5 - Bakterialni kmeny pouzité v ramci jednotlivych metodik

. Bakterialni Oznaceni Zdro_j, . ATB

Metodika zdrojové -
kmen (zkratka) = rezistence
oznaceni

Mikrodiluéni SymbioGruppe
bujénova metoda, Enterococcus E faecalis GmbH &Co KG
Biofilmovy model faecalis ’ SymbioPharm
E. faecalis GmbH)
Pritokova
cytometrie — Francisella .
fluorescent tularensis (zivy F. tularensis LVS Sllj\llg(g Fvz

activated cell

vakcinagni kmen)

sorting (FACS)

Ceska sbirka

Pseudomonas p , i )
aeruginosa 1 . :fzrug/nosa mil roori;/lams
ATCC 15442 S gwgus,occ
Kvantitativni
zkouska v suspenzi Ceska sbirka
Staphylococcus mikroorganis
aureus ATCC S. aureus 6538 N
mu, CCM
6538 4516

4.3. Kultivaécni média

Média a agary pouzité v ramci metodik jsou uvedeny v tabulce 6. VVSechna média

byla pfipravena dle pokynu vyrobce a sterilizovana v autoklavu 20 minut pfi 121 °C.

Tabulka 6 - Kultivaéni média

Metodika Medium Zkratka Zdroj
Mikrodiluéni bujénova metoda, Miieller-Hinton HiMedia -
MHB CADERSKY-ENVITEK,
Calgary biofilm device bujon M391 . )
Brno, Ceska republika
Mueller-Hinton
MHA
agar M173
N HiMedia -
Trypton-sojovy
Kultivace kmenl TSB CADERSKY-ENVITEK,
bujon M011 X | .
Brno, Ceska republika
Trypton-sojovy
ryp Jovy TSA
agar M290
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Pokracovani tabulky 6 - Kultivacni média

Metodika Medium Zkratka Zdroj
Mikrodiluéni bujénova metoda, .
L . Bujén z mozko- HiMedia -
Calgary biofilm device, Model )
srdcové infuze BHI CADERSKY-ENVITEK,
zubniho biofilmu, Biofilmovy ] ,
M210I Brno, Ceska republika
model E. faecalis
HiMedia -
Kultivace LVS McLeod agar CADERSKY-ENVITEK,
Brno, Ceska republika

4.4. Chemikalie

Zasobni roztoky testovanych latek byly pfipraveny v dimethylsulfoxidu (DMSO;
DMSO for molecular biology = 99,9%; Sigma-Aldrich, Prague, Czech Republic). V ramci
fluorescenéniho znaceni byl vyuzit LIVE/DEAD™ BacLightTM Bacterial Viability Kit
L7012 (Thermo Fisher Scientific, Eugene, OR, United States). Pfi rastrovaci elektronové
mikroskopii (SEM) byly vzorky fixovany glutaraldehydem (Grade I.; Sigma-Aldrich,
Prague, Czech Republic) a oxidem osmicelym (Sigma-Aldrich, Prague, Czech Republic).
Metabolicka aktivita biofilmu byla stanovena pomoci Alamar Blue (Thermo Fisher
Scientific, Eugene, OR, United States).

4.5.Postupy testovani

4.5.1. Primarni screening antibakterialni aktivity

Mikrodiluéni bujénova metoda byla zavedena dle CLSI standardu MO7Ed11.'%°
Uginnost latek byla testovana ve dvojkové koncentraéni fadé na 11 koncentraci
vrozmezi 500 — 0,49 pmol/l. U latek s nizSi rozpustnosti byla koncentra¢ni fada
posunuta dle limitu rozpustnosti (250 — 0,25 ymol/l; 125 - 0,12 uymol/l; 62,5 — 0,06 umol/l;
31,25 — 0,03 pmol/l). Minimalni inhibiéni (MIC; po 24 a 48hodinové expozici latkam) a
baktericidni (MBC; po 24hodinové expozici latkam) koncentrace byly stanoveny na osmi
bakterialnich kmenech — &tyfech G* (S. aureus, MRSA, S. epidermidis, VRE) a &tyfech
G (E. coli, K. pneumoniae, K. pneumoniae ESBL +, P. aeruginosa MR). Zasobni roztoky
testovanych latek byly pfipraveny rozpusténim v DMSO (dimethylsulfoxid) v koncentraci

100x vySSi nez prvni testovana koncentrace. 40 ul zasobniho roztoku testované latky
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bylo asepticky napipetovano do sterilni zkumavky obsahujici 3,96 ml Mueller-Hinton
bujénu (MHB). Finalni koncentrace DMSO odpovidala vzdy 1 %. Finalni roztok byl
promichan a zkontrolovan, zda nedoslo k vysrazeni testované latky. Pokud ano, tak za
prvni testovanou koncentraci byla povaZovana niz8i koncentrace (dle dvojkového
fedéni), kde latka nebyla vysrazena. Redéni probihalo nasledujicim postupem, kdy byla
pfipravena dvojkova fedici fada v 96jamkové mikrotitracni destiCce. 200 ul roztoku
testovanych latek bylo asepticky pfeneseno do vSech prvnich jamek mikrotitraéni
destiCky. Do druhych a tfetich jamek bylo pfeneseno 100 ul roztoku. 100 yl MHB s 1 %
DMSO bylo asepticky napipetovano do 2.—11. jamky vSech fadkd mikrotitrani desticky.
Do posledni 12. jamky bylo napipetovano 200 pl (pozitivni kontroly ristu bakterialnich
kmenU bez testované latky). Obsah druhych a tfetich jamek byl fadné promichan. Z 3.
jamek bylo pfeneseno 100 ul do 4. jamek a obsah byl opét fadné promichan. Nasledné
bylo opét pfeneseno 100 pl z 4. jamek do 5. jamek, promichano a timto zplsobem se
postupovalo az k 11. sloupci mikrotitracni desticky. Z tohoto 11. sloupce bylo po
promichani 100 pl odstranéno. Poté byly dopInény vSechny jamky sloupct 3—11 100 pl
média s 1 % DMSO. Nasledné bylo do kazdé jamky jednoho fadku napipetovano 10 pl
bakterialni suspenze o 0,5 ° dle McFarlandovy zékalové stupnice. Tato suspenze byla
pfedem pfipravena resuspendaci kolonii sekundarnich kultur v cca 3 ml fyziologického
roztoku. Jeden fadek pfisluSel jednomu bakterialnimu kmenu. Takto pfipravena
mikrotitraéni desti¢ka byla inkubovana pfi 35t1 °C. MIC byla odectena po 24 a 48
koncentraci testované latky, ktera zamezila rlistu bakterie. Pro stanoveni MBC byla po
24hodinovém odectu MIC pfipravena nova mikrotitracni desticka, do které bylo
napipetovano 200 ul MH média a 10 ul obsahu jamek z desti¢ky pouzité pro stanoveni
MIC bylo pfeneseno do odpovidajicich jamek nové desticky. MBC hodnoty byly nasledné
stanoveny obdobné jako MIC po 24 hodinach inkubace pfi 351 °C.

4.5.2. Vliv média na stanoveni MIC a MBC

hodnoty i v nutricné bohatSich mediich — TSB a BHI. Stanoveni probéhlo dle vyse
uvedeného postupu mikrodiluéni bujénové metody (viz. 4.5.1. Primarni screening
antibakterialni aktivity). Jedinou odchylkou v postupu byla zaména pouzitych
kultivacnich medii. Dale byly pro kmen E. faecalis stanoveny rastové kfivky ve zvolenych
kultivanich médiich (MHB, TSB a BHI) nasledujicim postupem. 2-3 kolonie ze

sekundarni kultury E. faecalis byly inokulovany do 10 ml média a nasledné inkubovany
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pfi 351 °C za stalého tfepani. Prvnich 7 hodin inkubace byla kazdych 30 minut odectena
absorbance na spektrofotometru pfi vinové délce 600 nm. Z naméfenych hodnot byla
nasledné pro vSechna média stanovena rastova kfivka a ristovy faktor podle logistické

rovnice populacéniho ristu (rovnice 1).

Rovnice 1 - Logisticka rovnice populaéniho ristu

KN
(K-ng)e~Tt+N,

N(t) =

Ny = pocateCni absorbance exponencialni faze ristu
K = maximalni absorbance exponencidlni faze ristu
t = doba exponencialni faze ristu

r = rGstovy faktor

4.5.3. Vliv bakterialni denzity na antimikrobni aktivitu KAS

Pro stanoveni vlivu bakterialni denzity na antibakterialni aktivitu KAS bylo pfipraveno
z jedné kultury S. aureus a E. coli 7 suspenzi v rozmezi 10° az 108 CFU/ml. Pro vybrané
latky a pfipravené suspenze s rGznou pocatecni bakterialni hustotou byla nasledné
stanovena MBC po 5 minutach a 24 hodinach inkubovani téchto smési dle postupu

mikrodilu€ni bujonové metody (viz. 4.5.1. Primarni screening antibakterialni aktivity).

4.5.4. Testovani aktivity proti F. tularensis

Z Cerstvé primarni kultury F. tularensis LVS byla ve fosfatovém pufru — pH 7,4 (PBS)
pfipravena bakterialni suspenze o O.D.=1 (opticka denzita pfi 600 nm), ktera v pfipadé
F. tularensis LVS odpovida 4x10° CFU/ml. 1ml alikvoty byly centrifugovany 7 minut pfi
7000x g a 4 °C. Supernatant byl nahrazen 500 pl 0,1% roztoku testované latky
rozpusténé v PBS (500 ul PBS v pfipadé negativni kontroly). Po 5Sminutové expozici byla
bakterialni suspenze s testovanou latkou znovu centrifugovana 7 minut pfi 7000% g a
4 °C a supernatant, pfedstavovan roztokem testované latky, byl odstranén. Bakterie byly
resuspendovany v 1 ml PBS a uskladnény na ledu pfed cytometrickym méfenim. Pro
pozitivni kontrolu byla pfipravena bakterialni suspenze v PBS o O.D.=1 z bakterii
usmrcenych pfedchozim vystavenim 36% formaldehydu pfes noc. VSechny vzorky byly
nasledné zfedény 1:100 v 1 ml PBS a obarveny fluorescencnimi barvivy — 1 ul propidium

jodidua 1,5 ul Syto 9. Po 15minutové inkubaci ve tmé pfi pokojové teploté bylo pfidano
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10 pl mikrosfér a vzorky byly promichany. VSechny vzorky byly analyzovany pomoci
prutokového cytometru CyAn ADP Flow Cytometer (Beckman Coulter, Indianapolis, IN,
USA). Naméfena data byla analyzovana softwarem Summit v4.3 (Beckman Coulter,

Indianapolis, IN, USA). VSechny experimenty byly provedeny v triplikatech.

4.5.5. Kvantitativni suspenzni zkouska CSN EN 1276 (665202)

Cely nazev CSN EN 1276 (665202) zni: Chemické dezinfekéni pfipravky a
antiseptika — Kvantitativni zkouSka v suspenzi k hodnoceni baktericidni aktivity
chemickych dezinfekénich pfipravkll a antiseptik pouzivanych v potravinarstvi,
primyslu, domacnostech a vefejnych prostorach — Zkouseni metoda a pozadavky (faze

2 | stupen 1). Kategorie: VSeobecné pouZzitelné dezinfekce.

Kvantitativni zkou8ka v suspenzi byla provedena zfedovaci neutralizaéni metodou.
V ramci metodiky bylo vyuZzito nizké znedisténi (0,3 g/l bovinniho albuminu frakce V —
receptura v pfiloze A) a kratka expozi¢ni doba - 2 minuty. ZkuSebni roztoky latek byly
pfipraveny v tvrdé vodé (receptura v pFiloze A) v minimalné 3 koncentracich 1,25x

vyssich nez finalni testovana koncentrace.

V ramci testovani byla nejprve pfipravena zkuSebni bakterialni suspenze N
(McFarland = 1 ° v 10 ml zfedovaciho roztoku — receptura v priloze A). Pfipravena
suspenze byla rozfedéna desitkovou fedici Fadou ve fyziologickém roztoku, inokulovana
na TSA a inkubovana 24 hodin pfi 351 °C. Druhy den bylo odecteno presné CFU/ml.
V ramci samotného testovani jsme nejprve pfidali do zkumavky 100 pl bovinniho
albuminu frakce V (3 g/l), 100 ul zkuSebni bakterialni suspenze N a 800 ul zkusebniho
roztoku. Obsah zkumavky byl promichan a ponechan plsobeni po dobu zvoleného
expozicniho C€asu. Nasledné se odebralo 100 pl do zkumavky obsahujici 800 pl
neutralizacniho ¢inidla (receptura v priloze A) a 100 pl tvrdé vody. Objem zkumavky byl
promichan a neutraliza¢ni ¢inidlo se nechalo plsobit 10+1 s. Nasledné bylo 100 ul
inokulovano na TSA a agary byly inkubovany 24 hodin pfi 3521 °C. Druhy den bylo
odecteno presné CFU/mI a byla stanovena dekadicka logaritmicka redukce (Ilg R) podle

rovnice 2.
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Rovnice 2 - Stanoveni redukce bakterialniho nardstu

N
IgR = lgE— lgN,

N = stanovené CFU/ml zkuSebni bakterialni suspenze N

Nx = stanovené CFU/ml po expozici latkou X.

Experimentalni podminky testovani byly kontrolovany nasledujicim postupem. Do
zkumavky se 100 pl bovinniho albuminu frakce V (3 g/l) a 100 pl validaéni bakterialni
suspenze Nv (1:3 zfedéna zkuSebni suspenze N zfedovacim roztokem) bylo pfidano
800 pl tvrdé vody. Obsah zkumavky byl promichan a ponechan pusobeni po dobu
zvoleného expozi¢niho Casu. Nasledné byl vhodny objem inokulovan na TSA a agary
byly inkubovany 24 hodin pfi 35t1 °C. Druhy den bylo odedteno pfesné CFU/ml.
Experimentalni podminky byly vyhovujici, pokud bylo stanovené CFU/ml vétSi nebo

rovno 0,5nasobku CFU/ml validaéni suspenze Nv.

Efektivita neutralizaéniho c¢inidla byla kontrolovana nasledujicim postupem. Do
zkumavky bylo pfidano 800 pl neutralizacniho Cinidla, 100 pl tvrdé vody a 100 pl
valida¢ni suspenze Nv. Obsah zkumavky byl promichan a ponechan plsobeni po dobu
neutralizacniho ¢asu (1011 s.). Nasledné bylo 100 ul inokulovano na TSA a agary byly
inkubovany 24 hodin pfi 351 °C. Druhy den bylo odecteno pfesné CFU/mI. Efektivita
neutralizacniho Cinidla byla vyhovuijici, pokud bylo stanovené CFU/ml vétSi nebo rovno

0,5nasobku CFU/ml validaéni suspenze Nv.

Validace zfedovaci neutralizacni metody byla provedena nasledujicim postupem.
Do zkumavky se 100 pl bovinniho albuminu frakce V (3 g/l) a 100 ul zfedovaciho roztoku
bylo pfidano 800 pl zkuSebniho roztoku o nejvyssi koncentraci. Obsah zkumavky byl
promichan a ponechan plsobeni po dobu zvoleného expozi¢niho €asu. Nasledné se
odebralo 100 pl do zkumavky obsahujici 800 ul neutralizaéniho &inidla. Objem zkumavky
byl promichan a neutraliza¢ni €inidlo se nechalo plUsobit 10+1 s. Nasledné bylo pfidano
100 ul validaéni suspenze. Obsah zkumavky byl promichan, vlozen do temperované
vodni lazné na 2041 °C na 301 min. Nasledné byl vhodny objem inokulovan na TSA a
agary byly inkubovany 24 hodin pfi 351 °C. Druhy den bylo odecteno pfesné CFU/m.
Metoda byla validni, pokud bylo stanovené CFU/mI vétSi nebo rovno 0,5nasobku CFU/ml

validacni suspenze Nv.
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4.5.6. Calgary biofilm device

Pfi testovani antibiofilmové aktivity proti biofilmu S. aureus a E. coli byla z kolonii ze
sekundarnich kultur pfipravena bakterialni suspenze v MHB o zakalu 1,0 McFarlandovy
zakalové stupnice. Tato suspenze byla nasledné ziedéna 1:30 v MHB pro ziskani
inokulacni suspenze pro rast biofilmu. Inokulaéni suspenze kmene S. mutans byla
pfipravena zifedénim suspenze pfipravené v TBS inkubaci pfes noc 1:100 v BHI bujénu.
150 ul inokulaéni suspenze bylo napipetovano do vdech jamek Calgary biofilm device
(CBD) mikrotitraéni desti¢ky (Innovotech, Edmonton, AB, Canada) kromé jamky 12H,
ktera obsahovala pouze €isté médium pro kontrolu sterility. Biofilm byl formovan béhem
24hodinové inkubace pfi 3511 °C za stalého tfepani pfi 110 RPM. Nasledné bylo vicko
s narostlym biofilmem na kolicich oplachnuto fyziologickym roztokem, koliky 12C a 12F
byly odlomeny sterilnimi kleStémi, vioZzeny jamek nové mikrotitracni desti¢ky obsahujici
medium s 5% Alamar Blue (AB) a inkubovany ve tmé 3 hodiny pfi 351 °C. Po inkubaci
byla zméfena absorbance média s AB pfi 570 nm a 600 nm a narostly biofilm byl
kvantifikovan dle nize popsaného postupu dle rovnice 3. Vi¢ko s biofiimem bylo dale
vloZzeno na predpfipravenou desti¢ku s testovanymi latkami. Desticka s testovanymi
latkami byla pfipravena obdobné jako pfi mikrodiluéni bujénové metodé, kdy jamky
kazdého rfadku obsahovaly 200 ul jedné testované latky ve dvojkové koncentracni fadé.
Desti¢ka s testovanymi latkami a vickem s narostlym biofiimem byla inkubovana 24
hodin pfi 3511 °C. Nasledné bylo vi¢ko s biofilmem oplachnuto fyziologickym roztokem
a pfemisténo na destiCku s jamkami obsahujicimi 200 yl média s 5% AB. Desti¢ka byla
inkubovana ve tmé 3 hodiny pfi 351 °C. Po inkubaci byla zméfena absorbance média
s AB pfi 570 nm a 600 nm. Pro kvantifikaci kontrolniho a eradikovaného biofilmu byl
optimalizovan protokol dle literatury.'?"'?2 Princip stanoveni je zalozen na redukci modfe
zbarvené oxidované formy resazurinu na rizové zbarveny resorufin pomoci
bakterialniho metabolismu zivych bakterii (obrazek 8). S AB bylo nakladano dle
protokolu od vyrobce v€etné skladovani pfi 4 °C. Riziko vystaveni svétlu bylo v ramci
experimentu minimalizovano. Procento redukce AB bylo vypoclteno pomoci rovnice 3.
korespondujici s jamkou, kde redukce AB byla niz8i nez 5 %. Vypoctena redukce AB
zaroven poslouzila ke stanoveni mnozstvi bakterii v biofilmu, kdy pro kalibraci redukce
AB ku parametru CFU/ml byly pfipraveny suspenze testovanych bakterialnich kmena
obsahujici cca 105, 108, 107, 108 a 10° CFU/ml. Pro v8echny pfipravené suspenze bylo
stanoveno prfesné CFU/ml pomoci inokulace na MHA a inkubace pfes noc pfi 351 °C.
K 90 ul kazdé pfipravené suspenze bylo pfidano 10 pyl AB. Mikrotitraéni destiCka se

suspenzemi a AB byla zakryta alobalem a inkubovana 3 hodiny ve tmé pfi 351 °C. Po
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inkubaci byla na spektrofotometru (SynergyTM HT, Bio-Tek Instruments, Vermont, USA)
zméfena absorbance pfi 570 nm a 600 nm. Kontrolni jamky obsahovaly médium s AB.
Procentualni redukce AB byla stanovena podle rovnice 3. Vysledné hodnoty byly

pouzity pro kalibraéni kfivku zavislosti procentualni redukce AB na CFU/ml.

o NADH/H" NAD /H0
M. : Sy, / N
[ o1 — & <— )
HO 0O 0 . HO
Resazurin Resorufin

Obrazek 8 - Princip Alamar Blue stanoveni

Obrazek byl vytvofen pomoci BioRender.com.

Rovnice 3 - Vypocet redukce Alamar Blue

Cred(test) _  (gox)AaXAA1—(Eox)A1X A,
Cox(NK) (erea)A1XA1Ay—(Erea) A2 X ATAq

% redukované Alamar Blue = X 100

Cox(test) = koncentrace oxidované formy Alamar Blue u testovaného vzorku

Cred(NK) = koncentrace redukované formy Alamar Blue u negativni kontroly

€ox = molarni absorpCni koeficient oxidované Alamar Blue (pro A1 = 80,586; pro A2= 117,216)
€red = Molarni absorpéni koeficient redukované Alamar Blue (pro A1 = 155.677; pro A2= 14,652)
A = absorbance testovaného vzorku

A’ = absorbance negativni kontroly

A =570 nm

A2 =600 nm

4.5.7. Biofilmovy model E. faecalis

Bakterialni suspenze E. faecalis pfipravena inkubaci pfes noc za stalého trepani
v TSB (pramémé 1x10® CFU/mI) byla ziedéna 1:100 v BHI. Biofilm E. faecalis byl
formovan na titanovych discich (komeréni titan, grade 2) o priméru 7 mm a tloustce 1
mm, které byly ponofeny v pfipraveném inokulu po dobu 3 dni pfi 371 °C. Pred
experimentem byly disky opiskovany zubarskou piskovackou (FerroEcoBlast Europe;
Microblast ceramic beads B120), ocistény 70% ethanolem a vysterilizovany

autoklavovanim po dobu 20 minut pfi 134 °C. Narostly biofilm byl vystaven roztoku
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dezinfekénich latek v BHI po dobu 1, 3 a 60 minut. Dale byl sledovan efekt kombinace
pusobeni KAS a laseru LightWalker Er:-YAG (Fotona, Ljubljana, Slovenia), kdy byla
1minutova expozice KAS nasledovana 10sekundovym laserovym plasobenim. Laser byl
nastaven na vinovou délku 2940 nm, energii 20 mJ, frekvenci 15 Hz, water off, air off,
single pulse modality — SSP (super short pulse — 50 ms). Byl pouzit ,,contact handpiece*
H14 a ,Flat Sweeps fiber tip“ 400/14 byl umistén 5 mm nad disk s biofilmem. Nasledné
byly disky oplachnuty fyziologickym roztokem a obarveny 5 ml smési Syto 9 a propidium
jodidu pfipravené zfedénim zasobnich roztoku barviv LIVE/DEAD™ BacLight™ Bacterial
Viability Kit L7012 1:300 ve fyziologickém roztoku. Po 5minutové inkubaci ve tmé byly
vzorky pozorovany fluorescenénim mikroskopem Zeiss Axio Observer Z1 (ZEISS
GmbH, Némecko) vybavenym konfokalni jednotkou LSM 800. ,Z-stacks® a ,tiles* byly
pofizovany pfi 100nasobném nebo 20nasobném zvétSeni na tfech nahodné vybranych
mistech disku. Mikroskop byl ovladan pomoci ZEN 2.3 softwaru (ZEISS GmbH,
Germany). Pfi 100x zvétdeni byla intenzita modrého laseru o vinové délce 488 nm a
Zlutého laseru o vinové délce 561 nm nastavena na 1 %, GaAsP PMT detektor na 700
V, pinhole na 71 mm, a velikost pofizovaného 8bitového sminku byla 3476x3476 pixell.
PFi 20x zvétSeni byla intenzita modrého laseru o vinové délce 488 nm a Zlutého laseru
o vinové délce 561 nm nastavena na 0,85 %, GaAsP PMT detektor na 700 V, pinhole
na 50 mm, a velikost pofizovaného 8-bitového sminku byla 1306x1306 pixell. Typicky
Z-step Z-stacku byl 1 mm pro 100x zvétSeni a 3,26 mm pro 20x zvétSeni. Pofizeny obraz
byl sloZzen ze ¢tyi zornych poli. Viastni skript byl vytvofen v softwaru Fiji'?® pro
vyhodnoceni antibiofiimového efektu s ohledem na pomér mrtvych/zivych bakterii a
procentualni kolonizaci povrchu bakteriemi. Bliss independence model byl pouzit pro
vyhodnoceni typu interakci u kombinované 1é6by pomoci KAS a laseru.'* Tento model
je zalozen na predpokladu, Ze jednotlivé slozky kombinované Ié€by plisobi samostatné,
ale zaroven pfispivaji k finalnimu vysledku.'?*'?> Pozorovany vysledek kombinované
[éCby (Eobs) je porovnan s pfedpokladanym vysledkem kombinované 1é¢by (Eexp),
ktery je vypocten z rovnice 4. Rozdil mezi Eobs a Eexp je oznacovan jako ,Excess over
Bliss“ (eob). Kladny eob znadi synergickou interakci a zaporny eob znaci antagonistické

chovani. Nulovy eob znamena nulové interakce mezi jednotlivymi slozkami.

Rovnice 4 - Vypocet predpokladaného vysledku kombinované IéCby
Eexp=1— (1 —E1) X (1 —E2)

E1 a E2 jsou efekty jednotlivych slozek kombinované 1éCby.

Eexp je vypoclteny pfedpokladany vysledek kombinované 1écby.
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4.5.8. Model biofilmu na biokompatibilnim povrchu

Priprava a charakterizace hydroxyapatitovych diskt

Nize popsana pfiprava a charakterizace hydroxyapatitovych diskt byla provedena
E. Montufarem a spol. na pracovisti Stfedoevropského technologického institutu
(CEITEC, VUT Brno, Ceska republika).

Do 2,5% vodného roztoku hydrogenfosforeCnanu sodného (Na;HPO,;, Sigma-
Aldrich, St. Louis, MS, USA) byl pfimichan prasek a-trikalcium fosfat (a-TCP) (pfipraven
,solid state“ reakci dle dfive publikovaného postupu'?® o velikosti ¢astic 32-45 um)
v koncentraci 1,67 g/ml. Ze vzniklé pasty byly pomoci teflonové formy vytvofeny disky o
priiméru 11 mm a tloustce 2 mm, které byly ponofeny ve vodé po dobu 10 dni pfi 37 °C,
aby byla dosaZena kompletni hydrolyza o-TCP prasku na kalcium-deficientnim
hydroxyapatitu (CDHA). CDHA disky byly nasledné karbonizovany ponofenim do 20%
roztoku hydrogen uhliitanu sodného (NaHCOs; LachNer, Czech Republic) po dobu 24
hodin pfi 190 °C. Nasledné spékani CDHA a zkarbonizovaného CDHA po dobu 9 hodin
pfi 1100 °C vytvofilo B-TCP a spékané hydroxyapatitové (SHA) disky.

Krystalova kompozice jednotlivych materialll byla stanovena pomoci rentgenové
krystalografie (XRD; Rigaku; SmartLab, 3kW CF2, Japonsko). Snimky byly pofizeny v
Bragg-Brentanové usporadani, pfi vyuziti Cu Ka radiace (40 kV, 30 mA). Uhel 26 byl
stanovovan v rozmezi 10° a 90° pfi skenovaci rychlosti 3 °/min. Stanovené difrakce byly
porovnany s databazi Inorganic Crystal Structure Database (ICSD) pro fazovou
identifikaci v€etné strukturni modelace pro a-TCP (ICSD No. 923), B-TCP (ICSD No.
6191) a HA (ICSD No. 024240). Mikrostruktura jednotlivych vzork( byla po
nanokarbonizaci povrchu pozorovana pomoci SEM (TESCAN; Lyra3, Czech Repubilic)
pfi akceleracnim napéti 5 kV. Specificky povrch (SSA) byl stanoven pomoci adsorpce
dusiku (NOVA 3200e; Quantachrome Instruments) dle Brunauer-Emmett-Teller metody.
Porozita byla méfena Archimedovou metodou na zakladé predpokladu, ze teoreticka
hustota odpovida skeletalni hustot€¢ méfené heliovou pyknometrii (Micromeritics;
AccuPyc Il 1340).

Tvorba biofilmu

Biofilm byl formovan bakterialnim kmenem S. mutans, ktery je nejbéznéji izolovan
z ranych ustnich biofilma a je zodpovédny za vznik zubniho kazu. 2-3 kolonie izolatu
byly inokulovany do 100 ml TSB a inkubovany pfes noc pfi 351 °C a stalém tfepani pfi

120 RPM. 900 pl narostlé suspenze bylo zamrazeno s pfidavkem 100 pl
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kryoprotektivniho DMSO a skladovano v kryozkumavkach pfi -70 °C. Pfed tvorbou
biofilmu byla pfipravena €erstva bakterialni suspenze odebranim 100 pl zamrazené
suspenze do 10 ml TSB a naslednou inkubaci pfes noc pfi 35+1 °C pfi stalém tfepani
120 RPM. Nasledné byla tato suspenze zfedéna 1:100 s BHI. Sterilni disk byl vioZen do
jedné jamky 24jamkové sterilni desticky a zalit 2 ml pfipravené bakterialni suspenze.

Biofilm byl na disku formovan pfi 72hodinoveé inkubaci pfi 351 °C.

Charakterizace biofilmu pomoci konfokalni mikroskopie (CLSM)

Protokol pozorovani biofilmu pomoci CLSM byl optimalizovan podle dfive
uvedeného pozorovani E. faecalis biofilmu. Disky s narostlym biofilmem byly oplachnuty
fyziologickym roztokem (0,9% NaCl v H2O) a obarveny 10 pl fluorescenéni smési
predpfipravené smichanim zasobnich roztoki Syto 9 and propidium jodidu
z LIVE/DEAD™ BacLight™ Bacterial Viability Kit L7012 (Thermo Fisher Scientific,
Oregon, USA) v poméru 1:100 ve fyziologickém roztoku. Obarvené biofilmy byly 5 minut
inkubovany pfi pokojové teploté ve tmé a nasledné byly vzorky pozorovany konfokalnim
mikroskopem Nikon A1+ (Nikon, Tokyo, Japan), ktery byl vybaven lasery o vinové délce
488 nm pro kanal FITC a 561 nm pro kanal Cy3. Fotomikrografie byly pofizeny pfi 40x
zvétSeni (Nikon CFI Plan Apochromat Lambda 40x, N.A. 0,95) na tfech nahodné
vybranych mistech disku. Typicky Z-step Z-stacku byl 1 ym, prdmér pinhole 33 um a
bylo zaznamenano 7-15 ohniskovych fokalnich vrstev, aby byly ziskany informace o
celém objemu biofilmu. Mikroskop byl ovladan a obraz byl ziskan pomoci softwaru NIS
Elements AR 4.20.01. Mnozstvi bakterii tvoficich biofilm na povrchu diski a pomér
mrtvych a Zivych bakterii byl stanoven pomoci vyhodnocovaciho softwaru Fiji'?3, pro

ktery byl sepsan vlastni vyhodnocovaci skript.

Charakterizace biofilmu pomoci elektronové mikroskopie

Disky s narostlym biofilmem byly oplachnuty fyziologickym roztokem a zafixovany
pro SEM podle ,Leica sample preparation protokolu.'?” Ve zkratce, véechny vzorky byly
nejprve zafixovany 3% vodnym roztokem glutaraldehydu po dobu 16 hodin a teploté 4
°C. Nasledné byly disky 3% oplachnuty destilovanou vodou a zafixovany 1% vodnym
roztokem OsO. (Sigma-Aldrich, Prague, Czech Republic) po dobu 16 hodin pfi 4 °C.
Nasledné byly disky 3x oplachnuty destilovanou vodou a dehydratovany postupnou
ethanolovou fadou (30%, 50%, 70%, 85%, 96% a 100% ethanol po dobu 10 minut pfi
25 °C) a nasledné acetonovou fadou (30%, 50% a 100% aceton po dobu 10 minut pfi
25 °C). Finalni dosuSeni prob&hlo pomoci suseni ke kritickému bodu v Leica EM CPD

300 (Leica microsystems, lllinois, USA). Nasledné byly vzorky uchyceny na uhlikovy
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,Stub“ a pokovany 8nm vrstvou zlata pomoci pokovovacky Leica EM ACE200 (Leica
microsystems, lllinois, USA). Mikrostruktura biofilmi byla pozorovana elektronovym
mikroskopem Hitachi FlexSEM 1000 (Hitachi, Tokyo, Japan) pfi akceleranim napéti
15 kV.

Kvantifikace biofilmu pomoci plotnové metody a Alamar Blue Biofilm assay

Disky s narostlym biofilmem byly oplachnuty fyziologickym roztokem a umistény do
vSech jamek sterilni 24jamkové mikrotitracni destiCky s 1 ml BHI bujénu. Zaviena
destiCka byla zapeceténa parafiimem a sonifikovana 10 minut v ultrazvuku (35 kHz).
Biofilm byl ultrazvukem rozru$en a bakterie se uvolnily do média v desti¢ce. Médium bylo
nasledné desetindsobné sériové zfedéno a inokulovano na BHI agary. Po 24hodinové

inkubaci pfi 37 °C bylo stanoveno CFU/ml odpovidajici mnozZstvi bakterii tvofici biofilm.

Alamar Blue (AB) Biofilm assay byla provedena obdobné jako pfi stanoveni
antibiofilmové aktivity s Calgary biofilm device. Disky s narostlym biofilmem byly
oplachnuty fyziologickym roztokem a umistény do jamek sterilni 24jamkové mikrotitraéni
destiCky s 900 pl BHI bujonu a 100 pl AB. Desticka byla zabalena do alobalu a
inkubovana ve tmé 24 hodin pfi 37 °C. Po inkubaci byla na spektrofotometru (SynergyTM
HT, Bio-Tek Instruments, Vermont, USA) zmé&fena absorbance pfi 570 nm a 600 nm.
Kontrolni jamky obsahovaly médium s AB. Dle Rovnice 3 byla stanovena procentualni

redukce AB, ktera byla nasledné pomoci kalibra€ni kfivky pfevedena na CFU/ml.

Korelace mezi plotnovou metodou a Alamar Blue Biofilm assay

Pro stanoveni korelace byla provedena AB Biofilm assay a stanoveni pomoci
plotnové metody ve stejny den s pouzitim stejného bakterialniho inokula. Experimenty
byly opakovany alespon tfikrat. Korelace byla hodnocena pomoci Pearson's two tailed
correlation testu, ktery byl stanoven z priimérd naméfrenych dat pomoci softwaru Prism
6.04 (GraphPad Software Inc., San Diego, California, USA).

Stanoveni citlivosti biofilmu k antimikrobnim latkdm pomoci AB Biofilm assay

Citlivost biofilmu byla stanovena pro roztoky chlorhexidinu o koncentraci 0,01, 0,1 a
0,2 % (m/v) (Sigma-Aldrich, Prague, Czech Republic) a ethanolu o koncentraci 70 %
(VWR International s.r.o., Prague, Czech Republic), které byly pfipraveny ve
fyziologickém roztoku. HA disky s narostlym biofiimem byly vystaveny roztokim
antimikrobnich latek po dobu 2 minut ponofenim disku do 1 ml roztoku latky. Po 2

minutach byl disk oplachnut fyziologickym roztokem a umistén do jamky sterilni
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24jamkové desticky obsahujici promichanou smés 900 ul BHI bujénu a 100 pl AB. Dalsi
kroky ke stanoveni procentualni redukce AB byly provedeny obdobné, jak jiz bylo
popsano v ¢asti AB Biofilm assay po 3, 5 a 24 hodinach inkubace. Kontrolni jamky

obsahovaly médium s AB a sterilni HA disk.

Statistika

V8echny experimenty byly provedeny nezavisle na sobé alespori ve 3 opakovanich.
Vysledné hodnoty byly analyzovany Shapiro-Wilkovym testem normality a na zakladé
zjisténého normalniho rozdéleni dat byl pro analyzu poméru mrtvych a zivych bakterii,
AB redukci a CFU/ml nasledné pouzit Tukey's multiple comparison test, kde p-hodnota
<0,05 byla povazovana za signifikantni. VSechny statistické analyzy a odpovidajici
grafické zobrazeni vysledk( bylo zpracovano v softwaru GraphPad Prism 6.04
(GraphPad Software Inc., San Diego, California, USA).
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5. VYSLEDKY A DISKUZE

5.1.Primarni screening antibakterialni aktivity

Zakladni screening antibakterialni aktivity novych a referenénich latek byl proveden
pomoci mikrodiluéni bujénové metody. Vysledné hodnoty triplikatd byly zprimérovany a

jsou uvedeny v priloze B a pfiloze C.

G* kmeny byly obecné citlivéjSi k testovanym KAS oproti kmenim G~. VysSi citlivost
G bakterii maze byt vysvétlena rozdilnym slozenim bunéénych stén G* a G~ bakterii a
naslednou nizsi schopnosti KAS penetrovat vné&jSi membranu G~ bakterii k cilové
cytoplazmatické membrané.'?® Nejméné citlivy byl kmen P. aeruginosa MR, ktery byl
citlivy pouze na nékteré testované latky ¢asto ve vy3Sich koncentracich. Slaby efekt
testovanych latek na tento multirezistentni kmen se dal oCekavat i na zakladé dfive
publikovanych poznatkl, kdy bylo zjisténo, Ze genom multirezistentnich kmenu
P. aeruginosa Casto obsahuje geny &i integrony spojené se zvySenou rezistenci vici
biocidim véetné KAS.'?%'3% Z novych latek prokazaly nejvy$$i ucinnost srovnatelnou

s referenénimi latkami pfedevsim latky ze sérii 3 a 4.

5.1.1. Vliv struktury na antibakterialni ué¢innost

s v s

Modifikace lipofilni ¢asti molekuly — délka a ¢etnost alkylového Fetézce

Vliv délky alkylového Fetézce byl sledovan na referencnich latkach S1c-e a S2c-e a
u vSech latek nové pfipravenych. V pfipadé KAS s jednim dlouhym alkylovym fetézcem
byla pozorovana nejvy$8i antibakterialni aktivita u latek s alkylovym Fetézcem
obsahujicim 12 (C+2), 14 (C14) a 16 (C+s) uhlik(. Nové syntetizované latky s jednim
10uhlikatym fetézcem (1b a 2b) byly vyrazné méné G&inné nez derivaty s delSimi
alkylovymi fetézci, a naopak latky nesouci 18 (C1g) uhlikl v alkylovém fetézci (1f a 2f)
uz nebyly vyrazné ucinnéjsi nez derivaty s kratSimi alkylovymi fetézci a zaroven mély
vyrazné horsi rozpustnost. S ohledem na antimikrobialni aktivitu i rozpustnost (potazmo
vyuzitelnost v praxi) tak derivaty s jednim fetézcem o 10 nebo 18 uhlikach nevykazovaly
optimalni vlastnosti pro pfipadné pouZziti nebo dalSi hodnoceni. Pro vizualizaci
uvedenych zjisténi jsou na obrazku 9 graficky znazornény stanovené hodnoty MIC po
24 hodinach inkubace (MIC 24) pro kmen S. aureus, reprezentujici G* bakterie, a kmen
E. coli, reprezentujici G~ bakterie. Na obrazku 9 jsou zaroven graficky znazornény

vypoctené hodnoty Clog P predikujici rozpustnost latek.
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Obrazek 9 - Vliv délky alkylového retézce na antibakterialni aktivitu KAS

Minimalni inhibicni koncentrace stanovené po 24hodinové (MIC 24; umol/l) expozici KAS.
Vysledné hodnoty MIC 24 stanovené pro kmen S. aureus (horni graf) a E. coli (prostfedni graf).
Ve skupinovém sloupcovém grafu jsou na ose x oznaceny vzdy jednotlivé série KAS (S1, 1, S2,
2, 4) a barevné sloupce odpovidaji jednotlivym derivatum série s odliSnou délkou alkylového
fetézce (Cerna: b (Cyg), Seda: ¢ (Cy2), riizova: d (Ci4), fialova: e (Cys), tyrkysova: f (Cqs). V grafech
jsou uvedeny pruméry namérenych hodnot (N = 2—4). Spodni graf: Vypocitany log P (Clog P)

pro jednotlivé série KAS (81, 1, S2, 2, 4) oznacené na ose x.
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Pfi porovnani ucinnosti v8ech latek proti G* kmendm se v jednotlivych sériich
prokazaly, bez vyraznych rozdill, jako nejefektivnéjsi latky s C14 a Cis. Naopak Ci2
derivaty byly vzdy vyrazné méné ucinné. Tyto vysledky pfiliS nekoresponduji se zavéry
publikovanych studii Daouda a kol.?® a Gilberta a Moora'®, podle kterych by vuci G*

bakteriim mély byt nejuginngjsi latky s alkylovym fetézcem C14% &i C12.14"%. Naopak tyto

vysledky potvrzuji nami dfive publikovana data.> 17131

V pfipadé G- bakterii nebyl vztah ucinnosti k délce alkylového fetézce tolik zfetelny.
Nejucinnéji se jevily predevdim derivaty Ci4, ale v nékterych sériich byly efektivni i
derivaty Ci2 nebo Cis. NizSi rozpustnost Casto negativné ovlivnila stanoveni a
vyhodnoceni citlivosti G- kmenl u Cis derivatu, jelikoz bylo tfeba zacinat méfeni na
nizSich koncentracich. Dosazené vysledky tak znovu pfili§ nekoresponduji se zavéry
vy8e zminénych publikaci, kde na G- bakterie uginkovaly pfedevsim latky s C16?® Ci

Cia-16"8.

Pokud vezmeme v potaz zavéry této prace i zavéry zminénych studii, tak se derivaty
obsahuijici C14 prokazaly vzdy jako velice u¢inné na G* i G™ bakterie. Z nasi studie Ize
tedy konstatovat, Ze KAS s jednim alkylovym fetézcem se 14 uhliky zajiStuji vysokou
ucinnost spole¢né s dobrou rozpustnosti a jsou z hlediska kompromisu nejlepsi volbou

pro pfipadné jednoslozkové kompozice.

Na latkach ze série 3 a na referencni latce S3bb byl pozorovan vliv pfidani druhého
dlouhého alkylového fetézce (Cs, C10 nebo C12) do struktury molekuly oproti latkdm 1¢c a
S1c, které obsahuji benzylovou skupinu a pouze jeden fetézec. Tato zaména vedla ke
zvyseni antimikrobialni aktivity, ale zaroven i ke zvySeni Clog P a tedy poklesu
rozpustnosti ve vodnych médiich. Naopak ale v pfipadé latek ze série 3 bylo zvySeni
Clog P zmirméno zavedenim hydroxyethylovych skupin do struktury. Snizena
rozpustnost tak neomezovala vyslednou ucinnost (s vyjimkou P. aeruginosa MR) a MIC
(pfipadné MBC) byly hluboko pod hranici rozpustnosti. Stanovené hodnoty MIC 24 a
Clog P pro tyto latky jsou graficky znazornény na obrazku 10. Latky se dvéma dlouhymi
alkylovymi fetézci vSeobecné prokazaly dobrou antimikrobialni aktivitu, srovnatelnou
s béznymi KAS s jednim dlouhym alkylovym Fetézcem. Vliv symetrie dvou delSich
alkylovych fetézcl (3bb, 3cc — symetrické rozlozeni a 3ab, 3ac, 3bc — asymetrické

rozlozeni) na antimikrobialni aktivitu nebyl prokazan.
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Obrazek 10 - Viiv ¢etnosti alkylového fetézce a jejich kombinace na antibakterialni
aktivitu KAS

Minimalni inhibiéni koncentrace stanovené po 24hodinové (MIC 24, umol/l) expozici referenénim
latkam S1c (Cerna barva), S3bb (r(izova barva) a novym latkam ze série 3 (Seda barva) a 1c
(Cerna barva). Horni grafy: Vysledné hodnoty MIC 24 stanovené pro kmen S. aureus (vlevo) a
E. coli (vpravo). V grafech jsou uvedeny priméry namérenych hodnot (N = 2—4). Spodni graf:
Viypocitany log P (Clog P).

s v s

Viiv dalSich substituentu na hydrofilni ¢asti molekuly

Nové syntetizované latky ze série 1 byly odvozeny od referenénich latek ze skupiny
S$1. Modifikovana struktura vznikla zaménou methylovych skupin na kvartérnim dusiku
za hydroxyethylové skupiny s cilem zvySit rozpustnost benzalkoniovych derivati a
zaroven zachovat antimikrobialni aktivitu. Jedna latka této skupiny (1c) se stala
v nedavné dobé komeréné dostupnou, pod nazvem benzoxonium chlorid. Tento
predpokladany efekt byl potvrzen stanovenymi hodnotami MIC, MBC a Clog P. Nové

syntetizované pyridinové derivaty ze série 2 byly odvozeny od referencnich latek ze
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skupiny S2 substituci v poloze 3, kde jsme pfedpokladali zlepSeni ucinnosti viivem
chloru. Tato obména zplsobila ocekavané zvySeni Clog P, a zaroven nevedla
k vyraznému zvySeni antimikrobialni uc€innosti. Tuto strukturni modifikaci tak lze
povaZzovat za neperspektivni. S ohledem na celkovy vliv strukturnich modifikaci na
hydrofilni ¢asti molekuly jsou na obrazku 11 graficky znazornény MIC 24 a Clog P
stanovené u zastupcu vSech referen¢nich a novych skupin se stejnou délkou alkylového
fetézce. Znazornény jsou vysledky derivatl se 14uhlikatym fetézcem (S1d, 1d, S2d, 2d,
4d), jelikoz bylo vySe prokazano, Ze tato délka alkylového fetézce je pro antibakterialni
aktivitu nejoptimalnéjsi.

Obecné Ize shrnout, Ze obména substituentt na polarni ¢asti molekuly KAS ma jen
zanedbatelny vliv na antimikrobni u¢innost oproti vlivu délky alkylového fetézce &i jejich
poCtu jako nepostradatelné nepolarni Casti molekuly. Efektivni mohou byt ale pro
optimalizaci fyzikalné-chemickych vlastnosti latek a jejich praktické vyuzZiti. Mimo
pfedmét této disertaéni prace bylo navic prokazano, ze modifikace polarni ¢asti KAS
mohou zaroveri vést k rozSifeni spektra G¢inku o virucidni aktivitu.?® Pfedmétem
intenzivniho vyzkumu jsou zaroven KAS obsahujici dvé symetrické ¢asti spojené rizné
dlouhym fetézcem. Tyto takzvané gemini-KAS c¢asto vykazuji vySSi antimikrobialni
aktivitu v porovnani s nejpouzivangjSimi KAS, ale zaroven jsou méné rozpustné a vice
toxické.’®>13* Prikladem gemini-KAS je i referen¢ni latka S6 komeréné znama jako
oktenidin, ktera prokazala nejvy$Si ucinnost vuci vSem bakterialnim kmenim vcéetné

P. aeruginosa MR.
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Obrazek 11 - Vliv dalSich substituentii na hydrofilni ¢éasti molekuly na
antibakterialni aktivitu KAS

Levy graf: Minimalni inhibicni koncentrace stanovené po 24hodinové (MIC 24; umol/l) expozici
KAS s jednim alkylovym fetézcem v délce Cy4 (S1d, 1d, S2d, 2d, 4d). V grafu jsou uvedeny
pruméry naméfenych hodnot (N = 2 — 4) stanovené pro kmeny: S. aureus (STAU), meticilin-
rezistentni S. aureus (MRSA), S. epidermidis (STEP), vankomycin-rezistentni E. faecium (VRE),
E. coli (ESCO), K. pneumoniae (KLPN -), K. pneumoniae produkujici Sirokospektré [B-laktamazy
(KLPN +), multirezistentni P. aeruginosa (PSAE MR). Pravy graf: Vypocitany log P (Clog P).
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5.2.Vliv média na stanoveni MIC a MBC u kmene E. faecalis

Mezi G* bakterie, na kterych byly stanoveny MIC a MBC, patfi i kmen E. faecalis,
ktery se zaroven fadi mezi tzv. nutricné naro¢néjsi bakterialni kmeny, pro které CLSI
standard MO7Ed11 doporu€uje v pfipadé Spatného rlstu pouziti MHB média
obohaceného o kationty. Pfi naSem méfeni jsme nepozorovali vyrazné problémy v ristu
E. faecalis ve standardnim MHB, ale pfesto jsme se rozhodli stanovit MIC, MBC a
ristoveé kfivky i v nutricné bohatSich mediich, tj. TSB a BHI. | pfestoze stanovené faktory
rychlosti ristu ukazaly znaéné pomalejSi rast kultury E. faecalis v nutricné chudSim
médiu oproti nutricné bohatSim, stanovené MIC a MBC hodnoty se vyznamné neliSily.
Stanovené rustové kfivky s pfislusnymi faktory rychlosti ristu a stanovené MIC a MBC

hodnoty jsou zobrazeny na obrazku 12.
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Obrazek 12 - Vliv média na stanoveni MIC a MBC u E. faecalis
Levy graf: Ristové kfivky E. faecalis stanovené v MHB, TSB a BHI. V tabulce je uveden
stanoveny faktor rychlosti rastu (r) kmene E. faecalis v jednotlivych mediich. Exponencialni faze
rustu byla pro vypocet stanovena v rozmezi absorbanci 0,1— 1,0 pro TSB a BHIl a 0,1 — 0,3 pro
MHB. Pravy graf: Stanovené minimalni baktericidni koncentrace (MBC; umol/l) pro latky S2c,
S2d, S2e, 2c, 2d, 2e, 4d pri pouZiti kultivacnich médii MHB, TSB a BHI.
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5.3.Vliv bakterialni denzity na antimikrobni aktivitu KAS

V ramci mikrodiluéni bujonové metody se dle CLSI standardu MO7Ed11 stanovuji
MIC a MBC hodnoty v bakteridlni suspenzi o pfiblizné hustot¢ 10" CFU/ml. Pred
hodnocenim antibiofilmové aktivity latek byl nejprve hodnocen samotny vliv bakterialni
hustoty na antibakterialni aktivitu, jelikoz pravé vyssi bakterialni hustota je jednim
z typickych znak( biofilmu. Hodnoty MBC byly tak stanoveny na bakterialnich
suspenzich o rlizné pocate¢ni koncentraci (v jednotkach CFU/ml). Pro experiment byly
vybrany kmeny S. aureus a E. coli jakozto typicti zastupci G* a G bakterii. MBC byly
stanoveny po 5minutové a 24hodinové expozici vybranym KAS. Spole¢né s rostouci
pocatecni bakterialni hustotou byl pozorovan nartist MBC. Nicméné sledovany narast
MBC nebyl lineamé umérny ke zvySeni poctu bakteridlnich bunék. Relativni hodnota
MBC na jednu bakterialni burfiku (MBC/cell) odhalila, Ze efektivni MBC ve skuteCnosti
vyrazné klesa se zvySujici se hustotou bakterialnich bunék (obrazek 13). Stanovena
MBC/cell byla u méné koncentrované bakteridlni suspenze (4x10° CFU/ml) S. aureus
témér 100x vy88i nez u suspenze 100x koncentrovanéjsi (5%x107 CFU/ml). Obdobné
vysledky byly ziskany i v pfipadé E. coli, kdy MBC/cell klesla o cca 2 fady, zatimco
koncentrace bakterii cca o 2 fady stoupla. Z vysledku vyplyva, Ze ¢im hustsi je pocateéni
bakterialni suspenze, tim vice jsou jednotlivé bakterialni buriky citlivé k testovanym KAS.
Dlvodem by mohla byt zvySena uroven stresu, ktery zazivaji jednotlivé bakterie
v pfeplnéném prostiedi. Pfestoze by se bakterie mohly kolektivné pfizpusobit vysoké
hustoté bunék a naopak zvysit odolnost vuci antimikrobnim latkam napf. indukci QS
drahy tj. zvySenim poctu perzistentnich bunék v populaci, zvy$enou expresi peroxidaz,
které zajiStuji ochranu pfed reaktivnimi formami kysliku nebo nadmérnou expresi
efluxnich pump.™® Vysledky této studie naopak naznacuiji, Ze jednotlivé bakterie kmenu
S. aureus i E. coli jsou pfi vy§Sich po¢atecnich koncentracich bakterii vice stresovany a
tedy citlivéjsi k antimikrobialnim latkam. Tento stres muze byt vyvolan sniZzenou
dostupnosti Zivin a naslednou snizenou rychlosti rlistu. Pro ovéreni jsme sledovali rast
bakterii v suspenzi pfi riznych poc¢atecnich hustotach v ¢erstvém médiu. Rychlost rustu,
ktera je obecnym ukazatelem dobrého stavu bunék, se vyrazné snizovala s rostouci
pocate¢ni hustotou bunék. Grafické znazorméni vlivu pocateéni bakterialni hustoty na

MBC a jednotlivé ristové kfivky jsou uvedeny na obrazku 13.
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Obrazek 13 - Rlstové krivky a vliv bakterialni hustoty na MBC

MBC/cell stanovené u bakterialnich suspenzi S. aureus o rtizné pocatecni bakterialni denzité po
dminutové (1A) a 24hodinové (2A) expozici vybranym KAS a u bakterialnich suspenzi E. coli o
rizné pocatecni bakterialni denzité po 5minutové (1B) a 24hodinové (2B) expozici vybranym
KAS. Rustové krivky bakterialnich suspenzi S. aureus (1C) a E. coli (2C) o rizném pocatecnim
CFU/ml. V tabulce jsou uvedeny stanovené ristové faktory r. Exponencialni faze rastu byla pro

vypocet stanovena v rozmezi absorbanci 0,1 — 1,0.
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5.4. Testovani aktivity proti F. tularensis

Kromé vySe uvedenych bakterialnich kment, které patfi mezi zastupce
nozokomialnich patogenu a zpUsobuji tak Casto obtizné IéCitelné infekce pFedevSim
v nemocniénim prostfedi, byla do testovani na zakladé projektu Agentury pro
zdravotnicky vyzkum CR s ndzvem ,Vyvoj polyvalentniho dekontaminaéniho &inidla*
zarazena i bakterie F. tularensis LVS, ktera patfi mezi vysoce rizikové infekéni agens
pro jeji mozné zneuZiti pfi vyvoji biologickych zbrani a bioterorismu. Citlivost F. tularensis
byla stanovena s vyuzitim fluorescenéni pritokové cytometrie (FACS). Tato metoda nam
umoznila stanovit procento usmrcenych a prezivSich bakteridlnich bunék po expozici
testovanym latkam. Standardizované mnozZstvi mikrosfér zaroveri umoznilo zjistit, zda
testované KAS zcela rozrusuji celistvost bakterialni buriky, nebo bakterie usmrcuji
v zachovalém tvaru. Toto testovani podstoupily pouze nejlepsi latky dle vysledk
z mikrodilu¢ni bujénové metody. F. tularensis byla nejcitlivéjSi ke standardu $4, zastupci
bézného dezinfekéniho pfipravku Sanytolu pro koupelny (aktivni u&inna latka S3bb) a
nové pfipravené latce 3bb, které jediné usmrtily vice nez 99 % bakterii po 5minutové
expozici 0,1% roztoku testované latky. V pfipadé latky 3bb odhalilo toto stanoveni
mozny rozdilny mechanismus uc€inku KAS se dvéma dlouhymi alkylovymi fetézci na
kvartérnim dusiku, jelikoz tato latka, na rozdil od ostatnich KAS s jednim Fetézcem,
vétSinu bakterialnich buné&k usmrtila bez naruSeni celistvosti bakterialni bunky.
Stanoveni dale prokazalo klesajici citlivost F. tularensis v fadé derivata sérii 1 a 4,
liSicich se v délce alkylového fetézce od C12 po Ci4 (1¢: 95,3 %; 1d: 80,7 %; 4c: 92,0 %,
4d: 79,4 % usmrcenych bakterii). Vysledky jsou graficky znazornény v obrazku 14.

150

EE Usmrcené bakterie se zachovalym tvarem
Bl Vitdlni bakterie

100+

Francisella tularensis [%]

MK ET70% 54 Ajatin SAN 1c dc 1d 4d 3bb
Obrazek 14 - Citlivost F. tularensis LVS k vybranym KAS

Vysledky jsou zobrazeny v procentuélnim zastoupeni vitalnich a usmrcenych bakterii se

zachovanym tvarem po 5minutovém vystaveni 0,1% roztokim novych KAS (1c, 1d, 4c, 4d, 3bb),
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referenéni KAS S84, Sanytolu pro koupelny (SAN), Ajatinu a 70% ethanolu (ET 70%).
Nezobrazena sloupcova ¢ast do 100 % odpovida usmrcenym bakteriim s rozruSenou celistvosti.
Vysledky jsou vyjadreny jako primérna hodnota + SD; n = 3. NK predstavuje negativni kontrolu,

ktera byla vystavena fyziologickému roztoku.

5.5. Kvantitativni suspenzni zkouska

Nové monoalkylové KAS obsahujici C12, C14 a Cie spole€né s latkami ze série 3
prokazaly dle mikrodiluéni bujonové metody vysokou ucinnost vuci G* i G bakteriim,
srovnatelnou se standardné pouzivanymi dezinfekénimi latkami. Na zakladé toho byla
pro tyto latky stanovena i antibakterialni aktivita pfi kratkém expoziénim &asu (2 minuty)
na sbirkovych kmenech pomoci kvantitativni suspenzni zkousky dle normy CSN EN
1276. Tato zkouska je pozadovana pro pfipadnou registraci a zavedeni pfipravkl do
praxe. Zaroven toto stanoveni porovnalo uc€innost danych latek s béZzné uzivanymi
dezinfek&nimi prostfedky: Sanytol pro koupelny (aktivni u€inna latka S3bb), Ajatin
(aktivni u€inna latka je smés S1c, S1d a S1e) a referenéni latkou S5. Vysledky stanoveni
prokazaly, ze v8echny testované latky vykazuji velice dobrou uc€innost. Na obrazku 15
pozadavek normy, tj. redukci bakterii v suspenzi o 5 logaritm(. V pfipadé derivata
s jednim dlouhym alkylovym fetézcem se znovu potvrdil vliv délky alkylového fetézce na
aktivitu vici G* a G kmenlm. U G kmene S. aureus 6538 se zvySovala antibakterialni
aktivita s prodluzujicim se alkylovym fetézcem od C+2, po C. Naopak u G kmene
P. aeruginosa 15442 se zvySovala aktivita se zkracujicim se alkylovym fetézcem od C1e
po Ci2. NejvysSi ucinnost proti obéma kmenum prokazaly latky 3bb a 3ac ze série 3
obsahuijici dva dlouhé alkylové Fetézce na kvartérnim dusiku. Tyto latky byly dokonce
ucinnéjsi nez referencni latky Ajatin a 85 a srovnatelné ucinné se Sanytolem. Smésny
dezinfekéni pfipravek z latek ze série 3 by tak mohl byt potencialné velice u€innym

novym dezinfek&nim pfipravkem.

63



S. aureus 6538

— 1 7
2 B Referencni latky
@
E 0.1+ M série3 Elciz EBci4 BBcis
7}
Iz}
E ﬂ_n1......,.
x 00054
E 0.001
% "
(st
L
0.0001 -
S BTSSP B0
a’”° v

P. aeruginosa 15442

7 BB Referencni latky

£ Série 3 B c12 i ci4 B cie

seesEm

0.14--+---

Efektivni koncetrace [%)]

0.05
0.01+
0.005+
0.001 -
#éﬁﬁrb@:t%qﬂ'ﬁ!?@ R A9 o WD A9 D P q2 b NT
.;J"bﬁ w

Obrazek 15 - Vysledky kvantitativni suspenzni zkousky pro bakterialni kmeny S.

aureus a P. aeruginosa

kvantitativni suspenzni zkousky CSN EN 1276 u bakterialnich kmenu S. aureus 6538 (horni graf)
a P. aeruginosa 15442 (dolni graf). Cerné sloupce odpovidaji referenénim latkéam, oranzové
latkam ze série 3 se dvéma alkylovymi fetézci, rizové Ci derivatum, fialové Cq4 derivatum a
zelené Cis derivaty latek ze sérii 1, 2 a 4. Cervené $rafovani znadi, Ze latka nebyla ucinna ani pri
nejvyS$Si testované koncentraci zobrazené v grafu. Stanoveni probihalo pri nizkém znecisténi a

expozicni ¢as byl nastaven na 2 minuty.
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5.6.Calgary biofilm device

Antibiofilmova ucinnost byla stanovena pomoci metodiky CBD pro biofilmy kmenu
S. aureus, E. coli a S. mutans formované na plastovém (PS) a hydroxyapatitem (HA)
potazeném povrchu. VSechny tfi kmeny formovaly vyrazné& mohutné&jsi biofilm na HA
povrchu. Z uvedenych kmenu se jako nejslabsi biofilmovy producent prokazal kmen
S. mutans, ktery na PS povrchu neformoval reprodukovatelny a stabilni biofilm, proto
nebyl tento model zafazen do testovani. Stanovené mnozstvi bakterii v jednotlivych

biofilmovych modelech je uvedeno na obrazku 16.
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Obrazek 16 - Biofilmovy narust na Calgary biofilm device
Biofilm tvofeny kmeny S. aureus, E. coli a S. mutans na plastovém (PS) a hydroxyapatitem (HA)
potazeném povrchu Calgary biofilm device byl kvantifikovan pomoci plotnové metody. Vysledky

jsou vyjadreny jako pramérna hodnota + SD; n = 16.

VSeobecné byla biofilmova forma testovanych kmenu k antimikrobnim latkdm méné
citliva nez forma planktonni. Nejvyraznéjsi rozdil byl sledovan na mohutnéji narostlém
biofilmu E. coli a S. aureus formovaném na HA povrchu. V pfipadé E. coli byla potfebna
pramérné 370x vyS8Si koncentrace testovanych KAS a u S. aureus 140x vySSi
koncentrace i pfesto, ze biofilm E. coli obsahoval pouze 17x vice bakterii a biofilm
S. aureus 11x vice bakterii nez testovana bakterialni suspenze v mikrodilu¢ni bujéonové
metodé. K eradikaci biofilmu formovaném na PS povrchu byla u kmene S. aureus
potfebna pouze 2,68x vysSi koncentrace testovanych KAS, u kmene E. coli pouze 3,54x
vy88i koncentrace a u biofilmu kmene S. mutans formovaném na HA povrchu byla

potfebna pouze 6x vySsi koncentrace. Mensi rozdil v citlivosti oproti planktonni formé
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Ize v téchto pfipadech vysvétlit obdobnym mnozstvim bakterii tvoficich biofilm jako
v bakterialnich suspenzich pouzitych pfi mikrodiluéni bujonové metodé. Biofilm
S. aureus, E. coli a S. mutans v téchto pfipadech obsahoval ve skuteénosti 1,6x
(S. aureus), 1,2x (E.coli) a 2,4x (S. mutans) méné bakterii nez suspenze pro stanoveni
MBC. Proto je zfejmé, Ze bakterie ve formé biofilmu byly i v t&chto pfipadech méné citlivé
k testovanym latkam, jelikoz i pfes mensi mnozstvi bakterii byly zapotfebi vySsi
koncentrace testovanych latek. Dle literatury bychom pfesto mohli oéekavat
mnohonasobné vyssi rozdil v uginnych koncentracich ve prospéch biofilmu.36137
U antibiotické IéCby byla napf. pozorovana az 1000x vysSi rezistence u biofilmové formy
P. aeruginosa.'® V pfipadé KAS byl také pozorovan vice nez 100nasobny pokles
v uginnosti pfi eliminaci Legionella pneumophila v biofilmové formé& oproti formé
planktonni.” Obdobné vysledky byly pozorovany ve studii Si Yeon a spol. pfi
screeningu izolatd oralnich streptokokud, kdy byly naméfené MIC v planktonnich

kulturach pfiblizné 100x niz§i nez minimalni biofilm-inhibi¢ni koncentrace.'#°

U nami testovanych latek byl zaroven znovu pozorovan narast v aktivité vuci G*
biofilmu kmene S. aureus v zavislosti na zkracujicim se alkylovém fetézci od C1s po Ci2.
Naopak v pfipadé G  biofilmu kmene E. coli se schopnost eradikace zvySovala
s prodluzujicim se alkylovym fetézcem od Ci2 po Cis. Tyto vysledky odpovidaji
zjisténému vlivu délky alkylového fetézce na aktivitu va&i planktonni formé G* a G
kmenU a zaroveni vice koresponduji se zaveéry jiz diive zminénych studii Daouda a kol.%
a Gilberta a Moora'®, podle kterych by na G* bakterie mély maximalné pUsobit latky
s alkylovym fetézcem C14?® &i C12.14'® a na G™ bakterie pfedevsim latky s C16%® &i C1sa-16'C.
Nejvyraznéjsi antibiofilmova aktivita byla pozorovana u referenénich latek S2c-e, S3bb,
S4, S5, S6 a novych pyridiniovych (série 2) a imidazoliovych (série 4) typu KAS.
mohutnéji narostlém biofilmu (S. aureus a E. coli na HA povrchu), pfestoze pfi testovani
v suspenzi vykazovaly velmi dobry antimikrobialni efekt. Velice dobrou, s ostatnimi
latkami srovnatelnou UucCinnost nicméné prokazaly na méné narostlém biofilmu
(S. aureus, E. coli na PS a S. mutans na HA). Struktura KAS se dvéma kratSimi
alkylovymi fetézci na kvartérnim dusiku pravdépodobné znesnadriuje pfistup latek do
nitra biofilmu. Vysledné hodnoty MBEC jsou uvedeny na obrazku 17. Antibiofilmova
ucinnost nebyla stanovena u derivatd s Cio a Css, jelikoz neprokazaly vyznamnou

antimikrobni aktivitu v ramci mikrodiluéni bujonové metody.
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Obrazek 17 - Stanovené hodnoty MBEC a MBC pro porovnani aktivity KAS vici

biofilmové a planktonni formé bakterii

Minimalni biofilm eradikujici koncentrace (MBEC; umol/l) byla stanovena metodikou Calgary
biofilm device po 24hodinové expozici testovanym latkam. Hodnoty minimalni baktericidni
koncentrace (MBC; umol/l) byly stanoveny mikrodilucni bujonovou metodou po 24hodinové

expozici testovanym létkém. Cervené $rafovéni znadi, Ze latka nebyla G&inna ani pfi nejvy$si
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testované koncentraci zobrazené v grafu. Horni graf: MBEC pro biofilm S. aureus formovany na
plastovém (PS) a hydroxyapatitem (HA) potazeném povrchu. Prostredni graf: MBEC pro biofilm
E. coli formovany na PS a HA povrchu. Spodni graf: MBEC pro biofiim S. mutans formovany na

HA povrchu. Viysledky jsou vyjadreny jako pramérné hodnoty + SD (n = 3-5).

5.7.Biofilmovy model E. faecalis

U vybranych novych a referenénich latek byla ve spolupraci s vyzkumnou skupinou
prof. D. Stopara z Biotechnologické fakulty Univerzity v Lublani stanovena antibiofilmova
aktivita na pokroc€ilém biofilmovém modelu E. faecalis. Zaroven byl otestovan potencial
kombinace chemického plsobeni vybranych KAS s mechanickym pusobenim Er:YAG

laseru. Ziskané vysledky byly publikovany viz. pfiloha D.

5.7.1. Efekt KAS

S ohledem na vysledky stanoveni aktivity vaci bakteriim v planktonnim stavu a
antibiofilmové aktivity na zakladnim biofiimovém CBD modelu byly pro stanoveni
antibiofilmové uc€innosti na pokroc&ilém biofilmovém modelu E. faecalis vybrany latky ze
série 2 a 4, a to konkrétné derivaty C14 (2d a 4d). Jako referenéni latka byl pro nasledné
porovnani vlivu jednoduché strukturni modifikace zvolen taktéz derivat Cq4 (S2d), ktery
je strukturné nejblizsi testované latce 2d. Antibiofilmova aktivita byla stanovena po 1, 3
a 60minutové expozici a efektivita latek byla hodnocena pomoci 2 parametri: podil
usmrcenych a vitalnich bakterii a procentualni pokryti povrchu biofilmem pfed a po
expozici. Pfed expozici byla vétSina bakterialnich bunék v biofilmu (8816 %) vitalni a
s prodluzujici se dobou inkubace s testovanymi latkami se zvySovala frakce mrtvych (na
obrazku 18 Cervené znacenych) bakterii v biofilmu. Po 60 minutach byla vétSina bakterii
usmrcena (82, 86 a 97 % po expozici latkami S2d, 2d a 4d). Nejucinngjsi slou¢eninou
proti biofilmu E. faecalis byl imidazolovy derivat 4d, ktery pfi kratSich expozi¢nich ¢asech
(1 a 3 minuty) usmrcoval vyznamné vétSi mnozstvi bakterii v biofilmu nez latky 2d a S2d.
Z praktického hlediska po relativné kratkém 3minutovém plsobeni zpUsobil smrt vétsSiny
bakterii (8614 %) v biofilmu. PFi porovnani G¢innosti pyridinovych derivati 2d a S2d
nebyl na planktonni formé& bakterii pozorovan vyznamny rozdil v aktivité, nyni ale
vykazoval chlorovany derivat na zakladé stanoveného pruméru podilu usmrcenych a
vitalnich bakterii pfi v8ech expozi¢nich Casech vysSi ucinnost. Pozitivni kontrola

reprezentovana roztokem chlornanu sodného (NaOCI) v koncentraci bézné pouzivané
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v klinické praxi pfi Cisténi zubnich kanalkd (3% V/V) snizila pokryti substratu biofilmem
po 1minutovém plsobeni pod 1 %. Nicméné aplikovana koncentrace NaOCI byla
pfiblizné 150x vy33i neZ koncentrace KAS pouzita v této studii. Je zajimaveé, Ze expozice
KAS vyrazné neovlivnila pokryti povrchu substratu biofilmem, coz naznacuje, Zze KAS
v testované koncentraci pouze usmrcovala bakterialni bufiky v biofilmu, ale
neodstrafiovala je z povrchu. Podobny vysledek byl jiz dfive pozorovan ve studii Luis E.
Chavez de Paz a spol. u chlorhexidinu, kdy byly bakterie v biofilmu usmrceny, ale nikoliv

odstranény z povrchu dentinu.™"
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Obrazek 18 - Efekt KAS na biofilmovy model E. faecalis

Horni ¢ast obrazku: Snimky biofilmu E. faecalis formovanych na titanovém povrchu po dobu 72
hodin pfi 37 °C obarvenych fluorescencnimi sondami pro rozliSeni usmrcenych a vitalnich bakterii
porizenych konfokalni mikroskopii. V levém sloupci nahofe je zobrazena negativni kontrola, kdy
byl biofilm exponovan 0,9% roztoku NaCl po dobu 1 minuty. V levém sloupci dole je zobrazena
pozitivni kontrola, kdy byl biofilm exponovan 3% roztoku NaOCI po dobu 1 minuty. V dalSich
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sloupcich jsou zobrazeny biofilmy exponované latkam S2b, 2c a 4b o koncentraci 250 umol/l po
dobu 1, 3 a 60 minut. Vitalni bakterie jsou zobrazeny zelené, usmrcené ervené. Pro kaZdou
testovanou latku a délku expozice jsou na panelu zobrazeny reprezentativni zorna pole. Méritko
na mikrografu predstavuje 50 um. Levy spodni graf: Viiv testovanych KAS na podil usmrcenych
bunék v biofilmu (%). Pravy spodni graf: Vliiv testovanych KAS na eradikaci bakterii z povrchu
(%). Skupinové sloupcoveé grafy sdruzuji na ose x vysledky jednotlivych testovani s ohledem na
dobu expozice a barevné jsou odlisSeny jednotlivé testované latky (zelena — negativni kontrola;
fialova — NaOCI; Seda — S2d; tyrkysova — 2d; riZova — 4d). Vysledky jsou uvedeny jako primérné
hodnoty £ SD (n = 9-27). Hladina vyznamnosti *** (p < 0,001); **** (p < 0,0001).

5.7.2. Kombinace KAS s Er:YAG laserem

| pfestoZze byly testované KAS schopné usmrtit vétSinu bakterii v biofilmu,
nezanedbatelna cast (napf. 18 % u S2d) zlstala vitalni i po 60minutové expozici. A
vzhledem k tomu, Ze 60 minut je pro klinické pouziti (napf. v zubnim Iékafstvi) velmi
neprakticky &as, rozhodli jsme se otestovat mozné zesileni efektu KAS pomoci
kombinace s Er:YAG laserem. Biofilmy byly nejprve vystaveny KAS po dobu 1 minuty a
nasledné laseru po dobu 10 sekund. Kontrolni biofilmy byly vystaveny fyziologickému
roztoku (0,9% NaCl) a nasledné oSetfeny laserem. Vysledné hodnoty podilu usmrcenych
a vitalnich bakterii a schopnost eradikace bakterii z povrchu po fotoakustické irigaci
Er:YAG laserem a po kombinované expozici KAS a laseru jsou uvedeny na obrazku 19.
Samotné plsobeni laseru vyznamné snizilo pokryti povrchu biofilmem, ale podil
usmrcenych a vitalnich bakterii nebyl vyrazné ovlivnén. U vzorkd, které byly nejprve
oSetfeny KAS a nasledné vystaveny plsobeni laseru se podil mrtvych bakterii vyznamné
zvysil a zaroven se zachoval mechanicky efekt laseru odstrafujici bakterie z povrchu.
Zjevna pozitivni interakce KAS a ErYAG laseru byla ovéfena a pfesnéji
charakterizovana jako synergicka pomoci Bliss independence modelu. Nejvyraznéjsi
synergicky ucinek byl prokazan u latky 2d. Vysledky tak poukazaly na pfipadné vyhodné
vyuziti kombinace laserové terapie s KAS &i jinymi chemickymi latkami, ktera by mohla

v klinické praxi zkratit expozi¢ni €as a snizit koncentraci chemické latky.
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Obrazek 19 - Efekt KAS a Er:YAG laseru na biofilmovy model E. faecalis

Horni éast obrazku: Snimky biofilm( E. faecalis formovanych na titanovém povrchu po dobu 72
hodin pfi 37 °C obarvenych fluorescencnimi sondami pro rozliSeni usmrcenych a vitalnich bakterii
pofizenych konfokalni mikroskopii. Na prvnim snimku zleva v hornim radku je zobrazena
negativni kontrola, kdy byl biofilm vystaven 0,9% roztoku NaCl po dobu 1 minuty. Na prvnim
snimku zleva ve druhém fadku je zobrazena pozitivni kontrola, kdy byl biofilm exponovan 3%
roztoku NaOCI po dobu 1 minuty a nasledné Er:YAG laseru po dobu 10 sekund. DalSi snimky
v hornim radku zobrazuji biofilm oSetfeny pouze KAS (S2b, 2¢c, 4b) o koncentraci 250 ymol/l) po
dobu 1 minuty. V dolnim fadku je zobrazen biofilm oSetfeny KAS (S2b, 2c, 4b o koncentraci 250
pmol/l) po dobu 1 minuty a nasledné Er:YAG laseru po dobu 10 sekund. Vitalni bakterie jsou
zobrazeny zelené, usmrcené cervené. Méfitko na mikrografu predstavuje 50 um. Levy spodni
graf: Viiv Er:YAG laseru, testovanych KAS a jejich kombinace na podil usmrcenych bunék
v biofilmu (%). V grafu je zaroveri vyznacen pfedpokladany kombinovany ucinek (Eexp) KAS a
laseru vypocteny podle Bliss independence modelu. Pravy spodni graf: Viiv Er:YAG laseru,
testovanych KAS a jejich kombinace na eradikaci bakterii z povrchu (%). Skupinové sloupcové
grafy sdruzuji na ose x vysledky jednotlivych testovani s ohledem na dobu expozice a barevné

jsou odliseny jednotlivé testované latky (zelena — negativni kontrola; fialova — NaOCI; Seda — S2d;
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tyrkysova — 2d; riizova — 4d). Vysledky jsou uvedeny jako prumérné hodnoty + SD (n = 9-27).
Hladina vyznamnosti * (p < 0,05); ** (p < 0,01); *** (p < 0,001); **** (p < 0,0001).

5.8. Model biofilmu na biokompatibilnim povrchu

Charakterizace hydroxyapatitovych disku

Obrazek 20a ukazuje, ze mikrostruktura diski CDHA odpovida propletené siti
deskovitych ~ nanokrystalli s vnitinim  povrchem 13 m?g a  porovitosti
v submikrometrovém méfFitku 49 %. Vysledkem spékani byla mikrostruktura
polyedrickych krystall s hladkym povrchem a pory o velikosti kolem 1 um (obrazek 20b
a 20c), jejichz vnitfni povrch je mensi nez 1 m?/g. U SHA se vyvinula vétsi 4,0um zrna

s mirné nizsi 38% porovitosti oproti 1,5um zrn s 41% porovitosti u B-TCP.
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Obrazek 20 - Mikrostruktura kalcium-fosfatovych materialu
Snimky z rastrovaci elektronové mikroskopie: a) kalcium-deficientni hydroxyapatit (CDHA);
b) spékany hydroxyapatit (SHA) a c) B-trikalcium fosfat (3-TCP).

Charakterizace biofilmového modelu

CLSM analyza ukazala, ze biofilm formovany na vSech typech diskii obsahoval
priblizné 50-60 % vitalnich bakterii bez vyznamného rozdilu mezi jednotlivymi
testovanymi materialy (obrazek 21A). Bakterialni hustota bohuzel nebyla kvantifikovana
pro silnou fluorescenci v pozadi zplsobenou adsorpci fluorescenénich barviv v pérech
testovanych material(. Subjektivné Ize zhodnotit, Ze na B-TCP bylo pozorovano mensi
mnozstvi bakterii nez na CDHA a SHA. Vizualni charakterizace biofilmu pomoci SEM

byla ve shodé s CLSM analyzou, tj. SHA a CDHA byly mnohem masivnéji pokryty
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bakteriemi a tvofily velmi husté osidlené shluky, zatimco B-TCP byl osidlen mnohem
mensim mnozstvim pfevazné jednotlivych bakterii, které se nachazely pfednostné uvnitf

pora. Reprezentativni snimky jsou zobrazeny nize (obrazek 21B).

Kvantita vitalniho biofilmu byla sledovana pomoci metabolismu AB, kdy stanoveny
pocet bakterii v biofilmu byl 1,18x107+2,60x10% CFU/mI na SHA, 9,68x105+3,11x10°
CFU/ml na CDHA a 1,50x10%+3,22x10°% CFU/ml na B-TCP. Pocet zivotaschopnych
bakterii byl dale potvrzen stanovenim CFU/mI sériového fedéni bakterialni suspenze,
ziskané ultrazvukovym rozrudenim biofilmu a pomoci pocitani kolonii na plotnach po
inkubaci pfes noc. Stanovené CFU/ml odpovidalo 1,55%x107+4,73x108 CFU/mI pro SHA,
2,43x107+7,64%x106 CFU/ml pro CDHA a 3,92x105+1,87x10® CFU/ml pro B-TCP.
Vysledky ziskané z AB stanoveni a vypo¢tu CFU/ml vykazovaly podle Pearsonova
dvoustranného korela¢niho koeficientu vynikajici korelaci (rsia = 0,96; rcona = 0,97;
rg-tce = 0,99). Obé stanoveni prokazaly vyznamné vétSi adhezi kmene S. mutans a
naslednou tvorbu biofilmu na povrSich SHA a CDHA, na rozdil od B-TCP. AB test
neprokazal rozdily v tvorbé biofilmu mezi SHA a CDHA, ale plotnova metoda ukazala

vyznamné vétsi pfitomnost bakterii na CDHA nez na SHA povrchu (obrazek 21C).
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Obrazek 21 - CLSM a SEM analyza biofilmu S. mutans
Biofilm byl formovan 72 hodin pri 35 °C na spékaném hydroxyapatitu (SHA), kalcium-deficientnim
hydroxyapatitu (CDHA) a B-trikalcium fosfatu (8-TCP). A. CLSM analyza: 1) CDHA, 2) SHA a

3) B-TCP. Vitalni bakterie jsou zelené, mrtvé Cervené. Méritko predstavuje 50 um. Kolacovy graf

vlevém dolnim rohu predstavuje pomér vitalnich/nezivych bakterii v pfislusném biofilmu
(prdmérné hodnoty). B. SEM analyza: 1a-b) CDHA, 2a-b) SHA a 3a-b) B-TCP. Méfitko
pfedstavuje 20 um (a) a 5 um (b). C. Kvantifikace biofilmu pomoci AB stanoveni a plotnovou
metodou. Vysledky jsou udany jako prumérné hodnoty + SD (n = 12—14). Hladina vyznamnosti *
(p < 0,0001).
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Vyuziti modelu pro antimikrobialni testovani

Na vytvoifeném modelu biofilmu byla pomoci AB metodiky hodnocena antibiofilmova
aktivita referenéni latky S5 a 70% ethanolu. Za uspé3nou antibiofilmovou aktivitu byla
povaZzovana redukce AB menSi nez 10 % po 24 hodinach inkubace. Vysledky jsou
uvedeny v tabulce 7. Kontrolni biofilm zredukoval vice nez 50 % AB jiz po 3hodinové
inkubaci. Tato rychla metabolizace AB odpovida vySe kvantifikovanému mnozstvi
bakterii v biofilmu, tj. cca 10’ CFU/ml. Za Gcinné antibiofiimové agens Ize povaZovat
z testovanych latek pouze S5 v koncentraci 2 0,1 %. P¥i niz§i koncentraci (0,01 %)
neprokazala latka S5 dostateCnou antibiofilmovou aktivitu, jelikoZ jiz po 3 hodinach
inkubace doSlo k metabolizaci vice nez 25 % AB. MnoZstvi vitalnich bakterii bylo tak
0,01% roztokem S5 pouze CasteCné zredukovano oproti kontrolnimu biofilmu. Ethanol
vykazoval na biofilm letargicky ucinek, kdy stanoveni po 3 a 5 hodinach neprokazalo
vyznamny metabolismus AB. Nicméné po 24 hodinach inkubace se prokazal urcity
mensi pocCet prezivajicich bakterii, kdy byla stanovena 47+12% metabolizace AB.
V ramci rozsahu disertaéni prace byl tento novy model pouze zaveden a v sou€asné

dobé je vyuzivan pro testovani dalSich novych i referenéni latek.

Tabulka 7 - Citlivost biofilmu k vybranym standardnim dezinfekénim latkam

Dezinfekcni latka / Doba

inkubace
Kontrolni biofilm +++ +++ +++
$50,2% - - -
$50,1% - - -
$50,01% ++ ++ F++
EtOH 70% - - ++

+++ tzn. >50%; ++ tzn. >25-50%; + tzn. >10-25%; - tzn. <10% redukce Alamar Blue
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6. ZAVER

V souladu s cili této disertaCni prace bylo v ramci postgradualniho studia pomoci
mikrodilu€ni bujénové metody otestovano vice nez 80 novych latek typu kvartérnich
amoniovych soli. V ramci disertaCni prace jsou uvedeny nejvyznamnéjsi vysledky 28
latek véetné zvolenych standardl. Z novych latek pak nékolik nejlepSich podstoupilo
nasledné testovani pomoci kvantitativni suspenzni zkousky CSN EN 1276. V ramci této
legislativni zkousky byly pouzity sbirkové kmeny pro jednodussi porovnatelnost vysledku
a kratké expozi¢ni ¢asy pro pfiblizeni experimentalnich podminek ke klinické praxi. Dale
byla u nejlepSich latek stanovena ucinnost proti F. tularensis pomoci metodiky FACS
zavedené a optimalizované na pracovisti FVZ UQO, ktera simulovala testovani latek na
modelu biologicky zneuzitelného kmene jako zbrané hromadného ni¢eni. Navic byla
u nejlepSich latek stanovena ucinnost proti biofilmu S. aureus, E. coli a S. mutans
pomoci CBD metodiky, kterd byla na pracovisti FVZ UO rovnéz zavedena a
optimalizovana. V navaznosti na ziskané vysledky byla v ramci zahraniéni staZze na
Univerzité v Lublani u vybranych latek hodnocena antibiofiimova aktivita a efekt
kombinované léEby KAS a Er:YAG laseru na pokrocilejSim modelu biofilmu E. faecalis.
A v neposledni fadé byl na zakladé ziskanych zkuSenosti zaveden na domacim
pracovisti model biofilmu na biokompatibilnim povrchu fosfore¢nanu vapenatého,
jakozto modelu zubniho biofilmu. Souhrn experimentalniho planu je zobrazen na
obrazku 22.

Veskera stanoveni probihala zaroven s referencnimi latkami pro nasledné porovnani
uginnosti novych latek. Usp&sné byly popsany vztahy struktury a antimikrobialni aktivity,
kde byl primarné sledovan vliv hydrofobni &asti molekuly (délka dlouhého lipofilniho
fetézce), ktery vyznamné ovliviioval antimikrobni Gcinnost. Vliv zmény ostatnich
substituentl byl vyznamny spiSe z hlediska fyzikalné-chemickych vlastnosti testovanych
latek, tedy k praktické pouzitelnosti. Vysledky disertacni prace tak ¢astecné potvrdily,
doplnily, a pfedev§im obohatily tyto strukturné zavislé studie v ramci dlouhodobého

horizontu a stale se rozvijejici databaze novych latek.

Vysledky ziskané v ramci této disertacni prace byly soucasti odbornych publikaci,
patentovych pfihlaSek a vyznamné poslouzily pro splnéni cili grantovych projektu
uvedenych na zacatku prace a rozSifily metodické portfolio pracovisté. VSechny zminéné
vysledky tak posouvaji nékteré latky z oblasti zakladniho do aplikovaného vyzkumu a

zvysuji tak moznost uplatnéni v praxi.
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Obrazek 22 - Experimentalni plan

A: Primarni screening antimikrobialni aktivity na planktonni formé bakterii a nasledna selekce
nejucinnéjSich latek pro B: stanoveni antimikrobialni aktivity pomoci kvantitativni zkouSky dle
CSN EN 1276, stanoveni aktivity vici F. tularensis a antibiofilmové aktivity. Obrazek byl vytvofen

pomoci BioRender.com.
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Priloha A - Postupy pfipravy reagencii pro kvantitativni suspenzni zkousku

1. Zred’'ovaci roztok

V 1000 ml vody se rozpusti 1 g tryptonu (pankreatického hydrolyzatu kaseinu) a 8,5 g
NaCl. Roztok se vysterilizuje v autoklavu pfi 121 °C po dobu 20 minut. Po sterilizaci se
zkontroluje pH 7,0+0,2.

2. Roztok interferujici latky (pro nizké znecisténi)

0,30 g bovinniho albuminu frakce V se rozpusti ve 100 ml zfedovaciho roztoku. Roztok
se sterilizuje membranovou filtraci. Roztok se skladuje pfi 4 °C, pouzitelnost je 1 mésic.
Pfipraveny roztok je 10x koncentrovanéjSi, nez je finalni koncentrace pfi zkouSce.

Konecna koncentrace albuminu pfi zkouSce je 0,3 g/l.

3. Neutraliza€ni €inidlo pro KAS

Ve 100 ml fyziologického roztoku se za stalého michani a mirného zahfivani rozpusti 3
g Tweenu-80, 300 mg lecitinu a 400 mg dodecylsiranu sodného. Po rozpusténi se roztok

necha vychladnout a sterilizuje se membranovou filtraci.

4. Tvrda voda pro redéni roztokt

Roztok A: V 1000 ml vody se rozpusti 19,84 g MgCl; a 46,24 g CaCl,. Roztok je
sterilizovan v autoklavu pfi 121 °C po dobu 20 minut a nasledné skladovan pfi 4 °C max.
1 mésic.

Roztok B: V1000 ml vody se rozpusti 35,02 g NaHCOs;. Roztok je sterilizovan

membranovou filtraci a skladovan pfi 4 °C max. 1 tyden.

Do 1000 ml vody se pfida 6 ml roztoku A a 8 ml roztoku B, promicha se a zkontroluje se
pH 7,0%0,2 (popf. Ize upravit roztokem NaOH (40 g/l, pfiblizné 1M) nebo HCI (36,5 g/l,
pfiblizné 1M). Tvrda voda musi byt Cerstvé pfipravena za aseptickych podminek a

pouzita béhem 12 hodin.



Priloha B - Tabulka minimalnich inhibi¢énich a baktericidnich koncentraci nové

pfipravenych latek

Minimalni inhibicni koncentrace po 24 hodinach (umol/l)
Minimalni inhibiéni koncentrace po 48 hodinach (umol/l)
Minimalni baktericidni koncentrace po 24 hodinach (umol/l
Oznaceni STAU MRSA STEP VRE ESCO KLPN- KLPN+ PSAE MR

5,86 11,72 46,88 125,00 250,00 375,00 500,00 > 500

1b 5,86 11,72 46,88 125,00 250,00 375,00 500,00 > 500
5,86 23,44 62,50 125,00 250,00 375,00 500,00 > 500
1,95 15,63 11,72 15,63 7,81 31,25 31,25 125,00
1c 1,95 15,63 15,63 23,44 7,81 31,25 31,25 125,00
1,95 15,63 15,63 23,44 7,81 31,25 31,25 125,00

0,49 4,88 2,93 7,81 23,44 31,25 31,25 > 62,5

1d 0,98 5,86 5,86 15,63 23,44 31,25 31,25 >625
1,47 1,72 5,86 15,63 23,44 31,25 31,25 > 62,5

0,98 4,88 2,93 11,72 >625 >625 >62,5 > 62,5

1e 1,47 5,86 5,86 11,72 >625 >62,5 >62,5 >62,5
1,95 1,72 5,86 11,72 > 62,5 > 62,5 > 62,5 > 62,5
2,20 15,63 9,77 15,63 23,44 >31,25 >31,25 >31,25
1f 2,45 15,63 1,72 15,63 23,44 >31,25 >31,25 >31,25
2,45 15,63 >31,25 23,44 23,44 >31,25 >31,25 >31,25
15,63 31,25 250,00 500,00 500,00 500,00 500,00 500,00

2b 15,63 46,88 250,00 500,00 500,00 500,00 500,00 > 500
23,44 93,75 250,00 500,00 500,00 500,00 500,00 > 500
2,93 1,72 31,25 62,50 125,00 187,50 250,00 250,00
2c 3,91 19,53 46,88 93,75 125,00 187,50 375,00 250,00
7,81 23,44 46,88 93,75 125,00 187,50 375,00 250,00

0,49 3,91 5,86 15,63 62,50 125,00 125,00 >125

2d 1,47 3,91 7,81 31,25 62,50 125,00 125,00 > 125
1,47 11,72 11,72 31,25 62,50 125,00 125,00 >125

0,49 2,93 3,91 31,25 >625 >625 >625 >625

2e 147 3,91 7,81 31,25 >625 >625 >62,5 >62,5
1,47 11,72 7,81 46,88 > 62,5 > 62,5 > 62,5 > 62,5

0,49 2,45 5,86 31,25 >625 >625 >625 >625

2f 0,74 2,93 5,86 46,88 >625 >625 >62,5 >62,5
1,47 5,86 7,81 62,50 > 62,5 > 62,5 > 62,5 > 62,5

1,47 5,86 2,93 7,81 5,86 15,63 31,25 93,75

3ab 1,95 5,86 2,93 11,72 5,86 15,63 31,25 93,75
1,95 7,81 2,93 11,72 7,81 31,25 31,25 187,50

0,74 3,91 3,91 3,91 1,95 15,63 15,63 >125

3ac 0,74 3,91 3,91 3,91 1,95 15,63 15,63 >125
0,74 3,91 3,91 7,81 1,95 15,63 23,44 >125

0,74 1,95 7,81 3,91 4,88 31,25 46,88 >125

3bc 0,74 1,95 7,81 3,91 4,88 31,25 46,88 >125
0,74 1,95 7,81 3,91 4,88 31,25 46,88 >125

0,65 1,95 1,95 3,26 7,81 5,21 10,42 31,25

3bb 0,65 1,95 2,60 3,91 7,81 5,21 15,62 >250
0,65 3,90 4,56 7,82 10,42 7,81 15,62 >250

0,49 1,95 2,93 2,93 62,50 23,44 11,72 >625

3cc 0,49 1,95 2,93 2,93 62,50 46,88 15,63 >62,5
0,49 1,95 2,93 4,88 62,50 46,88 15,63 > 62,5

2,93 9,77 NA 46,88 31,25 62,50 125,00 > 500

4c 2,93 9,77 NA 46,88 31,25 62,50 125,00 > 500
2,93 32,25 NA 46,88 31,25 62,50 125,00 > 500

0,98 2,93 NA 11,72 15,63 15,63 31,25 500,00

4d 0,98 5,86 NA 11,72 15,63 15,63 31,25 500,00
0,98 7,81 NA 11,72 15,63 15,63 31,25 500,00

0,74 1,47 NA 3,91 3,91 7,81 15,63 > 500

4e 0,74 1,47 NA 3,91 3,91 7,81 15,63 > 500
0,74 2,93 NA 3,91 7,81 7,81 15,63 > 500

*Zelené jsou oznaceny nejucinnéjsi latky, které svym antibakterialnim uc¢inkem pfedCily pramérné hodnoty
referencnich latek alespon v Sesti pripadech, tzn. proti ttem rdznym G* & G~ bakterialnim kmendm. Tuéné
jsou zvyraznény pravé ty hodnoty MIC a MBC, které jsou nizsi nez odpovidajici primérné hodnoty
referencnich latek.

V pripadé, Ze latka ani pfi nejvy$Si testované koncentraci neti¢inkovala na konkrétni kmen, vysledek byl
oznacen jako > nejvyS$Si testovanéa koncentrace.

NA znadi, Ze danéa latka nebyla na dany kmen testovana.

S. aureus (STAU), meticilin-rezistentni S. aureus (MRSA), S. epidermidis (STEP), vankomycin-rezistentni
E. faecium (VRE), E. coli (ESCO), K. pneumoniae (KLPN -), K. pneumoniae produkujici Sirokospektré
B-laktamazy (KLPN +), multirezistentni P. aeruginosa (PSAE MR)



Priloha C - Tabulka minimalnich inhibi¢nich a baktericidnich koncentraci nové

pfipravenych latek

Minimalni inhibicni koncentrace po 24 hodinach (umol/l)
Minimalni inhibiéni koncentrace po 48 hodinach (umol/l)
Minimalni baktericidni koncentrace po 24 hodinach (umol/l)
Oznaceni STAU MRSA STEP VRE ESCO KLPN- KLPN + PSAE MR

1,95 15,63 15,63 31,25 15,63 7,81 15,63 250,00
S1c 1,95 15,63 15,63 31,25 15,63 7,81 15,63 375,00
1,95 15,63 31,25 62,5 15,63 7,81 15,63 375,00

0,98 3,91 2,93 15,63 7,81 15,63 7,81 19,53

S1d 1,47 3,91 2,93 15,63 7,81 15,63 7,81 23,44
1,47 3,91 3,91 23,43 7,81 15,63 7,81 23,44

0,98 3,91 2,93 15,63 31,25 62,50 62,50 66,41
S1e 0,98 7,81 3,91 15,63 62,50 62,50 62,50 125,00
1,98 7,81 7,81 23,43 62,50 62,50 93,75 187,50
5,21 31,25 31,25 52,08 62,50 125,00 208,33 500,00
S2c 9,12 31,25 62,50 52,08 62,50 125,00 208,33 500,00
18,23 52,08 62,50 104,17 83,33 166,67 208,33 500,00
1,14 2,93 3,91 6,51 20,84 26,04 62,50 500,00
S2d 1,30 2,93 3,91 7,81 20,84 26,04 145,83 500,00
2,28 6,51 5,21 7,81 20,84 26,04 208,33 500,00

0,65 13,02 2,60 3,26 10,42 15,63 15,63 > 250

S2e 1,30 36,46 2,60 5,21 10,42 15,63 15,63 > 250
1,95 46,88 3,26 5,21 10,42 20,84 15,63 > 250
0,49 1,95 3,91 3,91 5,86 15,63 15,63 156,25
S3bb 0,49 1,95 3,91 3,91 5,86 15,63 15,63 156,25
1,47 1,95 3,91 3,91 5,86 15,63 15,63 156,25

0,98 4,56 15,63 9,77 41,67 31,25 52,08 > 250

S4 0,98 5,21 15,63 11,72 41,67 31,25 52,08 > 250
1,30 10,42 15,63 15,63 52,08 31,25 52,08 > 250

0,41 0,90 NA 3,91 0,37 NA 13,02 15,63

S5 0,41 0,90 NA 3,91 0,37 NA 18,23 23,44
1,63 3,58 NA 19,53 0,49 NA 54,69 187,50

0,49 0,49 0,49 0,69 0,74 0,98 2,45 2,20

S6 0,74 0,98 0,49 0,98 0,98 0,98 2,45 2,45
4,40 2,45 2,20 6,84 4,40 4,40 5,86 5,86

V pripadé, zZe latka ani pfi nejvyssi testované koncentraci neucinkovala na konkrétni kmen, vysledek byl
oznacen jako > nejvy$Si testovana koncentrace.

NA znaci, Ze dana latka nebyla na dany kmen testovana.

S. aureus (STAU), meticilin-rezistentni S. aureus (MRSA), S. epidermidis (STEP), vankomycin-rezistentni
E. faecium (VRE), E. coli (ESCO), K. pneumoniae (KLPN -), K. pneumoniae produkujici Sirokospektré
B-laktamazy (KLPN +), multirezistentni P. aeruginosa (PSAE MR)
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The Antibacterial Effects of New
N-Alkylpyridinium Salts on
Planktonic and Biofilm Bacteria

Michasla Hympanova's, Sada Terlep?, Aneta Markova', Lukis Prchal, tztok Dogsa®,
Lemka Pulkrabkova', Marketa Bernkova'®, Jan Marek's and David Stopar®
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An increasing microbial resstance to known antibiotics raises a demand for
new antimicroblats. In this study the antimicrobial properties of a seres of new
MN-aloddpyricinium quaternary ammonium compounds (QACs) with varying alkyl chain
lengiths were evaluated for several nosocomial pathogens. The chemacal identities of the
new QACs weare datermined by NMR, LC-MS, and HRMS. All the ptanktonic bactera
tested were susceptible to the new QACs as evaluatad by MIC and MBC assays,
The antimecrobial effect was most pronounced aganst Staphylococcus aureus cinical
lsolates. Live/dead staining CLSM was used 1o test the effectiveness of the QACs in
biofims. The effectivenass was up to 10-fold lower than In the plankton, When QACs
were used as imgants in EriYAG - S5F photoacoustic steaming, their effectiveness
significantly Increased, The combined wse of imgants and photoacoustic streaming
increased biofilm removal frorm the surface and increased the kiliing rate of the cells
rermaining on the surace. This may aliow for a shorer chemical exposure time and
loweer dosage of QACs used in applications, The resulls demonstrate that the new QACs
have potential to be applied as antibactenal compounds affective against planktonic and
biofim bactera as weall &s imgants in removal of dificult-to-reach biofims,

Kaywords: antimbcrobial sctivity, o t i

nailts, bocteria, bafilm, phod g Irrigpation

INTRODUCTION

Infections discases caused by pathogenic bacteria are o threat 1o public health all over the world
(Courvaling 2006s Watkins, 2018). A high prevalence of resistance against known antibacterial
agents aggravates the situation, For instance, many nosocomibal pathogens such as Predontons
aeruginoss, Maphytococcus aurens, Escherichia coli, Klebsiella prewmoniae, and Enterococcus fuecalis
are resistant to known antimicrobials and are difficult to treat (Khan of al., 2007} There is an urgent
need o develop new antihacterial agents that will replace those to which bacterka have developed
resastance. In particular the new antibacterial agents shoald have good activity against biofilm
bacteria which are typically more resistant and are more difficult to remove from surfaces (Ceri
el ml, 1999 Olsass ef al, 2002,
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Cruaternsry ammonium compounds (GACs], are widely used
in medicine. They have proven antimicroblal  properties.
have low toxicity, and are minimally irritating (Gerba,
Mi15), They are most cffective against Gram  positive
bacteria, but are also  effective against Gram  negative
bacteria. viruses and bofilms {Jennings e al, 3004 Gerba,
5 QACs can be used in antibacterial formulations or
incorporated into medical products, such  as  composite
materials  or  acrylic  resing, or  sdhesive  systems  and
endodontic  dental  materals, where  their  antimicrobial
activity against Streptococcus mutans, E o foecalis or other
bacteria decreases the occurrence of secondary caries infection
[Fhang et al,, 2018,

In difficult-te-reach biohlm infections chemical treatments are
stmetimes combined with physical or mechanical co-treatment
methods to increase their cffectiveness. For example, in a
dental root canal procedure chemical antibacterial treatment
{i.e., sodium hypochlorite) is- combined with root irrigation.
However, sodium hypochlorite i toxic and i not suitable
for certain medical applications (e, in dental implant related
peni-implant mucositis and peri-implantitis), The traditional
method of irrigation using a syringe with a needle often
fails because of the limited irrgant fbow and its ability
to reach distant areas (Boutssoukis et al, 200} Various
new irrigant activation technigues. hove been suggested to
fmprove biofilm removal (Kuremsann et al, 2009) The non-
contagt EnYAG photoacoustic streaming with Super  Short
Pulses {85F, 50 ps) has been a very successful method of
remaving  biofilms from the dental root system for many
years (Olivi et al, 2004: Akcay et al, 2007 Lukst and
Jererick, 2008; Kurnunn et al, 2009} EcYAG photoacoustic
irrigation causes biofilm mechanical debridement by turbulent
mowement of fluid irrigant, and at the same time the chemical
action of the irrigant atsell significantly  improves biofilin
removal. The problem with irrigation techniques is that many
of currently wsed irrigants in dentistry are toxic in high
concentrations [Clarkson and Moule, 1998 Fehnder, 2006).
It would therefore be benehcial if new antibactenal irrigants
(e, QACs) with lower toxicity were available. especially
for irrigation in presence of vital ussue. The use of QACs
for pheteinduced irrbgation treatment of Blofilms has not
been tested et

In this study new QACs were evaluated for their efficiency
as irrigant and antibacterial compounds against plankton and
biofilm. Antibacterial effects were tested on clinical isolates
of nosocomial pathogens including 5. awreis, Staphylocorcus
epfdermidiz, E. faevalis, £ coli, and & prietnnoniee. For laboratory
testing and drvigathon experiments non-pathogenic strain of
E faccalls was used, The antibacterial effect was probed
cither by chemical treatment or a combination of chemical
and Er:YAG irrigation methods: The chemical identity of the
new QACs was determined by NME, LC-MS, HRMS. The
antibacterial activity of QACs was measured with MIC and
MBC assays, The results suggest that new QACS have a good
petential as antibacterial compounds effective againsg planktonic
angd biofilm bacterin, and also as irrigants in laser-assisted
removal of biofilms.
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MATERIALS AND METHODS

Chemistry

General Information

The preparation of -Alkylpyridinium derivatives (Ags, Ay,
Aga) and F-alkyl-1-(2-hydroxyethyl)imidazedium (€2, Ciy, Cis)
derivatives with appropriote alkyl chain length (=CjpHas;
—CigHat -CigHay) has been described  previously (Marck
et al, 200k Soukup el al. 2020} The serbes of 1-alkyl-3-
chloropyridinium derivatives (Byz, Byg, By ) was prepared for the
first time In this study by reflusing 3-chloropyridine (18 mM)
with the appropriate alkyl bromide (45 mM) in aceroniteile
{50 mll) for 96 h. The acetomitrile was evaporated and the crude
product purified by recrystaliization several times from diethyl
ether. Alkyl bromides and 3-chboropyridine were purchased
frovm Sagma- Aldrich {(Prague, Crechia) and wied without further
purification, Acetonitrile was purchased from VWR (Prague,
Crechia). The reaction progress was monitored by thin layer
chromatography (TLC) on alwminum sheets with stlica gel 6ih
Fizg purchased from Merck (Pragee, Crechia) in a mobile
phase of methanol: ethyl acetate: ammonia solation = 3: 1: 0.0,
Detection was carried out with ultraviolet light (254 nm) or with
KMnCy solution (1% ag, sol.), "H NMR and "'C NMR spectra
were recorded in CDClL at ambient temperature on @ Varian
S500 spectrometer (499.87 MHz for 'H and 12571 MHz for
By, Chemical shifts, &, are given in pants per million (ppm),
and spin multiplicities are given as 5 (singlet), d (doublet], dd
{doublet of doublets), di (doublets of triplets), © {triplet) or m
{multiplet). Coupling constants, [, are expressed in hertz (Hz).
For 'H. & is relative to CIHCl (8 = 7.26) and for C relative to
CDCT (8 = 77.00) Melling points were determined by melting
point apparatus - Stuart SMPH (Eaton, United Kingdom ) - and
wiere ungorrected,

LC-MS Analysis

High performance liquid chromatography (HPLC) coupled
with mass spectrometry (M3} detection was performed 1o
determine the identity and purity of the prepared compounds,
The system used in this study was a Dionex Ultimate 3K
UHPLC: RS Pump, RS Column Compartment, RS Autosampler,
[iode Arsay Dietectar, Chromeleon (version 7.2,9 build 11323)
saftware { Thermo Fisher Scientifc, Germering, Germany ) with
Exactive Plus Orbitrap mass spectrometer with Thermo Xealibur
{wersion 3,1,66.10.) software (Thermo Fisher Scientific, Bremen,
Germany), Detection was performed by mass spectrometry
in positive mode. The settings for the heated electrospray
source were spray voltage 3.5 kV; capillary temperature: 300°C;
sheath gas: 55 arbitrary unitss auxiliary gas: 15 arbitrary
units; spare gas: 3 arbitrary units; probe heater temperature:
I50°0C; max spray current: 100 juA; S-lens BF Level: 50. High
resolution mass specira (HRMS) and sample purities were
obtained by HPLC-MS grodient method. A C18 column was
used {Phenomencx Kinetex EVO CI8, 3 = 150 mm, 2.6 jum,
Phenomenex, Japan). Mobile plase A was ulirpure water of
ASTM | wpe [resistivity 182 Melcm at 35°C) prepared by
Barnstead Smart2Pure 3 UV/UF apparatus (Therma Fisher
Scientific, Bremen, Germany) with 0.1% (w/v) formic acid;



mobile phase B was acctonitrile (M5 grade, Honeywell Sigma-
Aldrich, Germany) with 01% {v/v) of formic acid. The flow
wiis constant at 0.4 ml/min The method began with | min of
isocratic flow of 5% B, followed by gradient flow of B rising
to 100% B in 3 min, followed by constant flow of 100% B
for 1 min, The composition then went back o 5% B and
equilibrated for 5 min. Total run time was 10 min, The samples
were dissolved in methanol (LC-MS grade. Fluka Sigma- Abdrich,
Steinheim, Germany) at a concentration of | mg/ml and sample
njection was | pl. Purity was determined by UV at 254 nm.
HRMS was determined by total ion current spectira from the
mass spectrometer.

NMR and HRMS Data

I-dodecyl-3-chloropyridinium bromide (B2}

VH NMR (300 MHz. methanol-dy) 89,37 (1, /= 1.8 He, 1H, ArH),
.06 {dr, ['= 6.0, 1.2 He, 1H, ArH), 8.73-8.67 {m, 1H, ArH), 814
(dd. J =85, 6.1 He 1H, ArH), 4.71-4.64 (1, 2H, CHy ), 2.10-2.01
{m, 2H, CHz ) 148=1.24 {m, 18H, 9 x CHy), 090 (1, [ = 7.0 He.
3H, CH3).

B NMR (126 MHz, CDaOD) & 146,67, 14553, 14472,
137,00, 1300M, 6361, 3305, 3242, 071, 6], 3047, 3044,
30,09, 27,16, 2371, 1443,

ESI-MS: miz 282.20 [M* ] (cabe. for [ HxCINY | 282,20,

1-tetradecyl-3-cliborapyridinium bromide (B y)

TH NMR (500 MHz, chloraform-d) & 9.70-9.65 (m, 2H, ArH),
BA8 (i, [ = 7.8, LE Hz, 1H, ArH), 825 (dd, | = 8.5, 6.0 He
IH, ArH). 5.10(t, } = 7.5 Hz, ZH, CH3), 2.09-1.99 {m, 2H. CH;).
LAS-1.14 {m, 23H, 11 = CHaz), 0.B6 (1, | = 6.8 Hx, 3H, CHa).

HE NMB (126 MHz, CDEL A 144,97, 144,12, 143,75, 13565,
129,16, 61,35, 31,98, 31.82, 29.548, 29.54, 29,51, 29.44, 29.27, 29.25,
.01, 2597, 2159, 14.03.

FSE-MS: mfe 310023 [M ] (eale, for [CeHaCINY| 310.23)

I-hexadecyl-3-clhiloropyridinium bromide (8.}
TH MMR (500 MHz chloroform-d) & 9.68 (d. / = 60 Hi LH.
ArHY, 963 {t, | = L7 Hz, 1H, ArH), 8.48 (dd, [ = 8.4, 20 Hz, IH,
ArH), B.24 (dd, ] = &5, 6.0 Hz, 1H, ArH), 511 {t, ] = 7.5 Hz, 2H,
CHa), 209199 (m, 2H, CHa), 146=1.01 (m. 26H, 13 = CHa).
.86 (L, | = 6:9 Ha, 3H, CH; ).

13E NMR (126 MHz, CDCly) & 14498, 144,16, 143,70, 13567,
12915 6241, 51.98, 3,45, 29.63, 29.58, 20,54, 29,46, 29,29, 29.03,
25.99, 2261, 14,05,

ESI-M5: miz 33836 [M*] (cale. for |Gy Hy CINY | 338.26),

Bacterial Strains

The bacterial sirains used in this study arc listed in Table 1. All the
strabis, apart from E faecaliz, were stored at the Department of
Epidemislogy, Faculty of Military Health Sciences, University of

Diefence in Broo (Crechia) using ITEST CRYOBANK B oryotubes.

(ITEST plus sro, Hradee Kralove, Crechia) in o freese box
a =70°C, Before MIC/MBC testing by broth microdilution
method, all strains were cultivated on Mueller-Hinton agar
(HiMedia, Cadersky-Envitek, Prague, Crechia), Enferseoccus
Saecalis DSM 16431 (kindly donated by SymbinGroppe GmbH
& Co KG SymbioPharm GmbH) was stored in cryovials at the
Department of Microbiology. Biotechnical Faculty, University of

Pl i RACsitainogy | W Wofinsmn o

Ao ERacs of heow T

TABLE 1 | Eactonal sirains use in His alucky

Strady Abb*  Source

Qs Staphyiocooous s SHMT BIAU Chnecol it
it s B s WFGA Chivcal seate!!
Ctoza
Slanhyononcs s SR Chrecal tiate®
Cie
Entardcocrus Rocnky DS Esak GymisoCinuppa (bl &
LT Co B Syresfram

GmnH)

G- Esshenchas ool 41225 EBCO  Clevcal wolate’
Hbmantla o e £ 055 KiPh- Ol motibe®
At SpOum KiP%e  Chnioal mobe’

[t T ]
M proovrmonas C18G4

Eahbrretndinns for Figunes ang' Tabie 1 thin pubiicnion irical aoies of patends
Heeaty (e Lirinr Ty HGEORR! YO HAIDWE

Ljubljana (Slovenia} and was grown on Tryptic Soy Agar (Biolife,
[taliana S.r.k, Milas, laly),

Planktonic Bacteria Susceptibility Assay
The antibacterial susceptibility of planktonic bacteria  was
determined by the broth microdilution method according 1o
the standard MOT-AL (151 201K) and optimized as described
pm\-h!u:l}f {Marck et al, 2005; Doleral et al. 2008), Al
antibacterial compounds were dissobved in dimethyl sulfoxide
(DMSEY poa, Sigma-Aldrich, Prague, Czechia). The wells of the
S6-well microtiter plates contained 200 L of Muelier-Hinton
broth {MHB, HiMedia, Cadersky-Envitek, Praguee, Crechia) with
two-fold serial dilutions of the QACs (300-0.49 pmol/L) and
were inoculated with 10 L of exponentially grown bacterial
suspension adjusted densttometrically 1o match 0.5 McFardand
seale. The final concentrations of DMSO in broth did not exceed
1%. The MIC values, defined as inhibition of bacterial growih,
were determined visually after 24 and 48 b of incubation a1
35°C £ 1°C The MBCs were determined for all prepared
oompounds as the concenirations that provided =99.9% decrease
in the bacterial number afier suboulture of 10 L aliquots from
each microtiter well in a corresponding new microtiter plae
where cach well contained 200 jul. of fresh MHB. The MBC was
determined as the bowest concentration which corresponded to
a well without visible bacterial growth afer a further 24 h of
incubation at 35 £ 1°C, To ensare that no bacteria had survived,
the content of the well was inoculated on an agar plate to confirm
the absence of bacterial growth.

To evaluate the elfect of bacterial density on the antibacterial
activity of the QACs, E faccalis suspensions from an overnight
culture were prepared in the range from 10° to 10" CFUfmL
in Brakn Heart lofusion beath (BHI, VWER loternational BVBA,
Lewven, Belgium) by either diluting or concentrating bacterial
suspensions. The MBCs corresponding to E faecalis suspensions
with different initial bacterial densities were determined only for
the compound Ay in the concentration range between 500 and
049 uM prepared by 2-fold serial dilutions. The MBCs were
evalusted as described above after the bacteria were exposed to

easbesr 2000 | Wiokormes 11 | Ao 57851



the (ACS for 3 min, 40 min or 24 h. The growth rate of tested
E faecalis suspensions at different initial bacterial densities was
momitored every 30 min during 7 b of incobation by measuring
the optical density {(Mpe). The values were fitted with the
loqgistic equation

KN

N = ————————
L. (K = Mgy 4 Ny
where Ny is the initial O o0, K is the carrying capacity {maximal
Mg in the stationary growth phase), ¢ is the leagth of time of
Incubation. and r s the grawth rate constant,

Biofilm Susceptibility Assay

To grow the biofilms, an overnight culture of E faccalis (average
wighle bacterial concentration of | = 10 CFU/m) was diluted
LMd-fodd in BHI. E. fuecalis biohlms were lormed on titanium
radial disks {commercially pure titanium, grade 2} with 7 mm
diameter and | mm thickness. Prior to the experiments all disks
were sandblasted (FerroEcoBlast Europe; Microblast ceramic
beads BIZ0) o expese fresh titanivm surface, cleaned in 70%
ethanol and autoclaved at 134°C for 20 min. The biofilms were
grown for 3 days at 37°C & 1°C without shaking or changing of
media to achieve a surface coverage of approximately 25% and a
surface bacterial density of ~1.5 = 10" bacteria perml. Biofilms
grown on a titanium surface were exposed to 1.5 ml of Ay, By,
aned €y dissolved in BHI for 1, 3, and 60 min. After treatment
the individual disks were rinsed with saline solution 1o remove
(2ACs as well as anattached bacteria. In laser treated biofilms
samples were treated with QACS for | min followed by 10 5 of
Er:YAG - 85P laser treatment, The LightWalker Er:YAG [Fotona,
Ljubijana, Skovenia) was set with the following parameters: laser
wavelength 2940 nm: contact handpiece Hi4, Flat Sweeps fiber
tip 400/ 14 positioned 5 nun abive the biofilm disk, energy 20 m].
frequency 15 He waler off, air off, single pulse modality - 551
[super short pulse = 50 ps), The titanium disks with their biofilm
were positiened a1 the bottom of cylindrical irrigation system
(7.5 mm diameter and 2 cm high) in the presence of 1.5 ml
of gither saline or the QAL dissolved in BHI, The antibacterial
concentrution was 250 LM which was the highest soluble QAC
concentration in BHI broth. The rinsed biofilms were stained
with 5 pl of premixed saline-diluted Svio 9 and propidium
indide stock solutions (1: 300) from LIVE/DEAD™ BacLight™
Bacterial Wiability Kit L7012 {Thermo Fisher Scientific, Fugene,
OR, United S1ates), After 5 min of incubation in the dark the
mmples were observed by fluorescence microscope Zeiss Axio
(hwerver Z1 equipped with confocal unit LSM 800 (CLSM).
Z-stacks and tiles were taken ot 100x or 20x magnification
at three randomly selected view fields, Image acquisition and
control of the microscope were performed with ZEN 2.3 (ZEISS
GmbH, Germany). For the 100x magnification, blue 488 nm
and yellow 561 nm lasers were set to 1% intensity, GaAsP PMT
detectors 10 700 V, pinhole to 78 jum, and the size of the acquired
R-bit images was 376 = 3476 pixels. For the 20 magnification,
It 488 nim and yelliw 561 nm lasers were sel to 0,.85% intensity,
GaAsP PMT detecton to 700 V, pinhole 1o 50 jum and the size of
acquired &-bit images was 1306 x 1306 pixels. The typical Z-step
of the Z-stack was | pum for 100 magnification and 3.26 pm for
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20 magnification. The images were composed of four differem
view felds. A4 custom seript was written (Image 1) and used o
evaluate the effect of treatment on the fraction of dead cells and
binfilm surface coverage.

The Bliss independence mode] was used for the evaluation of
interactions of the combined QACs and Faser treatement {Bliss,
1939, The mesdel assaumes that & singhe agent acts independently
but contributes to the final cutcome (Rliss 1939 Foucgider and
Gruedd). 20151 The observed combined effect (Fo, ) 3 compared
1o the expected combined effect (Eeg) which is caloulated as
Ecyp = 1 = (1 = Eq) = {1 - E;), where Eq and E; are the effects of
the single treatments. The difference between the Ep, and Eqp ks
the Excess over Bliss (ealt), Positive sob values indicate synerglstic
interaction, whereas negative col values indicate antagonistic
behavior. Null eob value implics no interaction.

Cell Viability Evaluation

Standard  MTT  assay  (3-{4,5-dimethylthiazel-2-41)-2,5-
diphenylterrazolium  bromide;  Sigma-Abdrich,  Prague,
Crechia) was used according 10 the manufacturers protocol
on the CHO-K] (Chinese hamster ovary, ECACC, Salisbury,
United Kingdom) in order 10 compare the effect of differemt
cnmpounds within the series. The cells were cultured according
1o ECACC recommended conditions and seeded in o density
of 8000 per well as described previously (Soukugp et al, 20200,
Rrietly, the tested compounds (series A, B, C) were dissolved
in DMSCY (Sigma-Aldrich, Prague, Crechia) and subsequently
diluted in the Nutriemt Misture F-12 Ham growth medium
(Sigma-Aldrich. Prague, Coechia) sopplemented with  10%
Fetal Howvine Serum and 1% Peniclllin-Streptomyein {baoth
Sigma-Aldrich, Prague, Czechia) so that the final concentration
of DMS0 did not exceed 0.5% (viv), In the case of sodium
hypochloride, the commercially available detergent called Savo
containing this active compound was dilued 10 the initial
half concentration {Le, 2.35%) with the supplemented growth
medium mentioned above. Thereatter, CHO-K! cells were
exposed to two-fold diluted series A, B © or fen-fold diluted
sosfium hypochlorite for 24 b, Then the medium was replaced
by a medinm containing 0.5 mg/ml of MTT and the cells were
allowed to produce formazan lor approximately 3 h amder
surveillance, Thereafier, the medium with MTT was removed
and crystals of formazan were dissolved in DMSCO (100 pliwell).
Cell viability was assessed spectrophotometrically by the amount
of formazan produced. The absorbance was migasured at 370 nm
on Synergy HT (BioTek, Winooski, VT, United States). 10 {half
maximal inhibitory concentration) was then calculated from the
contenl - subtracted triplicates using non-linear regression {four
parameters) by GraphPad Prism 5,03 or 7,03 software {GraphPad
Saltware [nc., San Diego, CA, United States), Final ICss and SEM
{standard error of the mean) values were obtained a5 2 mean of
three independent measurements.

Statistical Analysis

Al bkolisgical experiments were Independently perlormed at least
three times with three replicates for each sample. The resulis
for the hiofilm susceptibility were analyzed by Shapiro-Wilk
normality test. Tukey’s multiple comparison test was used o
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cvaluate the live/dead ratio (we hove ussumed that the data
are normally distributed], whereas Dunn’s mubtiple comparison
tesl was wied for surface coverage, where the resulls were ot
normally distribsted. P-values of <005 were considered 1o be
sigmificant. GraphPad Prism 7,03 software {GraphPad Sofiware
Inc., San Diego, CA, United States} wus used for statistical
analysis and graphical representation,

RESULTS AND DISCUSSION
Chemistry

The chemical structures of 1-Alkylpyridinium derivatives (Ays.
Agis Agsli L-alkyl-3-chloropyridinium derivatives (B2, By, Bis).
and  3-alkyl-1-12-bydroxyethdlimidazoliom  derivatives (€3,
Cis T ) are shown in Figure 1.

We have prepared % quaternary ammonium salts containing
pyriding ar imidazole heterocyelic rings. The compounds of
group A and C were synthesized as deseribed previously and
served s reference QACS (Marck et al. 2010; Soukup e al.
20203 The novel antibacterial compounds (B group) were
prepared by Menshutkin reaction, where the tertiory amine was
comverted into a quaternary ammonium salt by reaction with
an alkyl halide (nucleophilic substitution-type reacthon), Each
homologous group consisted of three N-alkyl derivatives with
either 12, 14 or 16 carbon atoma in the alkyl chain. The structures
of the new compounds weee confirmed by 'Hand Y'C NMR and
HAMS analysis. The purity of all the compounds was =95%. The
vields; meldting points; purities and Clog P (calcuiated logarithm
of the partition cocfficient) of different antibacterial compounds
are given in Table 2 Clog P was calculated with MarvinSketch
[version 145980} software. As expected, the melting points of
the new compounds and Clog P values increased with increasing

allyl chain length.
In vitro Antibacterial Activity
Susceplibility of QAGs Against Planktonic Bacteria

The series of sinthesized QACs were evaluated for their
antibacterial activity ogainst selected nosocomial planktonic
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bacteria using broth microdilution assay. The antibactersal effect
of the new chlorine-substituted N-Alkylpyridiniums (Biz.. ja)
and referemce NeAlkylpyridiniums (Ao ) on plankionic
bacterial strains is shown in Figure 2. All the compounids were
eifiective against the tested bacterial strains. Higher antibacterial
activity, as indicated by lower MIC value, wis found against the
G+ bacteria E. faecalis (EFAE). 8 awrews (STAUY, methicillin-
resistant 8, aurees (MRSA), und 5 epidermidis (STEP). The
lowesnt MIC and MBC values were obtained for 5 aureus,
The observed higher susceptibility of the G+ bacteria 1o QACs
compared 10 G= bacteria i in agreement with the literature
(Tischer et al, 2012; Shiyrlin et al, 20016), There s a general
trend of decreasing MIC valuet with increasing alkyl chain
length for all antibacterial compounds tested, The exception is
Ajy which was more efficient against MRSA than Ay, Such
increasing antimicrobial activity wath imcreasing alkyl chain
length has been reported previously (Li et al, 2013 Zhang et al,
2016}, When an N-Alkylpyridinium QAC was compared with a
chlorine-substituted N-alkylpyridinium or N-Alkylimidazalivm
at a given alkyl chain length (ie. A By, and €y in
Figure 2), there was i significant difference in the antimicrobial
activity for G+ bacteria. In the case of the G— bacteria E. calf
(ESCO), K poenmoniae (KLPN—), and extended-spectrum fi-
lactamase- producing K. prewmostize [KLPN 1), the most effective
were imidazolivm compounds. Our results are consistent with
previous observations that small changes in the structure of
QACs such as introduction of electronegative atom allow for fine-
tunability of surfactant propertics {leown et al, 2017; Fuente
Nuner e al., 2015),

The Effect of the Initial Bacterial Density on
Planktonic Antimicrobial Effectiveness

The cffeet of different initial bacterial densithes on the MBC are
given in Fignre 3. The MBC was determined after 3 min, 60 min,
and 2 h ofbacterial exposure to the antibacterial compound. The
MBC increased with the initial bacterial density. This is usually
interpreted as an increased resistance to the antibiotic due to
the indoction of quorum sensing pathways [ie, by increasing
the number of persistent cells in the population, the expression
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of peroxidases which provide protection against reactive oxygen  much less than the increase in the number of bacterial celb. If ome
species, or the oversxpression of an efflux pump (Rémy ef a caleudates the relative MBC value per bacterial cell the effective
%Y. The lncrease in MBC with cell d:l.n:t!r. however, was MBC in fact sigll.l:l'n‘_m!l}' decreases with cell denuities lFIIEm 1
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The required MAC after 24 h at 10° CFUMm inivial bacterial
density was 21 « 107" M and decreased 10 2.7 = 107" pM
at the initial bacteriad density of 10" CFU/mL. This Is mose than
three orders of magnitude. The results imply that the denser the
initial bacterial suspension the more the individual bacteral cell
i susceptible to the antibacterial compound. This & surprising
and could be duc fo an increased level of stress experienced by
the individual cell in a mare crowded environment. Although
at high cell densities bacterna may collectively adapt their
behavior and incresse anfibiotic resistance the results of this
study suggest that the individual cells of E faecalis become
maore stressed and susceptible 1o the antibiotic at higher initial
bacterial concentrations. This could be due to reduced availability
of nutrients and reduced growth rate. To check this we have
grown bacteria at different initlal densities in fresh mediom.
As illustrated in Figure 3. the optical density increased during
incubation for the dilute initial bacterial suspensions {i.c., from
W o W' CFUMmiD but remained unchanged if the initial
bacterial concentrathon was 107 CFUml ar higher. The growih
rate, which is a general indicator of cefl well-being, decreased
significantly with increasing initial cell demsity.

Effectiveness of QACs Against Biofilm

The effectiveness of different QACs against E faecalis biofibms
wis determined with Ags, Bio, and Cpe compounds as shown
i Figure 4 All tested QACs were effective against E fuecalis
hiofilms alter &0 min of treatment. The irction of desd (red)
cells increased with the time of incobation. The increase was most
promounced for Gy, where the majority of cells in the bofilm

it @ RAsotiegy | wees Biilieain o

were dead already afier | min of treatment. The effectivencss of
By was higher than that of Ajy. As a positive control we have
used Sodium hypechlorite solution apphied at the concentration
commanly used in clinical practice (3% V/V), After | min of
exposure the biodfilm coverage decreased below 1%, The applbed
NaC] concentration was approximately 150 times higher than
QACH concentrations used in this study.

To quantify the effect of different QACs on E, faecalis biofilms
we have determined the fraction of dead cells and the biofilm
surface coverage prio to and after the treatmyent {Figure 43, Prioe
o treatment, most of the bacterial cells in a biofilm (88 & &%)
were alive. Alter 60 min of treatment, the propartions of lve cells
decreased dramatically and were 18, 14, and 3% for Ajq. Byg.and
Cig. respectively. The most effective compound against biofilm
bacteria was €y, where after 3 min of treatment the fraction of
dead bacteria was already B6 & 4%, Byy was more effective than
A L iz interesting 1o note that surlace coverage did ot change
significantly during the treatment, suggesting that &y, Byq, and
Cya kill bacterial cells in a blofilm, but do not remove them from
the surface, Similar behavior has been observed for chlorhexidine
treatment, where the bacteria in the biofilm were killed, but not
removed from the dentin surface (e ¢t ol 2000,

Comparison of the Effectiveness of QACs Against
Planktonic and Biofilm Cells

In plankion suspensions we were able to reach bactericadal
concentration for all tested QACs The situation was quite
different in biohlme. The concentrations that work in plankion
were ol sufficient to kill all bacteris in the hioflm. It
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made for & mtans biofilms, where biofilm cells were only 8
times less susceptible to QACs compared to plankion bacteria
[Loper Pérer el al,, FOLTY,

Er:YAG Photoacoustic Irigation With QACs in Biofilm
Treatment

Although treatment with QACs killed most of the bacteria in
biafilms, 4 significant fraction survived (eg. 18% with the Ay
compound after 60 min of treatment), Since 60 min is far
too kong for many applications (e.g. in dentistry), we tested if
laser treatment could potentiate the effect of QACs To check
this we pretreatesd the biofilms chemcally with the QAL for
I min followed by EnYAG photoscoustic streaming treatment
for 10 s (Figure 5). As a control, biofilms were pretreated
with 0.9% NaCl saline solution followed by baser treatment.
In the control samples the ExYAG photoacoustic streaming
substantially decreased the biofilm surface coverage, but did
not change the fraction of dead bacteria in the biofilms It
Is important 1o note that in pholoacoustic streaming with
short laser pulees the laser s not acting directly on the
surface but it Induces cavitation und consequently increases
streaming o the fluid, which removes bacteria from the
surface but does not change the ratio of live/dead bacteria.
Om the other hand, when samples were pretreated with
QACs followed by laser treatment the fraction of dead cells
increased nuticeatily.

Tov quantify the data, the proportion of dead cells and the
surface coverage after EnYAG photoacoustic irrigation were
determined and are shown i Figure 5. [f the cells were
in saling solution the laser treatment significantly decreased
the surface coverage, but did not significantly change the
ratio of live/dead bacteria which remained on the surface
Although the surfice coverage decreased more in saline solution
compared o QACs the difference was not significant, On
the other hands, when biofilms were chemically pretreated
with QACs the fraction of dead cells increased significamly
after laser treatment, for all tested QACs. To check if the
potentiation provided by laser treatment is synergistic or
additive, we have determined the Bliss independence index
I all cases it was positive indicating o symergistic action of
QACs and laser treatment. The synergistic effect was maost
pronounced with the novel Byy. Taken together, these dara
imiply that short laser treatment dramatically improves the
elfectiveness of QACs by romoving bacteria from the surface
and by increasing the killing rate. This may allow a shorier
chemical exposure thime and lower dosage of QACs used
in apphcations.

Cytotoxicity of QACs

It vitra cytotoxicity evaluation of QACs on mammalisn CHO-
K1 {Chinese hamster ovary} cell line is given in Table 3. With
the incriase in the alkyl chain length the cytotoxic potential of
the drugs increased. This effect 45 probably caused due to the
increasing Hpophilicity expressed as the Clog P (Table 2) and
correlates most likely with the ability to penetrate into cells more
casily (Marek ef al,, 2015 Soukup et al, 2020),
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The highest cytotoxicity was determined in the series C
which is most likely due to the hydrosyethyl group in the
structure. The chlorine substituent in the meta position within
the series B caused higgher cytotoxicity in comparison o series
A, The sodivm hypochlorite was more cytedoxic than A and
B compounds. The cytotoxicity of commeonly used or structure
modified QACs was already studied several times. However,
the comparison of the obtained values with already published
is limited due to the assays ditferences, especially regarding
to the type of the cells wsed in experiments, Newertheless,
the evtowxbeity of the well-known QACs representalive,
benzalkonium chloride, is frequently established in similar range
as our QACs [ECs; =~ 1242 pM for human hepatoma cell
line. (Christen et al, 2007); ICso =~ 148 pM for Human
alvealar cells (Kwon et al, 2009% Gy ~ 228 pM for
esteosarcoma cybrid cells (Darte of al, 20071 On the other
hand, lower toxicity was previously described for QAC-like
utagnetic and non-magnetic onic liquid surfactants and thelr
pabymieric anabogs (~50 LM for human embryonic kidney cells)
(Fuente-Nunee ot al.. 2018).

CONCLUSION

Al the selected nosocomial bacterial species were susceptible
tis the teded QAL in the planktonic state, The novel
chlorine substituted N-alkylpyridinium (B j0) compounds
wire most effective against planktonic £ auras with MIC
values between 0.5 and 4 pM. The new QACs have an effect
comparable 1o the effect of the non-chlorinated derivatives
of Nalkylpyridinium and N-Alkylimidazolium. The activity
of QACs on planktonic bacterls was - dependent on the
initial bacterial concentration in the suspension, By increasing
the initial bacterial concentration. which leads fo increased
bacterial density during the growth, the level of stres
experienced by individual cell was increased. This resubied
in lowering the effective QAC concentration needed 1o kill
a bacterial cell. Al evaluated QACs demonstrate anti-biofilm
wctivity against £ foecalis biofilms grown on o titanium
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Kiywords: Srepmcocan mastons s one of the bameria that inivintes the colomivation of the peliicle at the toocth mufsce, it

Feslenam phonphats formn n plague, togethes with other baewsia, which gradually disnives the pelliele amd leaves the imeth suriace

Oiral ol roesdel unprapcted againe i acidic arsl eavinsmens, Cabrum phispbate crramio re exeellent symtbiie materialy

mm fot the study of bislim Sormation tn dentlstry because they e comgarable 1o 12t In chemiod compesition asd

. myuerure, Caleiem phosphacss can be processed to achieve 3 variety of eryemlline compounds with biologically
relevand jenle substiistions and srectures hae allow stady of the effect of the serfico chembstry and the
sopograghy indepeslently, In this article, we deerile the prepurtion and chemcterimtion of three ype of
calcivm plosphate-besed moterinly a3 0 saimble wrfsce bor the formation of the S mutn blofilm: bets-
ericelcium phosphate (J-TCFY sintered hydroxyapative (SHAK and ealcium deficiont bydroxyapatite (CDHA),
The densest Bafilms were formed on the serfaces of SHA and CTHA, with no significans &|ferences doe m the
winighirmetry or micritructane, n oot nmm:mmwmm 0 5, mutans hinfitm farmation,
suggesiboy ifiai the copstalline sérocinoe by the o i Ey. SHLA was selecied jo develop
ummhmﬂdwwmﬂyﬂimhﬂmmﬂmmmdm

1. Iniroduction Tormathon., Over thime, bacteria attach to the toath and produece encymes

[Jental caries together with periodontal and oral mucosal disenses
are coming significant oral health issoes all over the world [1]. The
motabalism of sugan and carbohydrtes from food crestes an acidic oral
ervironment in which the quantity af carbohydrates n the diet and the
frequency of their intake are essentind factors (o caries etiology.
Currently, (requent teeth brushing s the best preventive measure
againgt caries. After brushing, the teath surface beging 1o be coversd
almost immedintely with a layer of mlive, glycoproteins, and phos-
phoprateins. These substences form & protecting pellicle on the noeth
susface agninst food and ncids produced by bacteria, However, the
pellicle is abo convenicnt for bacterial adhesion and subsequent plague

. liersa U ol T

that dissolve the pellichs and leave the 1ooth sarfiee unprotectsd 2],
Subsequently, the acidic oral environment couses hydroxyapatite
demineralization and demtin destruction [3,4]. One of the bacteria
wihich initiates the colonizstion bs Streprococous murons (5 mumans) 5],
&, murans can adhere directly o the pellicle, or can colonize an alresdy
formed plague. Marcover, the extracelbilar matrix formed by 8 muts,
Increases the virolencs amd contributes o plaque formation, making
these bacteria the main target when fighting against tooth decay,
However, the complexity of the envi of the oml eoviry aned
potymicrobisl interactions make difficult o understand comprehen-
sively ull the fisctom invelved in bofilm fermation and caries progres-
sion [0,7]. Therefore, the development of an in vire dental biofilm
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muoidel i5 an attractive approach for stedyving the complex nature of oral
microbdal diseases in o simplificd, reproducible and controlled way,
Maost of the dental blofilm models so far developed have focused on
Imitating the diversity of the oril microldome, whils almos oo aites-
tinn has been dewoted to mimicking the surface of the teeth [5].

Calelum phosgphate cermmics are excellent synthetic materials far the
study of dental biofilm formation because they have a chemical
composition and structure similar 1o those of teeth [9). Moreover, cal-
cium phosphates can be processed @ achieve a variery of crystalline
compounds with biologically relevant iomic substitutions and strisctures
that facilitate the study of the effect of each material variable inde-
pendendly. Due 1o the Smilarity with bore, calclum phosphace eern.nﬂm
are used as bone grafts and as coattrgs to improve the i

Hiomatrrigl Advenges |35 (202T) 212780

2, Materials and methods
& 1. Processing of calcium phogphores

atricalbeium phosphate (-TCP) powder [prodeced inchotse by solid
state reaction | 22, particle size between 32 and 45 pm) was mixed with
a 2.5 with aquecas selution of disedium hydrogen phosphate {NaZHPOS;
Sigena-Aldrich, 5. Lowls, MS, USA) ar a Hquid o powder ratio of 0.60
ml/g. The paste was placed in Teflan moulds o shape disks (11 mm
chinmeter and 2 mm thicknes), that were immersed in water for 10 days
at 37 “C to ereure complete hydrolysis of the @8- TCF powder into COHA.
COHA disks were subsequently immersed in & 20 wi% suspension of

of dental implants [10-14], and as may be expected, some ll.u'.ks have
akso stadied biofiln formation on calcium phesphates using strains of
bacteria commuonly causing surgical site hone infectons [15-50). Hy-
d.rwyapmlm amnl bur,a tricabeium phosphate ((FTCP) have been the

-] Hid b thiy ane the caletuin phosplares
muﬂ En:quc.nth' e | in bane repadr [ 9] In the oral feld, I::ﬂlmﬂ:y'l];hdlr
and [LTCP in the form of particles and napoparticles are used as teeth
reminemalizers In products o improve ol hyglens (tosthpaste ansd
mouthwash) [21,22],

Several works have studied adhesion, bisdilm (ormation, protein
interactions, and adherence inhibitors of £ msois on hydmayapatite
[ri-2a) Such works provide limited information of the physicochem-
leal properties of the hydroxyapatite wsed, and therefore neglect the
diversity of different apatices that exist [29]. In fact, hydroxyapatite may
exist s stoichiometric (Ca /P ratlo of 1.67) and non-stodchiometric (Ca P
ratio from 1,50 to < 1,67 p compound, each in a wide mnge of grain size,
pososity and specific surface area (S5A). Furthermaoes, the nymllln.t

dium hydrogen carbonate (NaHOD: LachMer, Ceech Republic) for 24
hoat 190 “C for corbonation. Sintering of COMHA and carbonated COEA
dhisks for % hoat 1100 "C resubted in (=TCP and SHA disks, respectively,

22 Cheracterization of calcien phaiphates

The crystalline phase compesition of the materials was determined
by X-ray diffraction (XRIx Rigaku; Smanlab, 3 kW CFL, Japan), Scans
were performed (n Brage-Brentano geometry, using Cu Ko radiation (40
kY, 30 maA), scanning the 2-thets range between 10° and 907, af a
scanning rate of 3°/min. The diffraction patterns were compared with
the Inorganic Crystal Structure Database (FC50) for phase kentification,
inchuding stroetural models for e TCE (1050 Mo, 923), (FTCP {C5D No,
6191) and HA {1CSD No, 0242400 The microstruciure of the samples
was observied using scanning eleciron microscopy  (SEM; TESCAMN;
Lym3, Crech Republich at an scocleration voltage of 5 kY after the
surfige was conted with a nanometric carbon layer, The specific surface
area [B5A) was determined by nltrogen adsorption (NOVA 3200e;

lattiee of hydroxypspatite allows several jonde substiue Ineluwhi
replacement of ealeium by moncvalear and divalent eations, the st
redevant being magnesium, substitution of phosphate groups by acidic
phasphates and carbanate, and substinution of hydroys by Auorine and
carbanate, among others [J0]. Such diversity In compositlon mnd
atructuire has a paramount effect on resctivity (s the blologieal envi-
romment, and consequently mot all types of apatites have the ame -
tivity, their osteogenic capagity being the most studied 211,

Among the variants, high temperature sintered hydrocyapatine
(5HA) and biomimete calchum-deficient hydroxyapatite (COHA; CaP
o of 1.50) are the most attrsctive synthetic apatites for mimicking the
surfnce af the teeth and sudying formation of the 5, misoris biofilm. In
pensrmal, SHA has o low 88A, large grain size, and high degree of orys-
talliniry, whersas biomimetie COHA consists of an entangled network of
nan-soichiometric nanccrystals with high 5SA. Thus, SHA and CIHA
deserye 10 be studied in o first stage o observe whether differences exis
Detween these two dissimilar materials with the ssme crystalline lagice.
In mddition, these is an interest to study the biofilm formation on (WTCP
because it 1s used as often & hydroxyapatite as a bone graft and mwoth
remineralizer, and can be obadned with mierostruetural feaiures
equivabent 1o those of SHA. Moreover, it has been reported that (-TCP is
able o reduce biofilm formation in comparison o COHA [19],

Hence, in this study three types of calclum phosphate-hased mate-
riaki have been prepared and characterized as suitable moterals for
5. miitns biafilm formation. SEHA, COHA and (-TCP were comparsd (n
terms of stolchiometry, crystalline composition, and micrastructure for
selection of o suitable surface for & basic dental biofilm model, Confocal
laser scanning microscopy, scanning electron microscopy and CRU
(ealomy forming unles) counting have been used for the Imaging. anal-
yaig, and characterization of the 5. mutans biofitn, SHA has been utilized
a5 the most suitable surface for studying the susceptibility of the biofilm
v chlorhexidine and ethanol,

Q hrame | ) iskng the Brunauer-Emmett-Teller method.
The porasity wis | by the Archimed hod, ing that
the theoretical density cormesponded (o the skeletal density measured by
helium pyenemetry (Micremeritics; Acculfye 11340}

2.3, Hiofitm growth

K murary was isolaved from [denil) supragingival plaque during
rmutine procedures in the clinlcal laboratery at the University Hospital
in Hrader Kralove, The iselote was identified using Matrix-Assisted Laser
Desorption lonfeation Time-of-flight Mass Spectrometry (MALDLTOF
M35 system, Bruker Dattonik GmbH, Germany ). The culture was stored in
stocks using TTEST CRYOBANK B eryotubes (ITEST plus wroo., Hradee
Kralave, Ceech Repuldic) ina freeee bax at —70 “C. Prior to experiments,
1000 pl of stock was transferred o 10 ml of Trypticese sopa broth (TBS;
HiMedin, Cadersky-Envitek, Prague, Crech Republic) and grown over-
night in the dark under aerobic conditions ar 37 °C, 120 rpm. For the
disk imeculation, the overnight euliune was diluted 1:100 in braln hear
infision beoth (BHI; HiMedia, Codersky-Envitek, Prague, Crech Re-
pubilic). Disks were disinfected with 70% EtOH in HzD for 30 min and
placed  Individually into wells of a 24-well plate. Each disk was
Iminersed in 2 mi of the ineculim, The biofllm was formed for 72 hoar
37 *C without shaking.

24, CLSM biafilm bmaging

The confocal laser scinning microscopy (CLSM) Emaging was opti-
mized From the progedure described for Enterococcus foecalis [13,34],
The binfilms formed on the disks were rinsed with saline (0.%% NaCl in
Hz0) and stabmed with 10 pl of premixed saline-diluted Syto 9 and
propidivim dodide steck solutions (1:1000 from LIVE/DEAD™ Bac-
Light™ Bacterial Viability it L7012 (Thermo Fisher Scientific, Oregon,
USAY. After 5 min of incubation in the dark the samples were investi-
gited by Nikon A1+ confocal microscope system (Mikon, Tokyo, Japan)
equipped with 488 and 561 nm lasers for FITC and €y3 channels,
respeciively. Photomicrographs were taken with 40« lens (Nikon CF1
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Plan Apochromat Lambea 0=, N.A 0.95) ot three randomly selected
fields of view (FOV] The rypieal Z-step of the Z-stack was 1 pm with
plnhole diameter set ar 33 pm and 7-15 focal planes were chosen o
vover the whole volume of the sample in the selected FOV. Image
acuisition and operation of the micrascape were perdormed using NIS
Elements AR 4.20001. A custom script was written {Image J) and used to
ovaluste two parameters of the formed biofilm: the fraction of dead cells
and the bacterial density on the surface.

2.5 SEM biofiln inaging

The blofilms formed on the disks were rinsed with sakine (0.9 NaCl
In Hx) and fixed before SEM imaging according o the Lelea sample
preparation predocal. Brisfly, all specimens were fxed with 3% glutar-
abdehyde in HaO (glutnmbdelyde Gradde 1.; Sigma-sddrich, Prague, Crech
Republic) for 16 b at 4 ©C, Next, the samples were washed three tinses
with distilled woter and post-fived with 1% aqueous 080y (Sigma-
Aldrich, Prague, Ceech Republic) for 16 b at 4 . Nea, the samples wene
washed three times with distilled water and dehydmted in o grded
ethanol series (30, 50, 70, 85, 96, and 100% for 10 min each at 25 C),
The specimens were then dehypdrted in a graded acetone series (30, 50,
and 1009% for 10 mdn cach at 25 “Ch, dried by erideal polnt drying in
Leica EM CPD 300 (Lefea microsystems, llnols, USA), mounted on
carbon stuls, and sputter-conted with an 8 nm gold layer using an jon
coater Leicn EM ACENM (Leicn microsystems, Wlinois, USA)L The
microstructure of the samples was observed by Hitachl FlexSEM 1000
{Hitachi, Tokye, Japan) ar an acceleration voliage of 15 kW,

2.6 Biofilm analysis by CFU counting

Each disk with biofilm was rinsed with saline and transferred w
sterile wells of a 24-well plate containing 1 ml of fresh BHI broth, The
plate wias sealed with parafilm amd sonicated for 10 min. Serial dilutions
af the broth with the disrupted and released bioflm were inocalated on
BHI1 agor plates, The bacteria in the blofilm were then quantified by CFU
counting after plate incubation at 37 °C for 24 b,

2.7, Biofilm ooolysts by alamar Wi assay

The alamar e (AB) biofiim assay and caloulation of the percent
reduction af AB were performed as previously deseribed (n the Hoeranine
135,36), The blugcolored oxidizsd stite of AR b reduced in
metabalically-active cells to the pink-colored resorufin, Alnmarfdpe™
LCell viahility reagent (Invitrogen, ThermoFisher) was aliquoted and
stared a1 4 . Exposure of AB o light was minimized throughowt the
experiments. Each disk with bofilm was rinsed with saline and trans-
ferred o sterile wells of & 24-well plate containing o mixture of 900 pl
BE brath and 1060 pl AR The plate was covered with aluminwm foil and
incubated in the dark for 24 b at 37 °C. After 24 b of incubation, ab-
sorhances &t 570 nm and 600 nm were obtained by spectrophotometer
(Symergy ™ HT, Bio-Tek Instruments, Yermaont, USA L. Controls included
media alone and media plus AB. Percent reduction of AR wns caleslaed
using the manufacturer's formula:

[Py A = [, 1

1
T A ds — (Pt Ay

where,
Con = molar extinetion coefficient af AB cxidized form (blue).
et = mdar extinction coefficient of AB reduced form (pink]).
A = absorbance of test wells,
A = absorbanee of negative control well,
2y = 570 nm.
g = 600 nm.

Biomrerials Advenees §38 (2000 2 X750
2.8 Alamar blue plonkionic asay

The avernight eulrure of £, mutars prepared as deseribed above b the
Tofitm growth sectbon was serally diflwted in BHI broth o obtaln sus-
pensions of £ mutars containing approximately 10°, 10%, 107, 10% and
10" CPU/ml. Serial ditutions of all prepaned suspensions were plated on
BHI agars to contmo| the obtained CFU/ml In sddition, 90 3l of preparcd
suspension and 10 pl of AB were transferred 1o wells of a sterile 96-well
plate and mixed theroughly. The plate was covered with aluniinum foil
and incubates in the dark for 24 b at 37 “C The absorbances at 570 am
amd 600 nm were obesined after 24 h of incubaton, Controls inchugded
media aliene and media plis AB. Percent reduction of AB was caloulated
a8 eseribved abave in the AB biofilm assay section, The results wepe wed
10 create o stnndind curve (0 express Hye results of AB reduction in CFLLY
ml

2.9 Correlarton of Alamar Mue redicion and CRU counrtng

For correlation experiments, AB asay and CFU counting were pers
formed on the same day using # single inoculum. Experiments were
repeated &t least three times, Pearson's owo talled correlations were
caleulaned with Prism 6,04 software (GraphPad Software Inc. San
Diiesgs, California, USA) using avernged data from all the experiments.

2,10, Biofilr scepeibiling by olomar bl gy

Chlorhexidine at 0.2, 0.1 and 0.01% (Sigma-Aldrich, Prague, Crech
Republic) and ethanol w 70% (VIWR International &ro, Prague, Ceech
Republic) dissolved in sline solution were used for the biofilm sus-
coptibility experiments. isks with bofilm were exposed 1o the chem-
deals for 2 min by immersing the disks in 1 ml of the chemical solution.
After the exposure time, the disks were rinsed with saline and trans
Terred to sterile wells of a 24-well plate containing a mixoure of S00 3
BHI broth snd 100 pl AB, The next steps and the caloulation of the
pereent teducthon of AR wire performed as deseribed above In the AB
Todilm aszay after 3, 5 and 24 b of iscobation. Plates were kept inan
incuhator at 37 "C between absorbance readings. The negative control
Inchuded media plus AB phis drug difution and disinfected disk,

211, Changes of pH and fon concemtrattons in the cultire medivm

Changes of pH as well as P and Cn concentration in the BHI broth
were evaluated after biofilm formation. In additon, the pH and these
loms eoncentrations were messured (0 the broth after ineubation of the
imaterials withoiit bacteris in the sime condithmns (Le. 72 hat 37 °C) &
reference. The pH was mensired iy pH meter EDGE (Hanna Instruments
Czech s.ra,. Praba, Crech Republic) wsing 2 ml of medium. The on
concentrations were quantified by phosphorus and colclum kits (Erba
Lachema s.r.0., Brno, Ceech Republic) according to manufscture pro-
tocal Briefly, the jon of P was established by ttration with
ammanium melybdite 100 mmol/l and sulphuric acid 336 mmol /1,
whereas titration with phosphate buffer {(pH 7.8 £ 0,1) 50 mmaol/1 anc
Arsenaza 110,10 mmaolA was used for Ca concenrration determination,
In each case 2 pl of HBE broth were transferned 1o 200 4l of appropriate
reagent and fncubsted for 1 ar 3 omin s 35 °C for Caand P, respectively.
The absorbance was measured after incubation at 650 nm and 34 am
for Ca and P, respectively. The concentration of jons was caloulnted with
the formula:

Compie ™ gl B tins % C it

where Copnple & the concentration of P or Ca in the smple; LT S—1
the absorbance of the sample; AAu, e Is the absorbance of the stan-
dlard with known concentration of fens; And Ce. e 15 the concemration
of I* o Ca s the standard. Lyonorm Calibrator (Erba Lachema sro.,
Brno, Crech Republic) wis used as standand,
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Al experiments were Independently performed ot least 3 tlmes with
1 digk per group, Moreover, 3 randomly selected scanned areas per disk
were observed by CLSM or SEM, All resulls werne analysad by Shaploe-
Wil normality test. Since the datn were normally distributed, the
Tukey's multiphe comparison fest was used to analyze the dead dive
ratio, AB reduction, and CFU fesults, where Poanloes of <0.05 were
considered to be significant. All statistical anolyses snd cormesponding
graphical representation were performed by GraphPfasd Prism 6004
saftwire (Graphad Software [nc., San [ego, Californda, USAL

3. Hesults
2. Cheracterisation of ralcemn phosphste maerials

Fije Loshiows that the microstructure of CTHLA dishs corresporded (o
an entangled network of plate:Hioe namocrystals with a 584 of 13 mz_.-’g
and porosily in the submdcrometer scalé of 49, The crystalline
rnml:lilr'mn enrresponded 1o h}l]nuyup-lln; with broad diffmecibon
peabe {1z 2} as 8 consequence of the small eryszl size and cabeium
deficiency in the erysalline lamiee, A small quaneity of unreacted o-TOP
wms detected in the XRD pattern af COHAL

Sintering resulted in & microstructure of polybedral crystals with
smaooth surfices amd peres around | pm in siee (Fle 1boamd ), having
554 below 1 m?/g, XRD shows that COHA trnsformed into phase.pure
[=TEP upen stntering, wherssd carbonated CIHA retalned (e apatitie
ervitallise strocture (Fig. 20 Bath @=TCP and SHA showed shamp XRD
peaks. chamoteristic of large and defectdree crystaliine domains. In
addition, SHA showed small intensity diffractions of (FTCP, NaCalrOy
[H5D No. 35629) and o signals of Ce0. SHA developod larger grains
(4.0 pm va, 1.5 pm) one slightly lower porosity (38% ve 41%) thon
TP,

22 Dotk onalyss

The Allbased assay examined the metabolic activity wizghin the
banifilm and estimated the proportion of viable biofilm mass (g 1, The
estimated number of 5 mutans cells growing in the blofilm an SHA,
CDHA and f-TCP were 118 « 10 = 280 « 107 CFU/ml: .68 = 107 =
A1 = 10° CPU/mE and 1,50 « 10" 2 3.22 « 10° CFU/ml (mean < SD),
respectively, The number of viable bacterin was confirme] by CIFU
counting afer wWirnsound disruption of the biofilm (Fig 33, resulting in
1.56 « 10" & 473 « 10" CFU/ml on SHA, 243 » 107 1 7.64 = 10" CFUY
il on CIOHA and 3,92 = 10" « 1LR7 » 10° CFL/m] o - TP, Moreover,
the results obtmined from AB sszay mnd CFU counting had excellens
cormelation according to Pearson's two-talled comelation cocffident (r
(HA} = 0.96; ¢ {CDHA) = (097, 1 (TCP) = 0.949). Thss, it was demon-
straled that SHA and CDHA were significantly more sultable for

liermazivrials Adeonres |14 CR0ETT 203750

Intensity [a.0.]

Fig. 2, XRD pateiein of the ealgim phisphale saterasls beloas (CTHHAY amul
after (SHA and p-TCP) sineging,

o=
- SHA
E it W COHA
z = TCP
[¥]
168

o &

Fig. 3. Number of viahle & mutess celh in the biafilms after 72 h s 37 'C
determined by divect Al mzay sl CFU counting after dismaption of biofilm,
The avernge values sod stsndard devisthom are given {1 — 12 1o 14), Sigsiil
cane * {p < OREL

5 jm

Fig: 1. Microstrocmure of the ealciam phosphase materials o) before simering (COMAY and after sinzering. Le. b) SHA and ¢) §&TCP.

i
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5. murtns adhesion and subsequent hioflm formation compared with
[FTCP, AB assay did not show differences in biofilm formation between
SHA and COHA, but CFU counting showed a significantly greater pres
ence of bacterta on COHA than on SHA ( )

Live/dend analysis resules showed that approxinately S0-600% of
living bacrerin wore constructng the hiofilm mass (| L A significans
differenee hetween all the tested materials was not discovered. Unfor-
tunately, the bacterial d ity could not be gquantified die 10 8 sirong
fluorescent background comed by ndsorption of floorescent dyes in the
porotity of the materials, bt fewer bacieria were eleerved on [FTCP
Uhan on COHA and SHA,

Thr wisal characoerzation of béofilas wa
aglng and the alsalned In concondamce with the
above-described sesul, e SHA and CDHA were much more muassively
covered by bacterial cells, forming highly densely populsted chasters,
whereas [-TCP was colondzed by & considerably bvwer amount of mostly
Individual bacterin, located predominantly inside the pores

performed by SEM Im

Taages (1) § Were

3.3 Blofitor suscepnialiey to chioehexidine ard ethomol

The antibacterial elfectivenss of ¢ hexidine and ethanol was
ewslusted by observing the capacity of the mesred binfilm m reduea the
AB reagent. Successiul antimicrobial activity was deemed when the
boflm generated o rediction of AB of less than 10% after 24 b of in-
cubmtion, Dbtuined results ame shown |n It is cher that the
unireited bivfilm generated i rodwotion of AR of more than S0% shortly
after 3 b of incubstion. Chlorhestdine st a conoentration > 0, 1% was mn
effective antibacterlal chemlesl. Al lwer concentration (201%),
chlorhexidine did aot provide sufMiclent antdmicrablal activizy, since the
binflm caused mone than 25% of AB redoction already after 3 h of in-
cubation. Ethanol exhibited a lethargic effect on the biofilm with less
Uhan 10% of AB reduction during 5 b, However, at 24 ba cemaln number
of surviving bacterin gencrated o percentage reduction of AB of mare

ham 255

34, Measwremersis of the pif ond on concenrarions in crdiure medium

I coneentration at the end of incubation of the materials withou
5. mutars ek neatly the same than the nftisl concentration in the BH]
baroith ( a), In condsast, the concentration of Ca increased ( b},
prolsalsly die to the lew Indtial concentration of Ca [x
relense and minor changes in I* concentration were obsesvied in the case

he brogh, Liss Ca

of (FTCF, SHA amt (1-TCF did ned clange the pH without bacteria,
whereds COHA slightly acidified the culrore mediam () cl. The
growth of & mueans biofilm clearly redoced the pH from 739 & 0204 1o
B.EQ 4 0.0 withount differences between the three materials | &gl

The acidificarken of the broth caused in tuen the release of P and booster

CDHA

bt

Fig. 4, Live/ dead saiaing afler 72 h 21 37
lef commer of micrographs represents svers
legend, the resder s referred 16 the web version of this artiche )

¥

il The agale har

e ratio o Hve/dead bacteiia n the L'“'.\IT".":QI.III\JIFJ bdollin [For Islerpretation of the refensmoss fo cobo

IEcongtericls Adwanee 113 (0030 31 I7M0

the rebease of Ca, signd ficam

incvensing the concentration of these ions
concerning the inbtial toncentrations | a and b,

4, Dhiscusshon

The development of dental caries is a muhifactorial process that
begins with bacterial sdhesion and progresses forming & bacterial bio-
filim. Bacterial sdbcsion and Mofilm lormatkon are influenced by surface
featizres [wettnk . surface charge, roughmess, phase compenition)
1 15] andd envirenmental cosditions [temperature, availability of msr
enis, esmolarity, lon concenimiio

¥ A7) The sindy of all these vard
ables and suscepeibiling testing rex # deintal Blafilm:like model
Drbven by the seamch e sodutlons o engsing difflouliles In sosdying
béofilo-associated infections in the human body, seveml models have
alrendy been developed, woch as the universal Calgary biofilm device
| 34] and the more sophisticated 2irkch biodilm moded [39], However, no
mode] his vet been defined as the gold standard for the investgagion of
Itk formation and suscepeibiliny testing during caries formation, The
b o thds sty was 1o maske one step forward 1owards the development
of such model by explaring @0 witro the effects of the composition and
micmstrocture of calcium phosphate materials on 5 mutans biofilm
lormeation
Three types of calcium phosphates were prepared, analysed, nnd
used For bioklm formastion. SHA snd CDHA are exjuivident in crystalline
structure (hoth belong to the same hexagonal laithor system, el
have the same chemical camposivion, hut differ in chomical stodehilom
3 which had previeushy been denson
strated 10 Influence seactivity in the deglcal envimnmsent [40].
Sorprisingly, no differonces in bacterial mumber in the biofilm were
detected by AB assay, with onby stightly higher CFU counts observed on
CDEA than on SHA. despdie the considerably larger 854 amd roughness
of COHA. This observition reflects the high specialization of 5. i (o
adhere amd growth om apatiles, king thal sobchiomeiry (calcium
deficiency) and surfnce texture {microstrucoies] pay & minor role dur
Ing the biofilm formarion. This is relared o the svolutionary adapration
of 5. mutans o colonlze the surface of toeth, which from the chemical
paint of view are formed by fueorine rich, carbonated calcium-deficlent
hvdrosyapatite, where the hydroxyl groups of the crystallin
partially subsituted by Muoride loas (415, The higher electronegativity
il
chemieally more rechstant than hydomogapatine, thus detviag 6w b the
main component in the surface of enamel [41,4200 The reproducible
5 muptans hioflm with its high numbers of bacteria which was formed on
both SHA and CDHA, promotes these materials for use & deatal biofilm
muodels. They can e used bn susceptibility testing with the potential 1o
even more the composition and structure of enamel by
wling lydmxyls with Muorides during synthesds, and controlling

eiry and microstruciude |

ol are

of flowrine mukes Mooroapatite less slulde, amd mechanically i

thet bt exen

Im this Bguse

i Bl dcragTaphs rejeee
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Fig. §. Secondary eleviron SEM images of 5. mutons gowing on the maderisls sfter 72 boat 37 °C, 0 and b) CORA, © aml d) SHA, o] e and 0 [2TCP,

antibacterial acriviny was sreributed o the stabiliny of the blofilm. and 10

Tbde 1
. i it capaicity to be protectad inséde the pores of the SHA, cinphastzing the
Alamar bus rrahartion during the susceptibility test, ioRlm growth em SHA e v of sclecting the ppropch cctul o devel ofa
Tevarmenn incu bavion thrse I Eh He pmpu’dmuﬂ Wil mdel.
Uniivenind bioflis 585 = 0] TOB L 131 s 1l The culctiem phosphate muterlal tested with the bvwest growih of
CRisrteisine i 1 174l in=13 ffet 43 & mutors hdodllm was B-TOP, showing ten rimes fewes hactera in com-
Chlorhenidin 1, 1% 20009 A% e LD ThE 2D
parison with SHA and COHA. This resull is in accordance with a soudy ly
i 11 = 11 ; AN 2 . )
:::‘ oy . :‘L'I 2: A ;:.; |1I; " :i.; . J‘_I Tafin et al, in which lesser biofilm formations of Stapindocorcus amres

Resthue linn in percemtage,

e porosity and grain size during sintering. varlebdos which influenee
Leeth demineralization,

In the past, varous hydmxyapatites have been wsed for studics
amsocinied with 5, mutars (20 27]. However, it bs not stralghiforwaed 1o
perform & comparison of thse materinks conceming the apatite: used in
this study due to the many possible varlables. As 8 general guideling, the
herein stisdied SHA may be comparable 10 the hydroxyapatites used by
Smith smid Bowen and Schilling and Bowen [17,15]. Bexides, none of
Ui calcium phesphate materials completely mimic te strocture of the
surfmce of the toeth, aa the ennnsel of the tooth has & hierarchical
structure of muds with irregulae cros-section made of chosely pached

ie xize hydroxyapatite crysiala, The mds are generndly aligned
perpendicular to the surface of the dentin and the space between rods is
also made of compacted hydroxyaparite crysals, but diverge in orien-
itk [47). In condrast, beth (-TCP sid SHA sre porous and have
podyhedral groine of micrometric sive rather than aligned pobyerystalline
rods. CIHA mimics the metric sire of hydrog ite erystals in the
rods of enamel, bt @il differs in ordentathon and porostiy.

The biofilm growsh on SHA was selected to test the effieacy of elin-
lcally commanly-used disinfectants The rationale behind the selection
of SHA over CDHA was thnt despite both being comparable in biofilm
formuation, SHA is more similar to the surface of tooth in ferms of
roughness and lw 554 [44), Chlochexidine st concentrations
.07 -0. 2% was selected a5 it (s & frequent component of mouthwash,
tathjite, disinfectant gely and eprays, Dthanol ai & concentration of
Tty wad chonen as i 18 & well-known and often used disinfectant n
several commercial products. Susceptibility testing eevealed the nade-
quate activity of 796 ethans and of chlorhexddine a1 coneentration of
0.01%. Although the metabalie activity of the bacteria was suppressed
by such treatments, @ significunt mumber of cells survived, Only chior-
hexidine at concentmtions higher than or equal 1o 0.1% was able 1o kill
all the deiectible bacterin of ihe ofilm, The Inadeguacy of the

ATCC 29213 and of Staphylococou epidenmidis RPG2A were abserved an
-TCR compared 1o ODHA [16). Funthermore, differences wene also
observed in the ssteogenic capactty, CDHA being more bioactive and
aaleodmibipciive than -TOF [10,45). In terms of compaesition, & TCP and
hydroxyapatite have diferent chemical formulse and crystalline stnic-
tures, bt the [WTCP and SHA stadied in this work were similar in terms
of grmin marphalogy, grein siee, pomsiny, 554 and roughness (ohserved
im Fig. 1L This, the lower susceptibility of [-TCP to biofilm formntion
also points to the preferential growth of 5. mmans on the apatitic -
talline structure (fTCP belongs to the rhombohedral laitice system and
does not contain hyvdrony] groups), I (s hard 1o offer an explanation for
ihis, But the minor differences in biodllm between SHA and CDHA sug-
et that the resson does nol Die inthe microstrictural features. Besides,
the fact that LTCP reduced biofilm formation is not related to fon
mebease or changes in osmolarity and pH, becawse SHA and COHA
ariginated equivalemt modifications, and sll must have the same trace
clemenis slnce were prepared with & cominon staning materdal. An
altermative explanation may involve elecirostatic intersctions, singe the
in whra sdbesion of bacteria ls dependent on the surface charge of the
mnterial [46] and hydrooyapatite usually shows a higher surface charge
than [FTCR due 1o the peesence of hydrowyl groups |47 ). Nooethebess,
the effect of surface charge on 5 mutnns sdbesion and in relevance i
vivw, when specific adhesi are i [26], rexquire o be
elucidated in future.

Noswlihstanding 115 lower suscepibility, o bofilm doos grow on
-TCF, Subsequeent reduction of blofilm eoild be achisved by incorpo-
rathon of an antimicroblal agent indo [-TCF, This approach has alresdy
bern investigated by other research groups, where different bioceramico
wirn used with diverse chemienls, such ss silver-containing p-TCP [ 44]
or omidansde-containing calelum phosphate cemsent |44].

The ahility of 5. mitou 1o acidify the envirenment & knomen part of
cariogenic process [20], Accordingly, the acidification of the medium
peomoted the decay of the marerials as 11 happens with the testh in the
mmith, Howewver, the relative shoe term of the experiment did mot allow
10 observe vighle disintegraton of the moersds and differences
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Fig. &, Changes of P and Ca concentratbon and pH (n Bl broth after 72 b of maberialy isoalation a1 37 O with ansd without 5 metan biaflilm, 1) F conomimtion, bl
Ca concontration, and ©f pH, The harizontal dash-line mdicabes the initial values in the BHE beoth,

hetween them, Mareaver, despite that -TCEF is more sobuble than hy-
drokyapatite in water, it did not increase the content of P and Ca beyond
than the changes produced by SHA and COHA, confirming that the water
solubility of caleium phosphaies dess not mirror the behavior in the
phyological environment

This study las gpecific arenghs, Focusing on oral location, this suudy
Ininvestigating £ murans cabonteation of calelum phisphaies, in congrass
e other published studies in which it Is acknowledged that bacterial
onlonizstion was by non-oral bacterial sorains (8 averees {1649 50,51,
5. epoermiclis [ 10], Escherichiu coll [15], Psawdomona aerugmose [50],
ete ). Despite sireptococen] infections being o significant complication
for endedontic intervention, 5 mutans is certainly asociated with the

indtlation of dental cories (52 50], and conssquently deserving of
resaarch. Om the ather hand, the limbistions of the stody ore represented
by the omission af other ¢ of the oral envir mch &

salivay, elevated sugnr income or additional bacterial straina commonly
invodved in dental biokitm development. The incorporation of salive and
muirienis comvenieni for blofilm formation is in fact the topic for fumare
resenrel, ogether whth exploration of the mechanical distuption of
Isiefitm [tooth brusking),

5, Conclusion

In this study, three caleium phosphates were propaned Bnid anabysed
s I h liing for a dental biofiln model. SHA
and CHHA were recognized ns more suitable for a dental.like biofilm
moadel. since o denser 5 motens biofilm was formed on these surfsces

than on -TCP. Interestingly, significens differences (n smichiomenry
(Ca/P ratin) and microstructure (smooth oquinxdal gralns v, rowgh
plate-tike entangled crystals) between SHA and CDHA did not result in
sigmificant differences in S, mutans biofilm formation, suggesting that
the eryualline sirpcture Is the most imporiant aoor. The developed
tiafitm mode i a slmple, sultable and effective sppronch for sesceptd
Tliry test(mg of commonty used antimicrobial agene. In agresment with
previous reports, (FTCF was significantly less susceptible to biofilm
fe rion. A berter und ding of the factors involved i necessany fo
develop restorative materials and implants that prevent infections.
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Abstract: Benzoxonium chioride belongs to the group of quaternary ammonium salts, which have
been widely used for decades as disinfectants because of their high efficacy, low toxicity, and thermal
stability, In this study, we have prepared the Cy-Ce set of benzoxonium-like salts fo evaluate the
effect of their chemical and biclogical decontamination capabilities. In particular, biocidal activity
against 3 panil of bacterial strains including Staphylacocoss gurves in biofilm form was soreened,
I addition, the most promising compounds wene successfully testied against Framvisolla ffanomsis as
a representybive of potential biological warfare agents. From a point of view of chemical warfare
protection, the efficiency of BOC-ke compounds to degrade the onganophosphatie simulant feni-
trathion was examined, Motwithstanding that no single compound with universal effectivensss was
Klentified, a mixture of enly two compounds from this group would be able to satisfactorlly cover the
proposed decontamination spectrum. In addithon, the compounds wene evaluated for thelr cytotonde-
ity as a basic safety parameter for potential use in practice. In summary, the dual effect on chemical
and bislogical agents of beneoxoninm-like salis offer anractive potential as active components of
decontamination mixtures in the case of a terrorist threat or chemical or biolegical accidents,

Keywaords: quaternary ammenium salts; benzoxenium; decontamination; organophesphates;
disiniection; micellar catalysis

1. Introduction

Benizoxonium chloride {(N-beneyl-N N-s(2-hvd roxyethylidodecan-T-aminium chlo-
ride, BOC), known for over 30 years [1], manifests strong antimicrobial activity against
certain bacterial straing, especially non-spore forming, veasts and protozea, In practice,
BOC is widely used against buccopharyngeal pathogens as a mucous membrane disin-
fectant. It iz commercially available in the form of gargle solutions, lozenges, and oral
sprays, often in combination with lidocaine [2,3]. Likewise in dentistry it is used against
dental plagque and dental caries |4,5]. Further applications include disinfection of medical
instruments in hospitals, and of skin bums, seborrheic dermatifis, and cutaneous |eish-
maniosis [4,6,7], as a veterinary fungicide and bactericide in the treatment of animal skin,
in the food and beverage industry, and in the textile industry as a bactericide in textile
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fibers [1,5,4]. Of note, BOC is one of the few guaternary ammonium salts (together with
cetrimide and benzalkonium chloride (BAC)) highly efficient in preservation of topical eve
medications [10,11].

BOC belongs in the wide group of quatemary ammonium salts (QACs)—substances
with surface-active properties. They are still considered an important component of
hygienic and anti-epidemic measures against the spread of nosocomial diseases, due to
their high efficacy, low price, and only modest toxicity to eukarvotic cells [12,13)

QACs are predominantly supposed to have relatively unspecific mechanisms of
antimicrobial action. Owing to the positively charged nitrogen moiety, QACs are able
to interact with the negatively charged outermost surface of cell walls and membranes
and penetrate into the phospholipid bilayer with their long alkyl chain, thus causing
leakages, ruptures, and disintegration of the cell [14]. QACs exhibil higher activity against
Grame-positive (G+) bacteria as these possess a single phospholipid cellular membrane
and a thicker cell wall composed of peptidoglycan, whereas Gram-negative (G-} bacteria
are enveloped by two cellular membranes and a thinner layer of peptidoglycan. The
outer membrane causes decreased antimicrobial activity in the case of Gram-negative
bacteria | 15],

However, recent studies show that some QACs can be also used as micetlar catalysts
Because of their ability to accelerate the decomposition of neurotoxic organophosphate
esters [16-20]. Such esters {e.g., fenitrothion, chlorpyrifos, paraoxon) are widely used
as pesticides in agriculture, Similarly, highly toxic organophosphates, so-called nerve
agents (tabun, soman and sarin and VX), have been reported be also susceptible to de-
composition of their organophosphorus ester moletics by quaternary ammaonium salt-type
cationic surfactants.

The above-mentioned properties of QACs render benzoxonium salls as suitable active
ingredients of a decontamination mixture against chemical and biological agents. Despite
the fact that BOC is a well-known compound, there is a lack of comprehensive information
describing its potential decontamination propertics, and the preparation and evaluation of
the whole series [21].

Therefore, within this study, we have designed and synthesteed a novel series of BOC-
like compounds differing in the long alkyl chain (Cyg-Cys) with an expected dual effect on
biclogical and chemical agents including agents with warfare potential. The decontami-
nation properties screening assessed the antimicrobial effect against eight floating-form
strains and a representative biofilm-forming strain of 5, awreus [22], The cells in biofilms
possess different characteristics than single cells and due to their specific structure present
decreased susceptibility [23,24], We further focused on potentially misused warfare agents.
Antimicrobial activity was determined against the Gram-negative Franciselln tuliransis,
with potential 1o be misused as a biological weapon; also determined was the efficiency of
BOC-like compounds to decompose fenitrothion as an organophosphate simulant. Finally,
the cytetoxicity on a mammalian cell line was evaluated as one of the key safety parameters
for new substances. Despite the above-mentioned properties, the substances can have
practical use in the military (the main active ingredient of a universal decontamination
mixture for chemical and biological warfare agents in form of solution or foam). Further,
in the civil sector use as disinfectant in healthcare (viruses, bacteria, fungi) or as active
ingredients for decontamination of onganophosphorus pesticides (from water, soil, ete.),

2, Materials and Methods
2.1, Symtfresis and Anaiysis

Analytical grade reagents were purchased from Sigma-Aldrich, Fluka, and Merck
(Darmstadt, Germany). The solvents were purchased from Penta Chemicals (Prague, Czach
Republic). Reactions were monitoned by thin-layer chromatography (TLC) using pre-coated
silica gel 60 F254 TLC alumina sheet. Column chromatography was performed with silica
gel 006360200 mm, Melting points (m. p.) were determined on a micro heating stage
PHMEK 05 (VEB Kombinat Nagema, Radebeul, Germany} and are uncorrected, All com-
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pounds were fully characterized by NME spectra and HEMS. NMR spectra were recordexd
on a Varian VNMR 5500 {operating at 500 MHz for 'H and 125 MHz for C; Varian Co.,
Palo Alto, CA, USA). The chemical shifts (d) are given in ppm, relative to tetramethylsilane
(TMS) as internal standard. Coupling constants ([} are reported in Hz. Splitting patterns
are designated as s, singlet; d, doublet; t, triplet; and m, multiplet. Mass spectra were
recorded using a combination of liquid chromatography and mass spectrometry: high-
resplution mass spectra (HRMS) and sample puritivs wene obtained by high-performance
liquid chromatography (HPLC) with UV and mass spectrometric (MS) detection gradient
miethod. The system wsed in this study was a Dhonex Ultimate 3000 UHPLC: RS Pump, RS
Column Compartment, RS Autosampler, Diode Array Detector, controlled by Chromeleon
{version 7.2.9 build 11323} software (Thermo Fisher Scientific, Germening, Germany) with
Q Exactive Plus Orbitrap mass spectrometer with Thermo Xealibur (version 3.1.66.10.)
software (Thermo Fisher Scientific, Bremen, Germany ), Detection was performed by mass
spectrometer in positive mode. Settings of the heated electrospray source were: Spray
voltage 2.5 kV, Capillary temperature: 262 °C, Sheath gas: 55 arbitrary units, Auxiliary
gas: 15 arbitrary units, Spare gas: 3 arbitrary units, Probe heater temperature: 250 “C, Max
apray curtent: 100 mA, S-lens RF Lovel: 50. C18 column (Kinetex EVO C18, 3 x 150 mim,
2.6 pm, Phenomenes, Torrance, CA, USA) was used in this study, Mobile phase A was
ultrapure water of ASTM | type (resistivity 18.2 M{Lcm at 25 °C) prepared by Bamnstead
Smart2Pure 3 UV/UF apparatus {Thermo Fisher Scientific, Bremen, Germany) with 0, 1%
(v/v) formic acid (HPLC-MS grade, Sigma Aldrich, Steinheim, Germanyk; mobile phase B
wirs acetonitrile (MS grade, Honeywell-Sigma Aldrich) with 0.1% (0/7) of formic acid. The
flow was comstant at 0.4 mL/min. The method started with 1 min of isocratic flow of 5% B,
and then the gradient of B rose to 1007 B in 3 min and remained constant at 100% B for
1 min. The composition then went back to 5% B and equilibrated for 3 min. Total muntims
of the method was 10 min. The column was heated to 27 °C. Samples were dissolved in
methano! (LC-MS grade, Fluka-Sigma Aldrich) at a concentration 1 mg,/mL and sample
injection was 1 ul. Purity was determined from UV spectra measured at wavelength
234 nm. HEMS was determined by total ion current spectra from the mass spectrometer
collected at resolution of 140,000 in a range 105-1000 m/z. Clog P was calculated with the
MarvinSketch (version 14.9.80) softwane.

2.1.1. General Procedure for Synthesis of N N-bis(2-hydroxyethyl)-N-alkylamines {3a-e}

Dhethanolamine (1) (22.5 mmol), anhydrous potassium carbonate (30 mmol), and
potassium iodide (3 mmol) were dispersed in 40 mL of acetonitrile. Subsequently, the
appropriate 1-bromoalkane 2a~e (15 mmol) was added. The neaction mixture was refluxed
under nitrogen atmosphere for 12 h After filtration the acetonitrile was evaporated under
reduced pressure, The residue was dissolved in water (30 mL) and extracted twice with
dichloromethane. The organic laver was dried over anhydrous sodium sulfate, filtered,
and evaporated to obtain a yellow oily product in 65-%6% yiclds, The intermediates 3a-¢
were of satisfactory purity for the next reaction step (>95%),

2.1.2. General Procedures for Synthesis of
N-benzyl-N N-bis(2-hydro vllalkane-1-aminium Chloride (Sa-g)

A mixture of the appropriate intermediate N N-bis(2-hyvdroxyethyl)-N-alkvliamine
3a-¢ (14 mmol) and benzyl chloride (4, 28 mmol) was heated in a 100 mL flask at 100 “C
for 2 h as a solvent-free reaction. Subsequently, the reaction was allowed to stand for
5 days at room temperature. Crude products were purified by erystallization in a medley
of 1:10 methanal fethy] acetate and subsequently in 1:10 methanol / diethyl ether to obtain
white solid in 42-79% yields.

2.1.3. NMR and HRMS Analysis

N N-Bisl 2-fyetrocyethnnb-N-decydemsine (3a). Yellow odl, (240 g, 65%); "H-NME (chlomoform-
) & 363 (1, | = 5.4 Hz, 4H), 268 (L, [ = 5.4 Hz, 4H), 2.57-2.50 {m, 2H), 1.51-1.44 (m, 2H}.
1.35-1.21 {m, 14H), (B9 (t, | = 6.8 Hz, 3H); "C-NMR (chloroform-d) & 59,67, 56.05, 54.79,
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31.88, 29.61, 29,55, 29.30, 27.536, 27,17, 22.67, 14.10; HEMS: m/z 246.2424 [M + H]* (calculated
iz 2462428 for [CyHaND ).

N N-Bist2-fydroxyethul - N-dodeculaming (3b). Yellow oil, (3.75 g, 91%) TH-NMR
(chloroform-d) & 3.63 (t, | = 5.4 Hz, 4H), 268 (t, | = 5.4 Hz, 4H), 258-251 (m, 2H),
152-144 (m, 2H), 1.32-1.22 (m, 18H), 089 (1, [ = 7.1, 1.7 Hz, 3H); “C-NMR (chloroform-d)
5 59.46, 56,08, 54.80, 31,87, 29.62, 29.59, 19.52, 29.30, 27.33, 26.80, 22.64, 14.07; HRMS: m/z
2742736 [M + H]* (caleulated m 2742741 for [CHypNO3 ).

N.N-Bisi -fydroxyethyl)-N-tetradeeyloming (3¢). Yellow oil, (3.07 g, 67%); 'H-NMRE
{chloroformed) & 362 (t, | = 5.4 He, 4H), 266 (1, | = 5.4 He, 4H), 255-2.49 (m, 2H),
1.49-1.43 (m, 2H), 1.32-1.22 (m, 22H), 0.88 (1, | = 6.9 Hz, 3H); *C-NMR (chlomform-i)
5 59,65, 56,05, 54.79, 31.90, 20.67, 20,65, 20,63, 20,42, 2057, 20,56, 20.34, 2737, 27.08, 2267,
14.089; HRMS: my/z 3023054 [M + HJ* fealculated my/z 3023054 for [CgHaNO; )L

NN-Bis( 2-frpdroxyethyl-N-texadecylomine (3d). Yellow oil, (3.82 g, 77%); 'H-NMR
(chloroform-d) & 362 (t, [ = 5.4 Hz, 4H), 266 (t, | = 5.4 Hz, 4H), 256-249 (m, 2H),
151-1.43 (m, 2H), 1.29-1.25 (m, 26H), 0.89 (¢, | = 6.9 Hz, 3H); C-NMR (chloroform-i)
& 59,65, 5605, 54.79, 31.91, 29.68, 29.66, 20.64, 29,62, 29,56, 29.34, 27.37, 27.09, 2267, 14.09;
HEMS: mifz 313361 [M + HI™ fealeulatod iz 3303367 for [CanHeNOS|)

N N=Bis 2-Inpdrovyethpl -N-octadecylanrine (3e). Yellow solid, m. p. 481497 °C
(5.17 g, 96%); 'H-NMR {chloroform-d} & 362 (t, | = 54 Hz, 4H), 266 (1, | = 5.4 Hz, 4H),
2.55-2.49 (m, 2H), 1.49-1.43 {m, 2H), 1.29-1.24 (m, 30H), 0.88 {t, [ = 6.9 Hz, 3H); "C-NMR
(chloroform-d) & 61,10, 59.62, 56.0d, 54.78, 50,94, 31,90, 29.67, 29.64, 29.61, 29.56, 29.33, 27.37,
Z7.00, 22,66, 14.08; HRMS: m/z 3563675 [M + H]* (caloulabed s 358.3680 for [CraHaNO:|).

N-bevzyl-NN-bisi g roxyetingt decan-1-ominium chloride (5a). White solid, m. p.
T140-1146 °C (409 g, 78%); "TH-NMR (chloroform-d) § 7.63-7.57 (m, 2H), 7.47-7.39 (m, 3H),
37341 [ = 54 He, 2H), 4.86 (5, 2H), 4.294.10 {m, 4H}, 3.71-3.52 (m. 4H), 3.39-3.32 (m, 2H),
1.89-1.80 (m, ZH), 1.38-1.14 {m, 14H}, 0.57 {t, | = 6.9 Hz, 3H); PC-NMR (chloroform-d) &
133,18, 130.61, 129.25, 127.27, 64.39, 60.20, 59.60, 5583, 31.78, 29.37, 29,36, 29.18, 29.13, 26.22,
22,69, 22.59, 14.05; HRMS: ni/z 336.2888 [M]* (calculated m/z 336.2897 for [Cy HuNO; 1Y)

N-berzyl-N N-bis{ 2-Inpdroxyethyldodecan-1-aminium cliloride (5b). White solid, m. p.
118.7-119.0 °C {4.68 g, 41%}); 'H-NMR (chloroform-~d) § 7.62-7.57 {m, ZH), 747-7.39 {m, 3H),
530 (t, | = 5.4 He, 2H), 4.86 (s, 2H), £.27-4.14 (m, 4H), 3.71-3.53 {m, 4H), 3.38-3.31 {m, 2H),
L89-180 {m, 2H), 1.36-1.19 (m, 18H), 0.88 (1, | = 69 Hz, 3H); "C-NMR (chloroform-
d) 6 13317, 130,61, 12926, 127.27, 64.39, 60271, 59.61, 55,83, 31.84, 20.55, 29.42, 29.39,
29,27, 29,15, 26,23, 22,69, 22.62, 14.06; HRMS: i/ 364.3207 [M]* {ealeulated my/z 364.3210
for [CaaHgNO ™).

N=benzyl-NN-bist2-hyd roxyet bl et radecan- 1-aminium cidoride {5¢). White solid, m. p.
12006-1209 °C (3.92 g, 65%); "H-NMR (methanol-dy) § 7.68-7 62 (m, 2H), 7.60-749 (m, 3H),
4.79 (s, ZH), 408 {t, | = 5.1 He, 4H), 351 (. | = 7.4, 5.0 Hz, 4H), 338-331 (m, ZH),
1.98-1.88 (m, 2H), 1.45-1.28 (m, 22H), 0.90 {t, | = 69 Haz, 3H); “C-NMR (methanol-d})
5 134,34, 131.79, 130,36, 129.11, 65,40, 61.34, 61.08, 56,71, 33.06, 30.79, 30,77, 30.75, 30.71,
30.61, 30.53, 30,46, 30,18, 27.34, 23.72, 23.49, 14.44; HRMS: anfe 3923515 [M]* (caleulated
mjz 3923523 for [CasHyusNO: ),

N-benzyl-N N-Uis{ 2-lpedrooopethyl hexadecan- T-aeinium cldoride {5d). White solid, m. p.
121.6-121.9 °C (.39 g 65%); "H-NMR (chloroform-d) § 7.63-7.57 {m, 2H), 748-7.40 {m, 3H),
5.73 (L, | = 5.4 Hz, 2H), 4.86 (s, 2H), 4.28-4.14 (m, 4H), 3.69-3.55 (m, 4H), 3.39-3.32 [m, 2H),
1.90-1.80 (m, 2H), 1.32-1.23 (m, 26H), 0.87 (1. | = 6.9 Ha, 3H); C-NMR (chloroform-d) &
13322, 130067, 129,31, 127,31, 64.43, 60.25, 59.65, 35.89, 31.92, 29.70, 29.66, 29,61, 29.48, 29.45,
2936, 29.21, 26.28, 22.75, 2268, 14.11; HRMS: m/x 4203825 [M]* (calculated m/= 4203836
for [CaHyNOs]").

Neberzyl=-N N-bis{2-hydrocpethyl octadecan=1-aridnium chloride (Se). White solid, m. p.
124.2-124.7 “C (3.59 & 52%); 'H-NMR (chloroform-d) § 7.62-7.57 (m, 2H), 749-7.39 (m, 3H),
572 (1, [ = 5.4 Hz, 2H), 4.87 (=, 2H), 4.22 (t, ] = 10.8, 6.3, 5.6 Hz, 4H), 362 (1, ] = 39.6, 14.4, 65,
3.3 Hz, 4H), 3.38-3.31 (m, 2H), 1.90-1.81 {m, 2H}, 1.38-1.15 {m, 30H), 0.88 (1, | = 6.8 Hz, 3H);
BC-NMER (chloroform-d) § 133,19, 130,63, 129.28, 127.28, 64.40, 60.22, 59.61, 55.87, 3188,
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29.68, 29.64, 29.62, 29.59, 29 46, 29.42, 29.32, 29,18, 26.24, 22.71, 22,65, 14.08; HEMS: mr/z
448.4153 [M]" {calculated ni/z 448.4149 for [CaHsyNOy ")
All spectra are available in the Supplementary Materials (Figures 51-515).

2.2, Conductivity
The conductivity of surfactant solutions was measured in triplicate on a Tristar Crion
conductivity meter in a conductivity cell 013005MD (Thermo Scientific, Waltham, MA,
USA) The apparatus was controlled with the software Navigator 21 {Thermo Scientific)
using continuous data collection. The solutions were temperature-controlled to 49 £ (.1 “C.
The surfactant stock solutions had a range of concentrations of 15-200 mM and these stock
solutions were diluted further to determine the CMC. A linear pump Lineomat (VEB MLW
Labortechnik Hmenau, Germany) was used with a flow rate of 043 mL/min. An AREX
stirrer (VELP Scientifica Srl, Usmate, Italy) was used for continuous agitation, and the
conductivity was recorded every 3 s, The resulting data were captured inte an M5 Excel
datasheet for subsequent analysis, The transformation of the time axis to a concentration
axis was performed according to the parameters defining the measurements (starting
volume of a liquid in the titration vessel, the concentration of the surfactant solution in the
syringe, and the solution feed rate):
C= _,,_c"'
s
where Oy = concentration at time ¢, O = starting concentration of the surfactant,
Vaart = volume of distilled water at start, v,; = surfactant solution dosing rate and
t = time recorded by Mavigator21

2.3, Micellar Catilysis

A solution of fenitrothion {(O,0-dimethy] O-{3-methyl-4-nitrophenyl) phosphoroth-
ioate) was diluted with methanol to obtain a concentration of 1077 M {10 mM). The
surfactant stock solutions were diluted in distilled water with a concentration of 300 mM,
100 mM, or 10 mM (pursuant to the value of their CMC). Furthermore, these solutions
were diluted in the range of concentrations of 107'-1075 M. Carbonate buffer (1.1 M was
adjusted to pH 10 or 1. Carbonate buffer 250 ul, surfactant stock solution 250 pl, and the
solution of fenitrothion 10 pl. were homogenized in a 1 cm thick cuvette, The absorption
changes were measured by Helios o spectrophotometer {Thermo Fisher Scientific) with a
set wavelength of 3%4 nm. The measurement was temperature-controlled to 37 £ 0.1 °C
and stopped at the time when the difference between adjacent absorptions was minimal,
The resulting data were processed in Thermo Scientific Vision software (Thermo Fisher
Scientafic) and then converted into MS Excel. The rate constant was caloulated by the
procedure described by Guggenheim [25], with modification introduced by Zajicek and
Radl [26], The procedure used is based on the acceptance of the following equation:

Agaar = A % expllog, < At + Ay 2 (T-expl{-kp, > At)),

where Ay, 4 = absorption at time t+A1, Ay = absorption al time t, exp = base of natural
logarithm, k.. = observed rate constant, At = time between two successive measurements
and Ay = absorption at infinite time

This relationship is a linear equation with slope expil,,, = At) and intersection
Ay o (T-expl-k g« At)). Data from ten minutes’ measurement were put in two columns
af M5 Excel so that the sccond column was shifted one row up, This shift presents one
value At. Data prepared in such a way were displayed in an XY scatter chart. A trends line
with a print-out of the coefficient regression equation was interlaid through the displayed
points. The slope thus obtained was used for the calculation of the rate constant k., from
the term exp(kup,  At). Rate constants were recalculated to the reaction halftimes [27].
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2.4 Bacterial Strains

In vitro antibacterial activity of the prepared compounds was tested on a panel of
four Gram-positive and four Gram-negative bacterial strains: Stapliylococcns mureus (C1947),
methicillin-resistant Staplilocoocus aicrcis (C1920), Staphidococcus epidenmidis (C1936),
vancomycin-resistant Enferoceccus (52484), Escherichin coli (A1235), extended-spectrum
frelactamase (ESBL) non-producing Klebsiella prcwmromiae (C1950), ESBL-preducing Kieb-
siclla prenmoniae (C1934), and multi-resistant Paeudomonas acrnginoss {A1245), All named
bacteria used in the study were obtained as clinical isolates from patients {University
Hospital, Hradec Kralove, Cech Republic) and stored at =70 “C in the cryobank according
to the manufacturer ‘s instructions, When needed, each bacterial strain was inoculated and
cultivated on Mueller-Hinton agar (HiMedia, Cadersky-Envitek, Prague, Czech Republic).
Francisella lularensis LVS, live vaccine strain, was obtained from the collection of Faculty
of Military Health Sciences, University of Defense (Hradee Kralove, Crech Republic) and
cultured on McLeod plates.

2.5 Biofilm Cultioation

The second-subculture colonies of 5, aumus were suspended in Mueller-Hinton broth
(MHB) to reach 1.0 McFarland Standard. This suspension was diluted with MHB medium
1:30 and subsequently used as the inoculum. The initial bacterial number of the inoculum
was verified by viable cell counting and equaled approximately 107 CFU/mL. Each well
from the MBEC microtiter plate {Innovotech, Edmonton, AB, Canada) was inoculated with
150 pL of inocalum. The inoculated device was incubated for 24 hat 35 °C £ 1 °C while
being shaken at 110 rpm. For every MBEC assay, the formed biotilm was verified by viable
cell counting of disrupted biofilms after removing four pegs from the lid, rinsing and
sonication {Bandelin Sonorex, Bandeline Electronics, Berlin, Germany) in MHB for 15 min.
The established bacterial number in formed biofilms equals approximately 107 CFU /mL.

2.6, Antimicrobtal Actizity Evaluation
L6 1. Broth Microdilution Method

The antibacterial susceptibility against bacteria was determined by the broth mi-
crodilution method according to standard MO7-A10 [28]; the optimized protocol has been
published previously [29,30], Mueller-Hinton broth (Merck, Prague, Czech Republic) ad-
justed to pH 7.4 {4£0.2) was used as the test medium, Dimethy] sulfoxide (DMSO) served
as a diluent for all compounds and its final concentration did not exceed 1% in the lest
medivrm. The wells of the microdilution tray contained 200 uL of the MH broth with two-
fold serial dilutions of the compounds (300049 umol /L) and were inoculated with 10 ul.
of the bacterial suspension, The bacterial suspensions were controlled densitometrically
to reach 1.5 = 107 viable colony forming units (CFU) per 1 mL. The MIC values, defined
as 95% inhibition of bacterial growth, were determined after 24 h and 48 h incubation at
36 °C £+ 1 °CL The MBC values were determined as the concentration of compound causing
a decrease in the number of bacterial colonies by =99.9%, after subculturing of a 10 ul
aliquot of each well without visible growth.

262, Flow Cytometry Assay

F. tularentsis LVS bacterial suspension in PBS was prepared from fresh overnight
subculture to reach QL. 1.0 (optic density at 600 nm) which in the case of F tilarensis
means 4 x 10" CFU (colony forming units)/mL. 1 mL aliquots were centrifuged for 7 min,
JOM 2 g at 4 "C and the supernatant was replaced by 500 L. of the tested compound. After
5 min exposure the treated bacterial suspension was again centrifuged for 7 min, 7000 g
at 4 “C and the solution of the tested compound was removed, Cells were re-suspended in
1 mL P'BS and stored on ice until flow cvtometry measurement, A negative control was
prepared from dead bacterial suspension resuspended in PBS (0D 1), where the bacteria
had been exposed overnight to 36% formaldehyde. Fresh bacteria cultured overnight on
McLeod agar plates were resuspended in PBS (0D 1) and used as a positive control. All
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samples were diluted 100 in 1 mL of I'BS, stained with 1 ulL. of propidium iedide and
1.5 ul of Syte 9, and incubated in the dark for 15 min. 10 uL of vortexed microspheres
were added and samples were properly mixed before measurement.  All samples we
analyzed with a CyAn ADP Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA),
Listmode data were analveed by Summit v4.3 software (Beckman Coulter). At least three
independent experiments were performed.

26.3. MBEC Assay

The determination of minimal biofilm eradication concentration (MBEC) against
5. arens was determined wsing MBEC assay plates (Innovotech) according to the manufac-
turer s instructions using a modified Calgary method [22]. The biofilm formed on the lid of
the MBEC assay microtiter plate was rinsed with saline and inserted on the challenge plate.
Each microtiter challenge plate contained tested compounds serially diluted two-fold in
MHB, with sterility and growth controls. After incubation for 24 h at 35 °C £ 1 °C, the lid
with treated biofilm was removed, rinsed with saline, and the biofilm was disrupted by
sonication, Disrupted biofilm was released into a new miceotiter plate with MHB supple-
mented by 0.5% Tween 80 as an antimicrobial neutralizer. The MBEC was determined after
24 h of incubation at 35 °C £ 17 by reading ODgog. The challenge plate was covered with a
new, sterile lid and after 24 hoof incubation at 35 °C £ 1 °C was used for MIC determination
by reading Oy,

2.7, Amtiviral Activily Evaluation
2.7.1. Viruses and Cell Cultures

Murine cytomegalovirus (MCMV) and SARS-CoV-2 virus were used in the experi-
ments, The viral stocks were prepared by infecting susceptible cells. For MOMY, NIH 3T3
cells (murine embryonic fibrablasts) were used, and for SARS-CoV-2 (clinical isclate kindly
provided by Assoc, prof, Daniel Ruzek, University of South Bohemia, Ceske Budejovice,
Czech Republic), Vero cells CCLB] (African green monkey kidney) were used.

Thi viral stocks wiere prepared after virus inoculation of the appropriate cells in a
suitable cell culture medium (DMEM with high glucose, containing 10% fetal calf serum,
2 mM glutamine, 100 U/mL penicillin and 100 ug/mL streptomycinl, The cells were
incubated at 37 “C under 5% COy unti] S0-4(0% of cells exhibited cytopathic effect (5-7 days).
Following 5 min of centrifugation at 500> g the supernatant was collected and frozen in
aliguots at =80 “C.

272, Virucidal Activity Testing

The virucidal activity of the synthesized agents was evaluated by a quantitative
suspension lest, Briefly, one part of the virus suspension was mixed with one part of bovine
serum albumin (final concentration (L03%; ‘clean conditions” as specified in EN 14476) and
eight parts of the novel tested compounds. The mixtures were kept at room temperature
for 5 min {exposure time). After the exposure period, the mixtures were serially diluted ten-
fold with ice-cold DMEM and 100 pL of each dilution were seeded into a 96-well microtiter
plate with the appropriate cell and incubated at 37 °C in a 5% COy atmosphere until a
cytopathic effect was detected, approximately 5-7 days. Six wells per sample dilution were
inoculated. Virus-untreated controls with identical protein concentrations were also tested,

Wirus titer was determined using the method of Spearman and Karber and expressed
as log o TCIDs/mlL |31,32]. According to the European Standard EN 14476 for the virucidal
activity of disinfection, a product should demonstrate at least a log)y reduction of 4 in
virus titer, corresponding to 99.99% inactivation [33). To differentiate between virus-
induced cytopathogenic changes and the toxic effect caused by the tested compounds, the
cell monolayer was monitored until the end of the virucidal activity testing period for
morphological changes after exposure to the disinfectant solution.
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2.8. I Vitro Cydodexicity and Selectivity lndex

The stondard 3-(4 S-dimethylthiazol-2-y1}2 S-diphenyltetrazolium bromide (MTT,
Moerck) cell viability assay was applied according to the manufacturer’s protocol on the
Chinese hamster ovary cell line CHO-K1 (BCACC, Salisbury, UK} [M]. The cells wene
cultured according to ECACC recommended conditions and seeded at a density of & = 107
per well in the 9%6-well plate, The tested compounds were dissolved in DMSO (Merck,) and
subsequently in the Mutrient Mixture F-12 Ham growth medium (Merck) supplemented
with 10% Fetal Bovine Serum and 1% Penicillin-Streptomycin (both Merck) so that the
final concentration of DMSCY did not exceed 1% (ivie) per well, Cells were exposed to the
tested compounds for 24 h, The medium was replaced by a medium containing 0.5 mg/miL
of MTT and the cells were allowed te produce formazan for approximately 3 h under
surveillance. Thereafter, the medium with MTT was removed and the crystals of formazan
were dissolved in DMSO (100 ul/well; Ing. Petr Svec-PENTA s.ro., Prague, Ceech
Republic). Cell viability was assessed spectrophotometrically by the amount of formazan
produced. Absorbance was measured at 570 nm with 650 nm as a reference wavelength
on Synergy HT (BioTek, Winooski, VT, USA). The [Cs value was then caloulated from the
control-subtracted triplicates using non-linear regression (four parameters) by GraphPad
Prism 5.03 or 7,03 software (Graphlad Software, Inc., San Diego, CA, USAL Final ICy,
values including SEM (standard error of the mean) were obtained as the mean of three
independent measurements. The selectivity indices of compounds have been calculated
as the ration of the cytotoxicity (TCsy) and minimum inhibitory concentrations after 24 h
{MIC) for all bacterial strains.

3. Results and Discussion
3.1, Symbesis

The series of alkyl-bis{2-hydroxyethyljbenzylammenium chlorides 5a-e was prepared
by the twoestep reaction according to Limanov et al. [15]. The reaction process is shown in
Scheme 1.

H R
= ACN x
% Hﬂ’ﬁ"""N'\,ﬂm * R-Br __"'H b U’AVN"-’FF‘"OH
1 a8 3a-e

Scheme 1. Two-step preparation of beneoxonium-like salts.

Yields, melting points, purity, and Clog P are listed in Table 1. Compound 5b was
prepared with a superior yvield compared to Chemyavskaya et al. [36], but with inferior
yield according to Limanov et al. [35] prepared in the same way. Homologues 5a and 5d
were obtained in a vield comparable to that of Stefanovic et al. [37]. The decreased yields
are the result of repeated crystallizations to reach satisfactory purity of the final products.
Compounds 5c and 5e were reported for the first time.
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Table 1. Symthesks of BOC-lke salis
Compound R Yield (%) mp. ('C) Purity (%) Clog P
s Cubly M medus @ 1907
b CizHs 42 HB2-119.0 45 LIS
5¢ CyHy o7 120, 6=120.9 5 01
__u Crebls @ ean % ksl
3¢ CiHye 7 120,6-1223 G5 1644

3.2, Conductometry

The critical micelle concentrations (CMC) of the new series of compounds were
assesspd by a conductometrie study pecformed in aqueoes solutons at 49 °C, which takes
advantage of the dependency between conductivity change and rising concentration of
surfactant, The dependence curve ks linear until the unimers of the surfactanis can balance
the interactions between solution and micelle aggregation. This change is manifested as a
breaking of the curve as shown in Figure |.

Conductivity |pSfem|

160

140
¥ = 49190 = 1 434
130 R =09991 .~

y=F1263x + 20497
R = 0.9993

1] O0s ool (e0ls 02 00024 0003
Concentration [mol|

Figure 1. Dependency of conductivity on concentration, The curve was divided into three paris:
loawver and upper linear parts, and a transition section, Thi equation of the line and the coefficient

intersection of bath axes [15],

of determination were caleulated for both lincar parts. The CMC value was determined at the

According to Taube's rule [39], obtained data confirm the dependency of CMC on

the elongation of the alkyl chain (Figure 2). The CMC values (Table 2) are the basic
characteristics of surfactants needed for further chemical decontamination measurement.
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Figure 2. Dependency of log CMC on length ol alkyl chain.
Table 2 CMC value of compounds 5a-5e.
€ Length (Compound) CMC [moliL} log CMC
10 {5a) 4836 > 1072 ~1.314
12 (5b) BFI0 x 107 —2.060
14 {3} 3003 = 107 152
1615d) 1159 % 10-% 293
18 (5¢) 4707 « 104 -3.302E

3.3, Miceflar Catalysis

Next, the hydrolytic activity against fenitrothion was measured, Because the pesticide
fenitrothion contains a 4-nitrophenol group detectable by UV / VIS spectrophotometry, it is
a suitable candidate for micellar catalysis investigation as a representative of highly loxic
organophosphorus compaounds with chemical warfare potential [40]. Reaction of fenitroth-
ion with a micellar catalyst provides 3-methyl-4-nitrophenol, which in alkaline medium
ereates the yellow-colored nitrophenoxide anion with absorption maximum at 400 am [27].
This decomposition reaction is monitored by the spectrophotometer. Hydralytic activity
was evaluated in this way using the Guggenheim method for the whole series of synthe-
sized compounds Sa-e as an assessment of chemical decontamination potential (Table 3).
This method ks applicable in the case of first order or pseudo-first order reactions and
enables processing of the data using linear regression [25]. Compound 5d is the most effi-
clent micellar catalyst with half-life 2.3 min at 0.01M concentration, and half-life 2.4 min at
0.005M {pH 11 and 37 *C). In comparison with the spontaneous hydrolysis of fenitrothion
(k= 1400 % 107", Ty 2 = 8084 min) under the same conditions, the rovel compounds
were 60-160 times more effective at pH 11 It is evident that increasing the pH by one
unit canses a significant acceleration of the organophosphate degradation. Spontaneous
hydrolysis of fenitrothion at pH 10 was so slow that it could not be determined by the
given methodology.
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Table 3. Summary data of fenttrothlon degradation.
L] i,
Comipoand ¢ (mM lr!-l'l!.ta'." C j_:Hlﬂ..I:ﬂ' c
10 kis ) Ty lminb 100 kis 1) Ty imin)

S 6,20 186 230 5.3
100 1282 @0 397 242
Sa 50 1268 @1 aw g
10 0,50 2308 18 6.3

5 0.3s a2 = H
o0 BIF 14.1 167 4,1
50 935 124 235 ETR)
sb 10 823 140 265 435
5 ) 195 1.15 1008

i 1,50 b5 - -
10 24.62 4.7 B.TF 171
5 62 49 5,82 1.5
5¢ 1 1128 nz2 202 575
s 280 305 112 13
0.1 LIF LN ] 050 2308
10 5073 23 1154 0.0
5 49,06 24 11.14 104
5d 1 232 G4 X 252
05 84T 179 230 513
.1 L77 653 110 1052
5 1B 541 .95 165
1 1395 83 437 6.4
Se 0s 782 148 297 380
i1 1.H7 m240 082 1425
005 0482 1384 1128 4041

SH 0,14 fCE - -

[=] values wete oatsiche the instromental range. Concentration (), halbbife [T)2), and rate constant (k) Lett
columm inchadis messwement at pH 11 and 37 0 and right column incluskes meassmement at pH 10 and 37 °C
Thae nlrm.rmdlndﬂmnd.l.ngaiftﬂuHlmi!d)k)!pih)hipanmmhfduﬂpﬂ:ﬂﬂnl
fenltrathion at pkH 15-T; = 808.4 mincat pH 10 i coukd not be determined by ghven methodology:

The rate constants determined in the concentrations below the CMC values were
affected by spontancous hydrolysis at a given temperature, by pH, and the presence of
hydroxyl groups hydrolyzing the fenitrothion ester bond. Once the concentration exoceds
the CMC, the rate constant noticeably rises. Hydroxyl groups and formed micellés logether
create a counterion cationic surfactant, and fenitrothion is attracted to the Stern layer whiere
it adopis a favorable orientation for nucteophile access and is finally decomposed [41).

The structune-activity nelationship evaluation showed a clear effoct of the presence of the
hydroxyethyl groups on the rate constant of OF decomposition. Indeed, Figure 3 shows asymp-
totic dependence between rate constant and concentration for the commerncially used com-
pounds with identical lenyeth of alkyl chain Cya at pH 1. Wheneas DTMA (N<dodecy-N AN N-
trimethylammonium chloride) and BAC (N-benayl-N N-dimethyl-N-dodecylammonium chlo-
ride), commercially used QAS without hydroxyethyl groups, show poor decontamination
effect, DHEMA (N N-bis{hydroxyethyl-N-dodecyl-N-methylammonium chloride) containing,
hydronyethyl groups shows a significant imcrease in decontamination effect. Notably, b was
found to be much superior to all the reference compounds. Finally, we proved (he necessity
for the hydroxyl groups potentiated by the beneyl molety for justification of the choice of
BOC-like compounds.
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Figure 3. Commercially used compounds at pH 11 The influence of QAS struciure on the decontamination ef-
fioct (rate constant) at pll 11 DTMA (N -dodecyl-N N N-trimethylammonium chloride), BAC (N-benzyl-N N-dimethyvi-
N-dodecylammonium chloride), DHEMA (N N-bisihydmosyethyl)-N-dodecyl-N-methylammonivum chlonde) and 5b
(N-bemzy - N-BisR-hyd rosyethyl dpdecan-1-aminium chloride; green color highlights the positive mokety to increase the
decontamination effect. The decrease in .:l:thrily at hj&h concentrations is due to an excess of surfactant. This socalled
empty micelle effect has been previously described [42].

. Antimicrobal Activity

Ti evaluate the biological decontamination potential, in vitro antimicrobial activity of
compounds 5a-e was evaluated by the broth microdilution method for four Gram-positive
and four Gram-negative bacterial straing. Obtained results are presented as minimum
inhibitory concentrations (MICs) after 24 h and 48 b, and the minimum bactericidal con-
centrations (MBCs) after 24 h (Figure 4). High antibacterial activity was found againsi
the G bacteria 5 aurens (STAUL methicillin-resistant S, aurens (MBESA), S, gudermadis
ISTEP}, and vancomycin-resistant Enferococcus (VRE), The observed higher susceptibility
ter thae fested compounds of G+ bacteria compared o G- bacteria, as discussed previously,
is in agreement with the literature [43,44]. The lowest MIC and MBC values, ie., the
highest effectivenecss, was observed for 5, awrens. The relationship of alkyl chain length
to antimicrobial activity showed that the compounds with Cyg (5¢) and Cy, (5d) chains
were the most efficient against G+ bacteria. In contrast, the G- bacteria E. coli (ESCO),
K. preuminie (KLPN-). extended-spectrum f-lactamase-producing K. preunmmine (KLPN+ ),
and multidrug-resistant P geruginoss (PSAE MR) were most susceptible 1o compounds
with shorter alkyl chains, Cyy (5b) and Cyy (5¢}, respectively. Unsurprisingly, the least
efficlent against all tested bacterial strains was the compound with the shortest alkyl chain
Cypy (5a) [14,29,31]. Compared with the commercially used BAC series, the Sa-e series was
comparable at a corresponding alkyl chain length. Individually, 5¢ and 5b have shown the
best activity against 5. aureus and E. coli, nespectively.
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Figure 4. MIC and MBC values of ested compounds for G+ and G- bacterial strains, MIC values were determined after
24 and 48 b of incubation, MBC was determimed after 24 b of incubation. The resulis for BACS had been '|‘1.||3rih|1tl|.|
N means that MIC or MBC was higher than the highest soluble concentration of the compaotind.
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Abbreviations: STALU = 5, aurens, MBESA = methicillin-resistamt 5. derus, STEP = 5, dpiderand iz, VREE = vancomycin-resistant

Enterococens, ESCO = E ooli, KLPN- = K prewmonise, KLPN+ = extended spectrum f-lactamase-producing K. peeumonsae,
PSAE ME = multidrug-resistant P acruginosa,

According to the MICs and MBCs obtained for the traditional strains, the most ef-
ficient derivatives (5b, 5S¢, and 5d) underwent susceptibility testing against Francisella
tiigrensis Live Yaccine Strain (LVS) by flow cytometry assay {Figure 5). Although we
used a E tufarensis LVS model strain that is attenuated in comparison to the virulent
strain, the resistance of this strain is identical to that of the virulent strains. F, fularen-
si# is a Gram-negative, intracellular bacterium which is an important medical challenge
F. tudarenais is included in category A on the Centers for Disease Control and Prevention
(CTXC) bioterrorism agent/ disease list for the following reasons [45]: {a) it can be easily
disseminated or transmitted from person to person; (b) it results in high mortality rates
and has the potential for major public health impact; (c) it might cause public panic and
social disruption; and {d) it requires special action for public health prepanedness. Inoview
of the above, any substance that can successfully kill F tulorenisis is highly desirable, The
time of exposure (5 min) and reference compounds (ethanol 70% and BAC 0.1%) were
used to simulate more practical conditions. The obtained results showed high efficacy
especially of 5b, at least comparable to all reference drugs (Figure ). Notably, substance
5b at concentration 0.1% has an even better effect compared to ethanol, which is used
as standard for disinfection and decontamination against pathogenic bacteria. Moreover,
the effect of alkyl chain length on susceptibility to G- bacteria, represented by decreasing
actvity from 5b to Bd, corresponded to results obtained by microdilution assay. In addition,
it is clear that the decontamination effect is proportionally dependent on the concentration
(5¢ at concentration of 0.1%, 0.05% and 0.01% causes the elimination of 8047 £ 4.61%.,
58,16 + 7.23% and 29.04 =+ 8 80% of bacteria, respectively) (Figumne 5).
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Figure 6. MBEC values and MBC values established for 5. surous. MBC and MBEC values were
determined after M hoof incubation for BAC and Sb-d serics by broth microdilution method and
MBEC assay respectively. Results ane expressed as the mean + 5D (n = 3)
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3.5, Antibiodiim Activity and Comparison i Effectipeness against 5, awrens in Plankionic ond
Biofilm Fornt

Tor evaluate the efficacy of the novel series against the biofilm form, which is much
maore resistant than the planktonic form and can often cause a relapse of the infection, a
5. aureus biofilm formed on a pnl.\'styn:m- surface for 24 h was expuﬁed for 24 h to the
b, 5¢, 5d and BAC derivatives with C12, C14 and C16 alkyl chains. The minimal biofilm
eradication concentration (MBEC) showed comparable activity between both tested series,
and notably the MBECs values of Sb-d derivatives were slightly lower than the values for
the corresponding BAC denvatives, Comparison of established MBEC and MBC values
have shown that 5. aureus in biofilm form was 4-64 times less susceptible to the tested
compounds than in planktonic form, All results are depicted in Figure 6,

3.6 Virucidal Activity agammst Ermvefoped Viruses

To evaluate the width of the spectrum against different microorganisms, the viru-
cicdal activity of 5b-d on murine cytomegalovirus (MCMV) and SARS-CoV-2 vimis was
determined using a quantitative suspension assay. Virus titer was evaluated using the
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Spearman-Karber method and expressed as log TCID30/ml [32]. In accordance with EN
14476 for disinfection with full virucidal activity, the substance should demonstrate a
reduction in virws titer of at least 4 onders of magnitude, cormesponding to 99.99%, inactiva-
tien [33], The morpholegical changes of one layer of cells were monitored to distinguish
between the virus-induced cyk‘:pal]‘u'n: changes and the toxic effect caused by the test sub-
stanee, The highest efficiency was shown by substance Sb, where the virus titer decreasexd
by more than 5 orders of magnitude at a concentration of 0.01% (Table 4). The decrease
coudd not be determined exactly for the compounds at a concentration of 0.1% (marked =),
as the tested substances at this concentration already affected the cell culture which was
used for growing the virus: Evaluation against SARS-CoV-2 showed that 5b and S showed
anly a modest effect at a concentration of 0.01%. Unfortunately, at higher concentration
(0.1%}), growth of the cells for culturing the virus was affected and the effect reaching the
required value of a decrease of 4 logarithms cannot be confirmed.

Table 4, Determination of virucidal activity against MCMVY and SARS-CoV-2 (5 min exposurc),

Compojerils Caonc. M) ":ﬁﬁr :?i“ns.c..m
sh 0.1% (L0670 >34 >3s1*
0.01% {0.269) 533 047
= 0.1% (2.340) 2234° =351
0015 (0.234) i 064
= 0% (2,190 34" 100
0,00 % (D214 ~050 (.54

* The symbod = mdicates that the concentration of the rested substances already atfected e coll calnme used for
wriruns cutl vation and it is mob possible b determine the exact value,

3.7, Cell Vinkility Evaluation and Selectivity Index

To define the cytotoxic selectivity, Le., safety, towards enkaryotic cells, in vitro cytotox-
icity studies wene performed using the mammalian Chinese hamster ovary (CHORK] cell
line, The values of ICs; (half maximal inhibitory concentration) confirmed the predicted
trend of the correlation described earier for the homolog group, Le, elongation of the
alkyl chain length increases the cytotoxic potential of the drugs (Table 5) [29,31]. This
effect is related to the increasing lipophilicity expressed as the Clog P (Table 5), and most
likely cornelates with the easier ability to penetrate cells. Notably, considering the identical
BAC homologs (BAC 12-16), we can conclude that the introduction of the hydroxyethyl
proups into the structure increases the [Cs value and therefore reduces the toxicity of the
substances. Furthermaore, the selectivity indexes were calculated as the ration of ICsx/MIC
(24 h) for all bacterial strains (Table &),

Table 5. The effect of the tested compounds on CHO-KI cell viability. Vialwes an exprossed as the
I1Cag {series Sa-e): Mean = SEM (n = 3,

Compound ICsy = SEM (M) Clog P
5a 12840 = 12.7 -191

5h J609 L 05 -1.0%

S 7M1 —r13
54 1958 £ (05 76
5e M4 =13 164
BAC124 1954 = 1.2 263
BAC 147 1504 = 1.1 352
BAC 167 1285 = 14 441

* The proparation of BACyy. has boen desoribied elsewhene [40].
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Table 6. The selectivity indexes of bensoxonium-like salts caleulated as ration 1Ca /MIC (24h).

S1{1Cs/MIC)

PSAE
MR
21,980 10956 2739 127 0514 0,342 0.257 <257
18.508 2309 3079 2309 4.621 1.155 LI155 0289
55796 5602 9331 3.5M 1.166 [.875 {1875 <437
19,980 4012 G083 1.671 <0313 <0313 <0313 <313
B.700 L5 1.959 1225 087 612 =612 <0612

BAC 12 3750 A5 A5 (375 0313 1156 (.04 [ATIES]

BAC 14 13.193 5127 3847 2310 0722 0577 1.241 [LTRE )

BAC 16 19,668 0987 4438 3946 1.234 nE22 0822 <f 5]
Abbreviations: STAU = 5. aurrss, MASA = methicillin-resistant 5. e, STEP = 5. cpulermidis, VRE = vancomycin-
resistant Enterococous, ESCO = E, aoli, KLPN- = K marumoniar, KLI'N+ = oxtended-spectrum fi-lactamase-producing
K. pravumorniar, PFSAE MR = multidrog-resistant P asmiginesr, Sl—selectivity indes, MIC—minimum inhibitory
concenirabion (24 h).

Compounds  STAU ~ MRSA  STEP  VRE  ESCO KLPN-  KLPN+

AEZray

4. Conclusions

The series of benzoxonium-like salts with alkyl chain length Cyg, €12, Cyy, Cys and C 1
was identified as promising active ingredients for chemical-biological decontamination.
Critical micellar concentration as a standard characteristic of surfactants has shown a
suitable concentration for chemical decontamination and the efficacy in fenitrothion degra-
dation surpassed that of all the reference compounds. Biocidal activity against various
strains of bacteria including F. tulorensis and 5. aureus in biofilm form was also determined
to discover binlogical decontamination potential. The homaolog with a chain length of
Cyz (5b) shows the highest biocidal activity. However, the best effect for chemical decon-
tamination is observed for derivatives with a longer alkyl chain (Le., compounds 5d, Se).
In addition, the compounds seem to be safe on mammalian cell lines as a basic safety
parameter for potential use in practice, Finally, BOC-type compounds have been found to
have a significant dual effect against both chemical and biological agents. It is thus possible
to envisage their use, individually or in a mixture, as active components of multi-purpose
decontamination products.

Supplementary Materials: The following are available online at hitps./ Swiwwomdpleom /article/
L3N0 fonciosHRNEI22 /1, Figure 51 Figure S1: TH NMR {500 MHe, Chloroformed) = 5a, Figure 52
13C WMR (126 MHz, Chloroform-d) - 5a, Figure 83: 1H NME (500 Mz, Chloroform-d) = 5b,
Figure S4: 13C NME (126 MHz, Chloroformed) = 5h, Figune 55: "H MMR (500 MHz, Methanol=d;) =
Se, Figure 56 5 NMR (126 Mz, Methanol-dy) - 5¢ Figure S7: 'H NMER (500 Mz, Chlotaform-d) -
5d, Figre 58: 1C NMER (126 MHz, Chloroformed) - 5d, Figuane 86 'H NMR (500 MHz, Chloroformed)
= 5¢, Flgure S10: 130 NMR {126 MHz, Chloroforin-d) - 5e, Figuse 511 MS spectrum of 5a in Rt
3.15 min, Figure 512 MS spectrum of 5b in By 3.28 min, Figure 513: M5 spectrum of 5¢ in Rt 3.46 min,
Figure 514: MS spectrum of 5d in Kt 3.64 min, Figure 515 MS spectrum of 5e in Rt 3.84 min.
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