UNIVERZITA OBRANY V BRNE
FAKULTA VOJENSKEHO ZDRAVOTNICTVI

Doktorsky studijni program: Lékarska mikrobiologie

DISERTACNI PRACE

Nazev: Testovani antimikrobialni u¢innosti nové
syntetizovanych latek

Zpracoval: Mgr. Markéta Benkova

Skolitel: PharmDr. Jan Marek, Ph.D.

HRADEC KRALOVE 2020



Pisemné zadani disertacni prace

Mer. Markéta PASDIOROVA
Stanoveni tématu disertaéni price

Studentka: Mgr. Markéta PASDIOROVA

Stanovené téma disertaéni prace: Testovani antimikrobidlni déinnosti nové syntetizovanvceh latek

Klidovi slova v CJ (5-10): antimikrobidlni latky, minimalni inhibigni koncentrace (MIC), minimdlni
baktericidni/fungicidni koncentrace (MBC/MFC), dezinfekce

Kli¢ova slova v AJ (5-10): antimicrobial compounds, minimum inhibitory concentration (MIC), minimum
bactericidal/fungicidal concentration (MBC/MFC), disinfection

Struénd anotace disertatni price v CJ (v rozsahu 5 fadka): V ramei disertatni prace budou testovany
nové litky nebo skupiny navzdjem podobnych latek s potencialnim dezinfekénim téinkem. Budou vyuzity
dostupné testovaci metody na sbirkovych i klinickych kmenech. Uéinnost litek bude porovnéna s komeréné
pouzivanymi dezinfekénimi prostfedky. Latky by v pfipadé nad&jného Gi¢inku mohly byt rovnéZ otestovany
i jako potencidlni dekontaminanty bakteriologickych zbrani a mohly by se stat jednou ze sloZek
dekontaminaénich smési pouZivanych pro vojenské ucely.

Struéna anotace disertaéni priice v AJ (v rozsahu 5 fadki): The aim of the thesis will be the evaluation
of new compounds or groups of homologue compounds for their potential disinfection effect. The available
methods of antimicrobial tests will be used for collected and clinical strains. The effectiveness of the
substances will be compared with commercially used disinfectants. In the case of promising effect, the
compounds could also be tested as a potential decontaminates against hiological agents and could become
one of the components of decontamination mixtures used in the army.

Stanovisko oborové rady:

Souhlasim — nesouhlasim*/ se stanovenym tématem disertaéni préce.

F
SEELEL i et WD Roman Gk, PR 0.
datum predseda oborove rady
Schvaluji.
1.4 204 ;
i S &E]um

*/ mehodici se Skrinéte

(]



Podékovani

Rada bych podékovala predevsim svému Skoliteli PharmDr. Janu Markovi, Ph.D. za
odborné vedeni, cenné rady a pfipominky v pritbéhu celého mého postgradualniho studia.

Déle bych rada vyjadfila upfimné podc€kovani svym kolegim jak z Centra
biomedicinského vyzkumu FN HK, tak i z Katedry epidemiologie FVZ UO, za velmi
pfijemnou atmosféru na pracovisti i mimo néj. Obzvlast bych chtéla podékovat
vedoucimu Centra biomedicinského vyzkumu doc. PharmDr. Ondfeji Soukupovi, Ph.D.
za profesiondlni vedeni naSeho védeckého tymu a za posun v mé védecké kariére. Rovnéz
deékuji své skolitelce prof. Kristin€é Sepci¢, Ph.D., dalSim pracovnikiim i studentim
slovinské Biotechnologické fakulty Univerzity v Lublani za pfijemnou a uZite¢nou
zahrani¢ni pracovni staz.

Také dekuji pani Idé Duftkové z Katedry biologickych a Iékarskych veéd
Farmaceutické fakulty UK, ktera mi pomohla na zacatcich mého postgradualniho studia
a zasvétila mé do problematiky testovani antimikrobialni G¢innosti na jejich pracovisti, a
rovnéz Mgr. Michaele Hympanové, ktera se béhem svého studia podilela na nékolika
vysledcich testovani mikrodilu¢ni bujonovou metodou v ramci své diplomové prace.

Velké podekovani patii mému manzelovi PharmDr. Ondieji Benkovi, Ph.D. a

ostatnim ¢lentim rodiny za podporu nejen béhem mého studia.



Podékovani grantové podpore

= Specificky vysokogkolsky vyzkum, MSMT CR (SV/FVZ201607) — projekt s
nazvem ,,Testovani antimikrobidlni ucinnosti nové syntetizovanych latek jako
potencialnich aktivnich slozek dekontaminac¢nich smési ¢i  dezinfekénich

pripravka“ — hlavni fesitel, uspésné obhajeno.

= Agentura pro zdravotnicky vyzkum, MZ CR (15-31847A) — projekt s ndzvem
,Vyvoj novych dezinfek¢nich ¢inidel proti patogentim vyskytujicich se v

nemocni¢nim prostiedi* — ¢len tymu, GspéSné obhajeno.

= Agentura pro zdravotnicky vyzkum, MZ CR (NV18-09-00181) — projekt s
nazvem “Vyvoj polyvalentniho dekontamina¢niho Cinidla” — ¢len tymu, projekt

je v soucasné dobé fesen.



Cestné prohlaseni

Prohlasuji, Ze jsem disertacni praci vypracovala samostatné a s pouzitim uvedené
literatury. Dale prohlasuji, Ze tato disertacni prace nebyla vyuzita k ziskani jiného nebo

stejného titulu.

V Hradci Kralové dne 11.5.2020
Mgr. Markéta Benkova



Abstrakt

V disertatni praci jsme se vénovali testovani antimikrobidlni U¢innosti (proti
grampozitivnim 1 gramnegativnim bakteriim, kvasinkam i vlaknitym houbam) nové
syntetizovanych latek a sledovani vztahu mezi jejich strukturou a pravé antimikrobidlni
ucinnosti. Tyto latky na bazi kvartérnich amoniovych soli s riiznymi strukturnimi
obménami byly pfipraveny v ramci spoluprace s Katedrou toxikologie a vojenské
farmacie Fakulty vojenského zdravotnictvi Univerzity obrany a Centrem
biomedicinského vyzkumu Fakultni nemocnice Hradec Kralové na spole¢ném projektu

Agentury pro zdravotnicky vyzkum.

Prvni ¢asti této prace byl vybér metodiky testovani antimikrobidlni u¢innosti. K
tomuto byla vybrana standardné pouzivana mikrodilu¢ni bujénova metoda, ktera byla na

pracovisti uspé$n¢ zavedena.

Dalsi fazi bylo in vitro testovani vybranych syntetizovanych latek proti nékolika
bakteridlnim a fungdlnim kmentm. Nékolik latek bylo hodnoceno i na inhibici ristu
zelenych mikrotas (z hlediska Setrnosti k zivotnimu prostfedi). Déle probéhlo testovani
cytotoxického t¢inku na sav¢i bunécné linii pro posouzeni, zda jsou latky vhodnéjsi jako
antiseptika nebo povrchové dezinfekce. Proti jednotlivym mikroorganismtim bylo vzdy

nalezeno n¢kolik u¢innych latek.

Na zdkladé¢ vysledkG vySe zminénych zakladnich testovani byly vybrdny a
nakombinovany nejucinnéjsi latky, ze kterych byly nasledné formulovéany ctyti ve vodé
rozpustné smési se siln¢ dezinfekénim a Sirokospektrym uclinkem proti rtiznym
mikroorganismiim. Nasledné¢ byl proveden test kozni drazdivosti a kvantitativni
suspenzni testy za dany expozicni ¢as. Smés 4, obsahujici 12-Ci2 a 18-Ci4, vykdzala stejné
nebo v nékolika pripadech lepsi ucinky nez komercni ptipravek Ajatin. Tato smés byla
oproti Ajatinu U¢inn&j$i proti viru varicella-zoster a byla méné drazdivad k lidské
epidermis. Dle téchto vysledkii bylo zhodnoceno, ze smés 4 muze byt v budoucnu

komer¢né vyuzita jako vysoce u€inny dezinfekéni ptipravek.

Kli¢ova slova
antimikrobidlni latky, minimélni inhibi¢ni koncentrace (MIC), minimalni

baktericidni/fungicidni koncentrace (MBC/MFC), dezinfekce



Abstract

In the dissertation thesis we dealt with the antimicrobial susceptibility testing (against
gram-positive and gram-negative bacteria, yeasts and filamentous fungi) of newly
synthesized compounds and their structure-antimicrobial activity relationship monitoring.
These compounds based on quaternary ammonium salts with various structural
modifications 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 Biomedical Research Centre at the University Hospital Hradec Kralové on

a joint project of the Czech Health Research Council.

Selection of a methodology for antimicrobial susceptibility testing was the first part
of the thesis. The microdilution broth method, which was successfully implemented at

the department, was chosen for this purpose.

The in vitro testing of selected synthesized compounds against several bacterial and
fungal strains was the next phase of the work. Several substances have also been evaluated
for the green microalgae growth inhibition (in terms of environmental friendliness). In
addition, cytotoxic effects were tested on mammalian cell line to assess whether the
compounds were more suitable as antiseptics or surface disinfectants. Several substances

active against individual microorganisms have been identified.

Based on the results of the above-mentioned primary tests, the most effective
compounds were selected and consequently combined within four water-soluble mixtures
with strong disinfectant and broad-spectrum activity against various microorganisms.
Subsequently, a skin irritation test and quantitative suspension tests over a given exposure
time were performed. Mixture 4, containing 12-Ci2 and 18-Ci4, showed the same or in
several cases better effects than the commercial detergent Ajatin. This mixture was more
effective against varicella-zoster virus in comparison with Ajatin and less irritant to the
human epidermis. Based on these results, it was assessed that the mixture 4 could be

commercially used as a highly effective disinfectant in the future.

Keywords
antimicrobial compounds, minimum inhibitory concentration (MIC), minimum

bactericidal/fungicidal concentration (MBC/MFC), disinfection
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Seznam pouzitych zkratek

ACBA
ACR
ASNI
ASVE
ATCC

AUME
AZV
BAC
B-agens
BIDI
CAPA
CDKR
CFU
CHO-K1
Clog P

CNCTC
CRNE
DMSO
ECACC

ESCO
EXDE

G-

G+

ICso

KAS
KLPN ES-
KLPN ES+

Acinetobacter baumannii
Armada Ceské republiky
Aspergillus niger
Aspergillus versicolor

Americka sbirka typovych kultur (z angl. American Type Culture
Collection)

Aureobasidium melanogenum

Agentura pro zdravotnicky vyzkum

benzalkoniové soli

biologické agens

Bisifusarium dimerum

Candida parapsilosis sensu stricto

Candida krusei

jednotky tvorici kolonie

ovarialni buniky kiecika ¢inského (z angl. Chinese hamster ovary)

vypocitany logaritmus rozdélovaciho koeficientu (z angl. calculated
decadic logarithm of partition coefficient in n-octanol/water system)

Ceska narodni sbirka typovych kultur
Cryptococcus neoformans
dimethylsulfoxid

Evropska sbirka bunéénych kultur (z angl. European Collection of
Authenticated Cell Cultures)

Escherichia coli

Exophiala dermatitidis

gramnegativni

grampozitivni

koncentrace zptsobujici 50% inhibici ristu
kvartérni amoniové soli

Klebsiella pneumoniae

Klebsiella pneumoniae produkujici Sirokospektré B-laktamazy
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logP
MBC
MEA
MEB
MIC
MRSA
MTT
NC
NHLF

OD
OECD

PBS

PC

PECH
PSAE MR
RHMU
RPM
SEM
STMA
TCIDso

TS
VRE
\7A%
YEBE

rozde€lovaci koeficient

minimalni baktericidni koncentrace

Malt Extract agar

Malt Extract bujon

minimalni inhibi¢ni koncentrace
meticilin-rezistentni Staphylococcus aureus
Thiazolyl Blue Tetrazolium Bromide 98%
negativni kontrola

lidské plicni fibroblasty izolované z plicni tkané pacientl bez
diagnostikovaného astma, cystické fibrozy a chronické obstrukéni
plicni nemoci (z angl. Normal Human Lung Fibroblasts)

opticka denzita

Organizace pro hospodaiskou spolupraci a rozvoj (z angl.
Organisation for Economic Co-operation and Development)

fostatovy pufr (z angl. Dulbecco’s Phosphate Buffered Saline)
pozitivni kontrola

Penicillium chrysogenum

multirezistentni Pseudomonas aeruginosa

Rhodotorula mucilaginosa

otacky za minutu (z angl. revolutions per minute)

standardni chyba priiméru (smérodatna odchylka)
Stenotrophomonas maltophilia

50% infekcni davka pro tkanovou kulturu (z angl. 50% Tissue Culture
Infectious Dose)

testovana smes
vankomycin-rezistentni Enterococcus
virus varicella-zoster

Yersinia bercovieri
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1 UVOD

Pti dlouhodobém a zrychlujicim se trendu vyskytu rezistenci mikroorganismi na
antimikrobialni latky je stadle nutné pfipravovat a testovat latky nové. Jednd se o
celosvetovy problém souvisejici s naduzivanim antibiotik u lidi, zvySujicim se uzivanim
antibiotik v potravinaiském primyslu a nedostatkem specifickych 1é¢iv pro rizikové

pacienty trpici vice onemocnénimi soucasné (1, 2).

Jednou z n€kolika moznosti je obména struktur jiz znamych antimikrobidlnich latek,
v naSem piipadé kvartérnich amoniovych soli, a tim potencidln¢ zvysit ucinnost danych
latek vi¢i mikroorganismim. Existuji strukturné specifické kvartérni amoniové soli, které
svymi vlastnostmi fadime do skupiny povrchové aktivnich latek. V praxi jsou mnohé z
nich pouzivany jako uc¢inné slozky dezinfek¢nich ptipravki (3). Prestoze jsou kvartérni
amonioveé soli znamé jiz od roku 1890 (4), dodnes jsou z diivodu nizké toxicity, minimalni
rezistence a dobré antimikrobidlni G¢innosti syntetizovany a publikovany stile nové

struktury spolecné s jejich biologickym hodnocenim (5-8).
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2 TEORETICKA CAST

2.1 Dekontaminace

Dlivodem provadéni dekontaminace je kontaminace, diive téz nazyvand zamoteni.
Kontaminace vznika zneciSténim osob, zvifat, rostlin, pfedméta, prostoru ¢i prostiedi
Skodlivymi latkami. Mize k ni dojit pfi havariich s unikem nebezpecnych latek, pti
vyskytu infek¢énich onemocnéni a ndkaz a pii pozarech. Pii teroristickych titocich mohou
byt pouzity vSechny zplisoby kontaminace. Forma kontaminace se rozdéluje na vnéjsi a
vnitini. V piipad¢ vnéjsi formy se jednd o kontaminaci povrchu lidského téla, zvirat,
rostlin nebo pfedméth. Vnitini forma kontaminace se projevuje proniknutim
kontaminantu do vnitinich vrstev téla vdechnutim (inhalaci), pozitim (ingesci) ¢i
prostupem kiizi (inokulaci). Rozhodujicim faktorem pro prinik kontaminantu je v
piipadé chemickych a radioaktivnich latek povrch materidlu a vlastnosti mikroorganismu

a jejich toxint u biologickych latek (9).

Dekontaminace (dfive nazyvana specialni oCistou) je soubor opatieni, pti kterych se
odstranuji nebo zneSkodiuji toxické chemické latky, biologické latky (mikroorganismy)
nebo radioaktivni latky z povrchu téla osob, vyzbroje a jiného materidlu, objektl ¢i terénu
pomoci dekontaminacnich latek tak, aby s nimi bylo mozné dale bezpecné manipulovat.
Cilem je sniZzeni ztrat a zkraceni doby pouzivani ochrannych prostfedka. Z hlediska
pouzitych dekontamina¢nich latek a postupli se dekontaminace déli na dezaktivaci,
detoxikaci (odmotovani) a dezinfekci. Z operaéniho hlediska dle Ceského obranného
standardu se déli na okamzitou, CasteCnou a uplnou. Z hlediska dekontamina¢niho
postupu se sklada z hrubé ocisty, vlastni dekontaminace dekontaminacni smési a
zpravidla i nasledného oplachu nekontaminovanou vodou. Tato rozdéleni jsou rozebrana
nize. Zvlastni ptipad dekontaminace je dekontaminace, kterd umoziuje uvedeni techniky

do mirového pouzivani tak, aby spliiovala hygienické normy (AAP-21) (10).

22



Rozdéleni dle typu dekontaminacni latky a postupii:

Dezaktivace — jedna se o odstranovani radioaktivnich latek z povrchi
osob, vyzbroje a jiného materialu, objektl a terénu pomoci dezaktivacnich
smési tak, aby jejich kontaminované ¢asti mohly byt znovu vyuzity, popf.
odstranény jako neradioaktivni odpad. Dezaktivacni procesy zpravidla
produkuji sekundarni odpady, které také musi byt brany v potaz a musi byt
osetfeny. Tato dekontaminace je prospésnd, pokud je hodnota obnoveného
objektu nebo jeho ziskana vyhoda vyssi nez poplatek za dekontaminacni
proces, transport a likvidaci produkovaného sekundarniho odpadu. Také
musi byt brano v Uvahu vystaveni operatéri podilejicich se na

dekontaminacnich operacich (11).

Detoxikace (odmorovani) - chemicky rozklad toxickych chemickych
latek nebo jejich mechanické odstranovani z kontaminovanych povrchd,

které vede ke snizeni kontaminace na fyziologicky tinosnou miru.

Dezinfekce - zneSkodnéni nebo odstranéni patogennich mikroorganismi a
jejich toxickych produkti z kontaminovanych povrchti. Dezinfekce, resp.

mikrobidlni dekontaminace, je rozebrana podrobné&ji nize.

Dle opera¢niho hlediska Ceského obranného standardu:

Okamzita dekontaminace — provadi ji jednotlivec ihned po zasazeni
toxickymi latkami zpravidla pomoci individudlniho protichemického
balicku. Cilem je z&chrana Zivota a zmenseni nasledki kontaminace. Do
okamzit¢ dekontaminace mize byt zahrnuta rovnéz dekontaminace

vyzbroje a vystroje.

Castena dekontaminace — uskuteciiuje ji jednotlivec nebo jednotka s
omezenim na pracovisté, urcité ¢asti vyzbroje ¢i jiného materialu. Cilem
je co nejvetsi omezeni styku se Skodlivinou a zabranéni jejimu Sifeni tak,
aby se dalo pokracovat v bojové cinnosti. Také miize zahrnovat

dekontaminaci materialu, jednotliveli nad rdimec okamZzité
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dekontaminace, zasob nezbytnych pro splnéni dan¢ho ukolu a

omezenych usekt terénu.

= Uplna dekontaminace — provadi ji jednotka bud’ vlastnimi silami a
prostiedky, nebo s podporou jiné jednotky. Cilem je dekontaminace celé¢ho
objektu pro dosazeni bezpecné koncentrace kontaminantu z pohledu
kontaktniho i1 inhalacniho pisobeni, umoznéni ¢astecného nebo uplného
sejmuti prosttedkil individuéalni ochrany a pokracovani v bojové ¢innosti s
co nejmensSim zdrZzenim. Zde mize byt zahrnuta i dekontaminace terénu

(10).

Podle definic o okamzité a ¢astecné dekontaminaci nelze zcela jasné vyvodit hranici
mezi témito dvéma dekontamina¢nimi postupy (12). Navic slovo ,,Caste¢na™ mize u
nékterych lidi vyvolavat dojem, Ze se jedna spiSe o neuplnou, nedokonalou ¢i malo
t¢innou dekontaminaci (13). Cesky obranny standard sice zavazuje viechny piislusniky
Armady CR (ACR) k pouZivani téchto pojmi ve vech novych dokumentech a
publikacich, miizeme se ale v novéjsi vojenské literatufe pro okamzitou a ¢astecnou
dekontaminaci setkat také s jinymi pojmy, napf. s ,,primarni“ ¢i ,,prvotni dekontaminaci*
(13, 14). V nékterych dokumentech ACR se rovnéz pouziva pojem

,prvotni individudlni dekontaminace* (15).

K vylouceni pojmovych nesrovnalosti je pro potfeby Hasi¢ského zachranného sboru
CR a pro uéely tohoto sdéleni pouzivan pojem ,,individualni dekontaminace®. Timto je
mySlen postup dekontaminace kontaminovanych casti povrchu téla, prostiedki
individualni ochrany a vécnych prostfedkii ihned po kontaminaci, ktery se provadi
svépomoci nebo s pomoci dalSich osob s vyuzitim pfedepsanych nebo improvizovanych
prosttedki (16). Z pohledu Arméady CR se pak jednd o ¢innost zahrnujici jak okamzitou,

tak i1 ¢aste¢nou dekontaminaci (10, 17).

2.1.1 Dekontaminacni postupy a metody

Dekontaminacni postup je sled po sobé jdoucich operaci zahrnujici hrubou ocistu,

aplikaci dekontamina¢ni smési a zpravidla zdvérecny oplach nekontaminovanou vodou,
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popt. i dalsi operace. Cilem je dosdhnuti co nejnizsi piipustné zbytkové kontaminace

dekontaminovaného objektu. Dekontaminac¢ni postup je charakterizovan dekontamina¢ni

smési, tlakem a teplotou vody, pouzitou soucasti dekontaminacni techniky (proudnice,

tryska, oplachovy ram). Dekontaminacni smés je pak charakterizovana typem, jeji

spotiebou, teplotou, plosnou hustotou jejiho nanosu na dekontaminovany povrch, dobou

jejiho ptisobeni a zptisobem jeji aplikace (10).

Metody provadéni dekontaminace:

fyzikalni — smyvani nebo otirani (organickymi rozpoustédly, vodnymi
roztoky tenzidil), odpafovani, sorpce

chemické — reakci vhodného Ccinidla s kontaminantem dochéazi k
celkovému rozlozeni latky nebo pfeméné molekularni struktury toxické
latky na jeji méné toxické ¢i netoxické produkty pomoci oxidace,
hydrolyzy, fotochemické reakce a nukleofilni substituce

mechanické — vytifepavani, vyklepavani, vysavani, kartaCovani (9, 18, 19).

Dle forem provedeni dekontaminace:

suchy zpusob — provadén hlavné mechanickymi dekontaminaénimi
metodami a svleCenim kontaminovaného odévu, nezavisly na vodnich
zdrojich a teploté, vétSinou na néj navazuje mokry zptisob z divodu

nedostatecné ucinnosti suchého zplisobu

polosuchy zptisob — provadén pomoci suchych pén vznikajicich v
generatoru pén ve spojeni s tlakovou 1ahvi (pfi pouziti Cistych plynti) a

vysokotlakym kompresorem

mokry zptlsob — pievazuje pii provadéni dekontaminace jednotkami
pozarni ochrany hlavné¢ v kombinaci mechanické a chemické metody
dekontaminace pomoci vodnych i nevodnych roztokli a smési, tézkych
pén, vodnich par, postiikli a smyvani za pouziti sprch, postiikovych rami,
proudnic s i1 bez kartacti; kontaminovana odpadni voda se musi ekologicky

zlikvidovat (18, 19).
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2.1.2 Dekontaminacni prostredky

Dekontaminacni prostiedek je technicky prosttedek, ktery umoziuje provedeni
dekontaminace i rozmérné vojenské techniky a materialu, objektd a terénu, a jedna se o

prostiedky rozdélené podle charakteru na:

- osobni — dekontaminac¢ni soupravy (protichemicky balicek jednotlivce IPB-80
obsahujici sorbent DESPRACH (13), zdravotnicky prostfedek jednotlivce ZPJ-
80 také se sorbentem DESPRACH, dekontamina¢ni rukavice ZNOTECTOR
firmy Chemcomex Praha (15)

- ruéni a prenosné technické prostiredky - rozstiikovace, malé¢ dekontaminacni
agregaty

- dekontaminacni vozidla — ACHR-90 (10).

2.1.3 Dekontaminaé¢ni smési v ACR a Integrovaném zachranném systému

Dekontaminacni smés je smés latek daného slozeni urcend pro dekontaminaci. Smés
je slozena z vody, organickych rozpoustédel a dezaktivacnich, detoxikacnich ¢i
dezinfek¢nich latek. Miize se skladat také i z jinych piisad, napt. ze soli, pénotvornych
latek nebo makromolekularnich latek. Smési se 1isi zptisobem aplikace, slozenim (%,
hmotnostni jednotky), teplotnim intervalem vyuzitelnosti (°C), jednotkovou spotiebou

(dm*.m) a dobou piisobeni (min).

Zavedené dekontaminadni smési v ramci Armady Ceské republiky mohou byt
modifikovany. V Armadé CR je nyni pouZivana napf. emulzni dekontaminaéni smés EDS
(odmotovaci a dezinfekéni u¢inek) a sporicidni dezinfekéni latka HVEZDA
S.C.H. (10). V Hasiéskych zachrannych sborech CR se pro dekontaminaci hasiét v
ochrannych protichemickych ptetlakovych odévech vyuzivaji dezinfekéni roztoky
Persteril 36%, popft. Persteril 15%, které se na odév aplikuji ru¢né ¢i dekontaminacni
sprchou (9). Parametry vybranych dekontamina¢nich smési pouzivanych v ACR a u

pozarnich jednotek jsou uvedeny v tabulkach 1 a 2.
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Tabulka 1. Parametry vybranych dekontaminaénich smési EDS a HVEZDA S.C.H.
pouzivanych v ACR (10).

C . Doba Teplotnl Jednotkova
Dekontamina¢ni . o , interval »
Smés SloZeni pusobeni writelnosti spotreba
(min) | *Y (dm3.m?)
15 % emulgacni olej Cin
EDS 85 % chlornanova susp. 30 102z +40 I
2 % (obj.) neionicky 0.1 a% 0.3
tenzid ’( éna)’
HVEZDA 8 % (obj.) kationicky ) ) P
. 3az 10 =5 az +55
S.C.H. tenzid 0.3 az 0.5
3 % (obj.) peroxid vodiku (k’a alin’a)
alkalizovany na pH 12 P

Tabulka 2. Parametry dezinfekénich roztokt Persteril 36% a Persteril 15% pouzivanych

v Hasi¢skych zachrannych sborech CR (9).

Dezinfekce hasice
o . v ochranném .
Dezinfekéni roztok Zpusob apvllkace protichemickém Dezlnfekce
na odév . , pokozky osob
pretlakovém
odévu
dekontamina¢ni 2% roztok, doba
sprcha Gsobeni 1 min 0
Persteril 36% p pou 0.2 A) roztok?
. 2% roztok, doba expozice 1 min
rucni o , .
pusobeni 2 min
dekontamina¢ni 4% roztok, doba
sprcha Gsobeni 1 min 0
Persteril 15% P pou 0.4 A) roztok?
. 4% roztok, doba expozice 1 min
rucni o , .
pusobeni 2 min

2.2 Mikrobialni dekontaminace

Kontaminanty, které je tfeba feSit v ramci mikrobidlni dekontaminace, jsou

biologické latky, casto nazyvané B-agens (biologickd agens). Jednd se o Zivé,

choroboplodné mikroorganismy nebo toxiny schopné vyvolat onemocnéni ¢1 amrti lidi,

zvitat nebo rostlin, a pojedndva se o nich v souvislosti s rizikem zneuziti pro teroristické

utoky. B-agens se vyznacuji pfedevSim vysokou virulenci, nizkou infekéni davkou,

kratkou inkubacni dobou, rychlym pribéhem a vysokou Umrtnosti. Zneuziti téchto

kontaminanti formou suchého prasku nebo v kapalné formé rozptylenim prasku,

aerosolovym mrakem, infikovanim zvifat ¢i kontaminaci potravinovych fetézc mtize
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mit za nasledek naruSeni zdroje potravin, umrti zvifat, paniku, oslabeni ekonomiky,
pracovni sily atd. Kontaminované prostfedi bez nasledné dekontaminace mtize pisobit

infek¢éné 1 po 40 letech (9).

B-agens fazena do jednotlivych kategorii (podle Centers for Disease Control

and Prevention, Atlanta) pro moZna zneuZiti pri teroristickém utoku (20):

a) Kategorie A — mikroorganismy a jimi vyvolana onemocnéni uvedené v této
kategorii pfedstavuji vysoké riziko pro narodni bezpecnost, protoze je lze
snadno Sifit a pfenaset z osoby na osobu, maji za nasledek vysokou miru
umrtnosti a dopad na vefejné zdravi a vyzaduji zvlastni opatieni pro
pohotovostni rezim.
= Orthopoxvirus variolae (pravé nestovice)

» Bacillus anthracis (antrax)

= Yersinia pestis (mor)

= toxin bakterie Clostridium botulinum (botulismus)

» Francisella tularensis (tularémie)

» Filoviridae (hemoragické horecky - Ebola, Marburg)

= Arenaviridae (hemoragicka horecka - Lassa)

b) Kategorie B — mikroorganismy a jimi vyvoland onemocnéni jsou zahrnuty v
této kategorii, protoze je Ize celkem jednoduse §ifit, maji za ndsledek mirnou
miru morbidity a mortality a vyZaduji zvySeny dohled nad nemocemi.

» Coxiella burnetii (q-horecka)

= Brucella sp. (bruceldza)

» Burkholdera mallei (vozhtivka)

» Salmonella sp., E. coli O157:H7, Shigella (gastroenteritidy

z kontaminované potravy)

= Vibrio cholerae, Cryptosporidium parvum (gastroenteritidy
z kontaminované vody)

= Epsilon toxin bakterie Clostridium perfringens

» Burkholderia pseudomallei (melioid6za)
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= Rickettsia prowazekii (skvrnity tyfus)
» Chlamydia psittaci (psitakoza)

= Alfavirus (encefalitidy)

= toxin ricin rostliny Ricinus communis

= stafylokokovy enterotoxin B

Kategorie C — do této kategorie se fadi nove vznikajici patogeny, které by
mohly byt v budoucnu pfipraveny pro hromadné Sifeni diky dostupnosti
téchto kmenti, snadné produkci a Sifeni, pro sviij potencial vysoké mortality
a morbidity a vyznamny dopad na lidské zdravi.

= Hantavirus

= Nipah virus

Mikrobialni dekontaminace zahrnuje podle stupné ucinnosti tyto zpisoby

dekontaminace:

Sanitace (mechanicka ocista) — jednd se o soubor postupil snizujici a
odstranujici anorganické a organické necistoty, taktéz biofilmy z pfredméta a

ploch (21).

Dezinfekce — zajiStuje zneSkodnéni vegetativnich forem patogennich
mikroorganismll na povrchu lidského t€la i v prostfedi pomoci fyzikalnich,
chemickych ¢i fyzikalné-chemickych postupti tak, aby se pferusila cesta

nakazy od zdroje k vnimavému jedinci (22, 23).

Vyssi stupen dezinfekce — zajiStuje usmrceni bakterii a né€kterych méné
odolnych bakteridlnich spor, viri a mikroskopickych hub, nezajistuji vSak
usmrceni vysoce rezistentnich spor a vyvojovych stadii protozoi, helmintt a
jejich vajicek. Tato metoda je urCena pro dekontaminaci optickych a
termolabilnich nastrojl a ptistrojii pisobenim nékterych chemickych latek, u
kterych se steriliza¢ni fyzikalni metody nedaji pouzit. Prvni fazi vysSiho
stupn¢ dezinfekce je mechanicka ocista, dezinfekce, oplach pitnou vodou a
nasledné osuseni. V piipadé kontaminace biologickym materidlem se nejprve

provede dezinfekce virucidnim prostfedkem. Dal§im krokem je
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ponoteni predmétit do sporicidniho roztoku (2% glutaraldehyd alkalizovany
0,3% hydrogenuhlic¢itanem sodnym; 1,5 — 5% Sekusept forte) na stanovenou
dobu tak, aby byly ponofeny a naplnény vSechny jejich duté ¢asti. Poté se
piredméty pro odstranéni rezidui dezinfek¢nich prostfedkt oplachnou sterilni
vodou, nasledné se sterilné osusi. Takto dezinfikované ndstroje a pfistroje
jsou uréeny k okamzitému pouziti, popt. ke kratkodobému skladovani (az 8
hodin) kryté sterilni rouSkou ve sterilnich nadobach (uzaviené kazety) nebo
v prostorach chranénych pred sekundarni kontaminaci (skiing). Uginnost
roztoku pro vyssi stupeint dezinfekce musi byt A, B, C, T, M, V (G€innosti jsou

podrobnéji rozebrany nize) (22-24).

Sterilizace — je proces, diky kterému dojde k usmrceni vSech forem
patogennich 1 nepatogennich mikroorganismi, vcetné spor bakterii
vyskytujicich se v urCitém prostfedi, na materidlech ¢i predmétech, k
ireverzibilni inaktivaci virli, usmrceni vyznamnych protozoi, helminti a
jejich vajicek. Spory bakterii dokazou byt vysoce termorezistentni, odolava;ji
1 teploté 100 °C, stejné tak virus hepatitidy B mtze odolavat, pokud je v
biologickém materidlu, proto je vzdy tfeba vybrat G€innou formu sterilizace

s dostate¢n¢ vysokou teplotou (23, 25-27).

Antisepse — slouzi ke zneSkodnéni patogennich mikroorganismi v zZivych
tkdnich (na povrchu lidského téla a v télnich dutinach) napt. vyplachy
antiseptickymi roztoky, lokalni aplikaci antibiotik. Antiseptika piichazeji do
styku s zivymi tkanémi, proto musi spliiovat v§echna kritéria pozadovana u
1é¢iv (tzn. dobrou snaSenlivost, netoxi¢nost, minimalni schopnost alergizovat
apod.). Jako antiseptika se pouzivaji alkoholové roztoky kvartérnich
amoniovych soli (Ajatin tinktura, Septonex, Cutasept), alkoholové roztoky s
obsahem chlorhexidinu, peroxidu vodiku (Spitaderm), vodné roztoky
obsahujici povidon-jod (Jodisol, Betadine) a ve formé obvazi jako
neadhezivni obvaz obsahujici povidon-jod (Inadine) nejcastéji pii 1€Cbe

bércovych viedt.

30



= Asepse — jedna se o opatfeni a postupy k zabranéni kontaminace tkani
prinikem mikroorganismu do tkané lidského téla (uzivanim ochrannych
pomucek, chirurgickym mytim rukou, pouzivanim sterilnich nastroji) a k
zachovani sterilniho prostiedi. Dbat na dodrzovani aseptickych postupti je

tteba hlavné pfi praci s imunosuprimovanym pacientem (23, 25, 27).

= Dezinsekce — je soubor opatfeni vedoucich k odstranéni Skodlivych a
epidemiologicky vyznamnych ¢lenovct (v$i, blech, klist'at, mravencii, much,
komard atd.) z prostfedi nejCastéji pomoci dychacich a nervovych
kontaktnich jedii (pfipravky ve sprejich, navnady aj.). Uzitetné jsou
prostiedky zaloZené na feromonech zabrafiujici reprodukci ¢lenovci. Rada z

nich se uplatiiuje jako pfenaseci nakaz, proto je jejich likvidace dilezita.

* Deratizace — znamend sniZzeni poctu a likvidaci hlodavct, ktetfi byvaji
rezervodary infekci. K jejich potlaceni miize dojit bud’ profylakticky (v€asnym
odstranovanim odpadk a zbytkl potravin), nebo represivné (otravenou
navnadou, pasti atd.). Clovék se nakazi pfimym kontaktem s hlodavcem nebo
s jeho exkrety, kontaminovanou vodou ¢i potravou, a také prostiednictvim

¢lenovc, ktefi se sanim hlodavct infikuji (23, 25, 28).

2.3 Dezinfekce

Dezinfekce je soucasti protiepidemického rezimu ve vSech zdravotnickych
zafizenich. Provadi se fyzikdlnim nebo chemickym zplisobem ¢i kombinaci obou
postuptl. Jejim hlavnim cilem je pferuSeni cesty ndkazy od zdroje k vnimavé osobé
zneskodnénim mikroorganismi ve vnéj$im prostiedi, na nezivych pfedmétech, plochach
a na neporusen¢ pokozce (24). Dezinfekce se vykondva jednim pracovnim krokem
(pouzitim dezinfek¢éniho piipravku s cisticimi vlastnostmi) nebo dvéma pracovnimi
kroky, kterymi se nejdiive provede mechanicka ocista, poté vlastni dezinfikovani. Druhy,
dvouetapovy, pfistup lze sjednotit pouzitim dezinfekénich prostiedkii s mycimi a
soub&zné Cisticimi vlastnostmi. V ohnisku infekce a u biologicky kontaminovanych
predméti a povrchli se nejdiive uskutectiuje dezinfekce prostfedkem s virucidnim
ucinkem, a az poté mechanicka ocista (22).

31



Zpusob dezinfekce se vybira podle vlivu vnéjSiho prosttedi (teplota, vlhkost, pH),
cesty a mechanismu pfenosu infekéniho onemocnéni, expozicni délky, odolnosti
patogent na dezinfekci a vlivu na dezinfikovany pfedmét (24). Idealni dezinfekéni
prostfedek by mé¢l splnovat tyto vlastnosti: ekonomicka dostupnost, piijatelné baleni a
davkovani, pfijemnd vinég, Sirokospektralni tc¢innost, kratkd doba expozice, odolnost
(vtci prostiedi 1 dezinfikovanému piredmétu), kozni snaSenlivost, stabilita roztokt a nizka
toxicita (25). Pro kontrolu u€innosti dezinfekce se vyuzivaji chemické a mikrobiologické
metody. Pomoci chemickych metod se kvalitativné a kvantitativné stanovuji aktivni latky
a jejich obsah v dezinfek¢nich ptipravcich. Mikrobiologickymi metodami je zjistovana
ucinnost dezinfekci a pripadnd mikrobialni kontaminace povrchu kontrolovéana stéry,
oplachy, otisky atd. (27). U téchto piipravkl je nutné pracovat podle navodu vyrobce

uvedeného na etiketé vyrobku a fidit se doporuc¢enim zdravotnickych tstavi (23).

Déleni dezinfekce dle ucelu pouziti a konkrétni situace:

» Profylakticka (ochranna) — vyuziva se pro dezinfekci (vody, materialu atd.)
nejcastéji v kolektivnich, zdravotnickych zatfizenich a vSude tam, kde se
ptedpokladéd vyskyt choroboplodnych zarodkdi i bez jejich prokdzané
ptitomnosti.

* Ohniskova (represivni) — slouzi ke zneSkodnéni patogenu v ohnisku nakazy
a jeho dalSimu Sifeni. PritbéZna forma se provadi v okoli nemocného, kone¢na

forma po pfevezeni nemocného nebo po jeho umrti (23).

Dle spektra ucinnosti (pii konkrétni dobé expozice, nejCastéji v minutach) a
znaceni na dezinfek¢nich pripravcich (velkymi pismeny):

A = baktericidni (vegetativni formy bakterii)

T = tuberkulocidni (Mycobacterium tuberculosis)

M = ptisobeni na atypicka mykobakteria

V = fungicidni (mikroskopické kvasinky i vlaknité houby)

C = sporocidni (inaktivace spor bakterii)

B = virucidni.
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2.3.1 Fyzikalni zptsob dezinfekce

Fyzikalni zpiisob dezinfekce je ekologicky vyhodny a je provadén pomoci vlhkého

¢i suchého tepla nebo zafeni témito zptisoby:

= spalovani, filtrace, zihani

» dezinfekce pomoci pfistroji (myci, praci a parni piistroje s teplotou vyssi
nez 90 °C)

= var v pretlakovych nadobach (20 min)

= var za atmosférického tlaku (30 min)

= proudici horky vzduch (susicky, 110 °C na 30 min)

= UV zafeni (germicidni zatfivky, v rozmezi vinovych délek 253—264 nm)

= pasterizace (zahtatim na 60—65 °C na 30 min, rychlym zahiatim na 85—

90 °C nebo 134 °C na nékolik sekund s nasledujicim rychlym zchlazenim)

(24, 27).

2.3.2 Chemicky zpisob dezinfekce

V praxi pevazuji chemické zptsoby dezinfekce nad metodami fyzikalnimi. Patogeny

jsou roztoky nebo aerosolem o dané koncentraci, spektru u¢innosti na mikroorganismy a

dobé expozice bud usmrceny (baktericidni ucinek) nebo je jejich rlst zastaven

(bakteriostaticky uc¢inek). Chemicka dezinfekce se tedy provadi otfenim, ponofenim,

postfikem, aerosolem, odpafovdnim par roztokli, plynovanim nebo pénou (22).

Mechanismus a spektrum ucinku se u jednotlivych dezinfek¢nich latek 1isi (23).

Chemicky zpiisob dle mechanismu pisobeni na mikroorganismy (poskozenim

struktury mikroorganismi nebo naruSenim jejich zdkladnich metabolickych funkci):

zménou permeability (detergenty)

oxidaci (peroxidy, peroxokyseliny, slou¢eniny chloru)
redukci (aldehydy)

hydrolyzou (hydroxidy, kyseliny)

dehydrataci (alkoholy)

koagulaci bilkovin (fenoly, alkoholy)
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inaktivaci enzymu (cyklické slouceniny) (25).

Nejcastéji pouzivané chemické latky jsou:

Zasady a kyseliny:

e anorganické —hydroxid draselny, hydroxid sodny, hydroxid vapenaty
(k hrub¢ dezinfekci napt. septikit), kyselina borita (o¢ni kapky, masti
apod.)

e organické — kyselina peroctova (ve smési s peroxidem vodiku a
kyselinou sirovou tvofi ptipravek Persteril, ktery v ramci nékolika
minut pusobi baktericidné na vegetativni formy bakterii, na spory a
viry ve velmi nizkych koncentracich 0,01-0,1 %), nékteré kyseliny
nachazeji uplatnéni také jako konzervancia a antiseptika (23, 25, 27,

29-32).

Halogeny — slouceniny chloru (chlorové véapno, chlornany, organické
chloraminy), antiseptika obsahujici jod (jodové tinktura, jod s glykoly,
jodofory), brom nebo fluor; Casto vSak vyvolavaji alergie; ptipravky —
Chloramin B (myti rukou, dezinfekce pradla a povrchii), Chloramin BM (na
povrchy), Chloramin BS (dezinfekce pradla), Savo (povrchy), Neodisher
Alka (strojni myti), Jodisol (na drobna poranéni a mista vpichil), Betadine
(oSetfeni ran, popalenin, dekubitl, kize), Jodonal B (povrchova dezinfekce)

(23, 25,27, 33).

Oxidaéni pripravky — peroxid vodiku (pokozka, drobnd poranéni,

vyplachy, stomatologie), 0zon, manganistan draselny (23, 25, 27, 34, 35).

Alkoholy — ethylalkohol, isopropanol (dez. rukou a pokozky); maji tradicni
vyuziti v medicing; ptipravky — Decidin tinktura (pfed vpichy), Desmanol

(dez. kiize), Sterilium (kiize), Spitaderm (kiize) (23, 25, 27, 36, 37).

Slouceniny téZkych kovii — slouceniny rtuti, médi, stéibra a cinu; pro svoji
toxicitu se vyuzivaji ¢im dal mén¢; maji vétSinou jen bakteriostaticky ucinek

(23, 25, 27, 38).
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» Aldehydy — formaldehyd (dez. nastroji, ve formé¢ plynu k dezinfekci
mistnosti, s vodni parou k dezinfekci matraci) a glutaraldehyd (endoskopy a
nastroje, které nejsou odolné ke sterilizaci teplem) ucinkuji na zakladé
redukénich a alkylaénich vlastnosti zplsobujicich inaktivaci bunéénych
enzymu; piipravky — Sekusept forte (kombinace formaldehydu s
glutaraldehydem na dezinfekci néstrojii, endoskopt, plastovych predméti),
Cidex (kombinace glutaraldehydu s hydrogenuhli¢itanem sodnym) (23, 25,
27, 39, 40).

= Cyklické slouéeniny — fenol, krezol, chlorhexidin atd.; ptipravek — Orthosan
BF 12 (hrubéd povrchova dezinfekce), Kresolum saponatum (dezinfekéni,
myeci a detergencni vlastnosti, slouzi k dezinfekci a myti podlah) (23, 25, 27,

41, 42).

» Tenzidy a jiné surfaktanty — tenzidy jsou povrchové aktivni latky, mezi
které patii i kvartérni amoniové soli (KAS); ptfipravky — Ajatin (povrchy,
nastroje), Ajatinova tinktura (pokozka pted vpichy), Cutasept (kiize pred
vpichy), Septonex (pokozka pied vpichy a pifi poranéni, povrchy),
Ophthalmo Septonex (o¢ni antiseptikum); KAS jsou podrobnéji popsany
nize (23, 25, 27, 43).

= Kombinované slouceniny — jedna se o kombinaci vyse uvedenych latek;
vétSinou jde o kombinaci kvartérnich amoniovych soli, tenzidl, aldehydi,
chlorhexidinu, alkoholii, peroxidu vodiku k dosazeni specifického ptisobeni;
piipravky — Dezident (povrchy), Bacillol plus (Iécebny a laboratofe na
tuberkul6zu), Incidur (povrchy ve zdravotnictvi) (23, 25, 27, 44).

2.3.3 Fyzikalné-chemicky zptisob dezinfekce

Soucasnym puasobenim fyzikdlniho a chemického zpisobu je dezinfekce

vykonavana t€émito metodami:
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» paraformaldehydova komora — ptisobeni vodni pary pii 45-75 °C a
pary formaldehydu; pro dezinfekci vyrobkl z viny, umélé hmoty, kize,
kozeSiny a textilu

* myci, Cistici a praci stroje — dezinfekce probiha pii teploté¢ do 60 °C a

s ptisadou chemickych dezinfekénich prostiedki (22, 27).

2.4 Sterilizace

Jak jiz bylo vySe feceno, sterilizaci dojde k likvidaci vSech mikroorganismi. Cilem
sterilizace je zajisténi irovné bezpecné sterility 10%, ktera vyjadtuje, Ze maximalné jeden
pfedmét je z celkového poctu jednoho milionu vysterilizovanych pfedmétii nesterilni.
Navic vysterilizovany material mize obsahovat pyrogenni latky, tzn. Ze usmrcené
mikroorganismy nebyly z materidlu odstranény (jejich nésledné odstranéni neni

podminkou sterilizace).

Sterilizace se sklada celkové ze tii dulezitych fazi — pfedsterilizacni piiprava,
sterilizace po danou dobu, uloZeni a expedice. Prvni fazi je pfedsterilizacni ptiprava, ktera
zahrnuje ruéni mechanickou o€istu po pfedeslé dezinfekci nastrojii a pomicek virucidnim
prostiedkem nebo dekontaminaci v myckach za pouziti kyselého, alkalického C¢i
enzymatického prostfedku spolecné s termickou (> 90 °C, 10 min) nebo termochemickou
(60 °C, 20 min, spole¢n¢ s dezinfekénim prosttedkem) dezinfekci. Jako dopln€k ru¢ni a
strojové oCisty se pouziva také Cisténi ultrazvukem (frekvence 35 kHz). Po téchto krocich
se prechazi k dikladnému osuseni materidlu, popt. vyfazeni téch poSkozenych, a vlozeni
do vhodnych obalii pro zachovani sterility po skonceni procesu. Béhem posledni faze se
kontroluje materidl a testy prob¢hlé sterilizace, zapiSe se doba exspirace materidlu a
nakonec se skladuje (doporucend teplota 15-25 °C) nebo expeduje. Kontrola sterilizace
zahrnuje kontrolu sterilizacniho cyklu, u¢innosti steriliza¢niho pfistroji (biologickymi
testy — mikrobialnimi spory, nebiologickymi testy reagujici zmeénou barvy, sledovanim
fyzikédlnich parametri pfistroje), monitorovani a validaci sterilizace a kontrolu

vysterilizovaného materidlu (22, 24, 27).
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2.4.1 Fyzikalni metody sterilizace

Parni sterilizace — provadi se vlhkym teplem (sytou vodni parou) v
parnich pfistrojich zvanych autoklav. Tato metoda je vhodna pro piedméty
ze skla, kovu, porcelanu, gumy, textilu, keramiky, odolnych plasti a
dalSich materiali. Nebalené kovové nastroje (sterilizacni doba 4 minuty)
urcené k okamzitému pouZiti a balené materidly (7 minut sterilizace) lze
sterilizovat pfi 134 °C za podminek, ze byl proveden vakuovy test a
Bowie-Dick test (tj. test spravného odvzdusnéni a pronikani pary) a pfi
odvzdusnovani bylo dosazeno podtlaku nejméné

—87 kPa. Pro inaktivaci priont se také vyuziva teploty 134 °C, avsak po
dobu 60 minut. Dal§imi parametry jsou 121°C po expozi¢ni dobu 20 minut

a 134 °C po dobu 10 minut.

Horkovzdusna sterilizace — jednd se o sterilizaci proudicim horkym
vzduchem (suchym teplem) provadénou v horkovzdu$ném sterilizatoru s
nucenou cirkulaci vzduchu s danymi parametry (160 °C po dobu 60 minut,
170 °C po dobu 30 minut a 180 °C po dobu 20 minut). Je urcena pro
termorezistentni material (sklo, kamenina, kov, porceldn), naopak neni
urCena pro papir, gumu, vetSinu plastll, vatu a textil. Sterilizator se po

skonceni cyklu otevird az po zchladnuti alespon na teplotu 80 °C.

Plazmova sterilizace — vyuziva plazmy vznikajici ve vysokofrekvencnim
elektromagnetickém poli, které piisobi na pary peroxidu vodiku i jiné
chemické latky ve vysokém vakuu pfi teploté¢ 50—-60 °C. Nepouziva se na

material na bazi celuldzy, ani na porézni a savy material.

Radiacéni sterilizace — Gc¢inek je vyvolan kobaltem jako radioizotopem a
gama zafenim v davce 25 kGy. Tento typ je vyuzivan v primyslové vyrobé
jednorazového sterilniho materidlu, ptipadné k opakované sterilizaci

exspirovaného zdravotnického materialu (22-24, 27).
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2.4.2 Chemické metody sterilizace

Tento zplsob sterilizace je vhodny zejména pro termolabilni materidl, jenz nelze
sterilizovat fyzikalnimi zptisoby. U¢inkuji na zakladé plynii pfedepsané koncentrace a

sloZeni.

* Formaldehydova sterilizace — je provadéna v tlakovych pfistrojich v
podtlaku za ptisobeni plynné smési formaldehydu s vodni parou pfi teploté
60-80 °C a slouzi pro sterilizaci termolabilnich pfedméti, gumy,
optickych pfistroji a ostrych kovovych nastroji. Neni vhodnd pro

sterilizaci textilu.

= Ethylenoxidova sterilizace — je provadéna ve specidlnich tlakovych
piistrojich za ptetlaku nebo podtlaku, pfi teploté 37-55 °C a relativni
vlhkosti 70 %. Je urCena pro termolabilni predméty, plasty, gumu, optické
pristroje, ostré nastroje, papir, pefi, molitan a matrace. Ethylenoxid je
sterilizovanymi pfedméty znacné absorbovan, proto se pied pouzitim

odvétravaji po dobu 3—7 dni (23, 24).
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2.5 Kvartérni amoniové soli

Od roku 1876, kdy Robert Koch zjistil, Ze mikroorganismy zpisobuji infek¢ni
onemocnéni, se lékari, mikrobiologové a chemici snaZzi najit 1éky k prevenci nemoci (45).
V roce 1890 byly poprvé Menschutkinem piipraveny KAS v reakci terciarnich aminti s
alkylovymi halogenidy, které byly béhem 20. stoleti podrobn¢ studovany (4, 46). Prvni
postiehy ohledn¢ antimikrobidlni aktivity KAS byly publikovany v roce 1916 Jacobsem
a spolupracovniky, ktefi studovali vztah mezi strukturou a baktericidnim efektem u
hexamethylentetraaminu (47). Jiz ve 30. letech 20. stoleti byl, spole¢n¢ s prvnimi
sulfonamidovymi antibiotiky (48), objeven cely potencial KAS, a pro tyto ucely byly
thned podévany zadosti o patenty (45).

Kvartérni amoniové soli (KAS) patii do skupiny kationtovych surfaktanti
aplikovatelnych v rtiznych odvétvich (3, 49) a obecné jsou pouzivany jako biocidy, které
se vyznacuji antimikrobidlnim uc¢inkem proti Siroké Skale mikroorganismi (50). Tyto
latky jsou charakteristické nizkou cenou, jednoduchou ptipravou a vysokou ucinnosti
(33). Jejich ucinnost lze zlepsit zvySenim teploty na 50—60 °C (22). Typicky se skladaji z
jednoho kvartérniho dusiku propojeného s nejméné jednim hlavnim hydrofobnim
substituentem. Mezi zastupce KAS napt. patii derivaty cetrimonia neboli cetrimid
(obecné m-alkyltrimethyl amoniové soli s n-alkylovou skupinou mezi osmi a osmnécti
uhliky), benzalkonia (smési n-alkyldimethylbenzyl amoniové soli) (51), stearalkonia,
cetylpyridinia (52), carbethopendeciniia (53), benzoxonia, tetrazolia, benzethonia a

mecetronium ethylsulfat (54).

2.5.1 Chemicka struktura

Kvartérni amoniové soli jsou obvykle chemické stuktury N'RjR2R3R4 X (obr. 1).
KAS s antimikrobidlni aktivitou jsou tedy sloZeny z pozitivné nabitého atomu dusiku,
ktery je bud inkorporovany do aromatického kruhu (pyridinium, imidazolium,
quinolinium a isoquinolinium) nebo se vyskytuje jako necyklicky atom (benzalkonium
nebo cetrimonium) (49, 55-58) kovalentné vazany na ¢tyfi atomy uhliku, kde alespon
jeden substituent (R) je rovny n-alkylovy fetézec s riznym poctem uhliki (Cs—Cig) (52)

a dalsi substituenty (R) reprezentuji jakoukoliv skupinu atomt. Chlorid (CI") nebo
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bromid (Br") obvykle predstavuji anion (59, 60). Tento kvartérni dusik predstavuje
hydrofilni (polarni) ¢ast molekuly (obr. 2), kterd je schopnd interagovat s polarnim
prostiedim a je zodpovédna za rozpustnost ve vod¢, zatimco dlouhy alkylovy fetézec
formuje hydrofobni (nepolarni) ¢ast schopnou penetrovat nepolarni aglomeraty a

ovlivitovat biologické struktury, jako napt. membrany, receptory a lipidy (61, 62).

R, X
R
\ . e |
N | l | l |
R«“/ \ ; .
2 Hyvdrofilni Hvdrofobni
Ry (poldmi) &4st (nepoldmi) éast
Obrazek 1. Obecna struktura kvartérnich Obrazek 2. Casti molekuly kvartérnich
amoniovych soli. amoniovych soli.

2.5.2 Mechanismus uc¢inku

Mechanismus piisobeni KAS, zndzornény na obrazku 3 (obrdzek byl upraven dle
publikace Dolezal a kol. (63)), prameni z faktu, Ze negativné nabity povrch bakterialnich
membran je stabilizovan divalentnimi kationy, tj. Ca®" and Mg?*. Ca®" kationy na povrchu
membrany jsou po aplikaci kationaktivnich latek nahrazeny pozitivnim ndbojem téchto
latek a tato vyména ma za nésledek zanofeni hydrofobniho alkylového fetézce do
fosfolipidové vrstvy mikroorganismu. To vede ke ztrat¢ fluidity membrany a k
segmentaci membrany do shlukd, které jsou poté vytrzeny z fosfolipidové
dvojvrstvy do vodného prostiedi vedouci k bunééné smrti (3). Latky se dvéma dlouhymi
alkylovymi fetézci (didecyldimethylammonium) také zptisobuji degradaci membrany,
coz mé za nésledek unik intracelularnich molekul do prostiedi a nadslednou bunéénou smrt
(64). Nicméné, v tomto piipadé se mechanismus ucinku zda vice komplexni nez jen
jednoduchd disrupce membrany. Navic jiz byla popsdna 1 interakce KAS s
intracelularnimi proteiny a nukleovymi kyselinami (45). KAS o nizkych koncentracich se
pevné vazou na anionickd mista na povrchu membrany, zplsobuji bunkdm ztratu
osmoregulacni schopnosti a Unik draslikovych iontl a protond (65). Stiedni hodnoty
rozrusuji fyziologické funkce, jako je respirace, transport rozpusténych latek a biosyntézu
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bunéné membrany (66). Vysoké koncentrace,
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pouzivané v mnoha biocidnich pfipravcich, zabiji bunky solubilizaci membran a

naslednym uvolnénim obsahu burky, proto jsou navrhovany jako biologické detergenty

(67).

-¢-h~!-r-l-¢-l-¢-l~+l-¢-!~4-!-‘a-?-— : 1-‘ f-‘rhhl‘ YRR ~e-}‘! L) "-!~!"!3}';'!-!‘i‘-l'i‘-!ﬂ'*-l"*-l'b’ii -JJ‘a!.‘;t—l’t-l’bl'bh-

) KT ¥ B0 o

= 3
iR

& voda R fosfolipid f surfaktant a protein Mg @ ionty

Obrazek 3. Mechanismus plsobeni KAS na bakterialni membrany (obrazek byl upraven

dle publikace Dolezal a kol. (63)).

Na molekularni irovni spociva ucinek KAS v asociaci pozitivné nabitého kvartérniho
dusiku s hydrofilni hlavou kyselych fosfolipidi nachazejicich se v membrané.
Hydrofobni fetézec KAS se poté zaplétd do samotné hydrofobni membrany. Proto pti
nizkych koncentracich (zhruba v hodnotach minimélni inhibi¢ni koncentrace) takové
interakce zvySuji povrchovy tlak a teplotu fazového piechodu. Membrana méni svij

skupensky stav na tekuty, krystalicky a ztraci osmoregulacni
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schopnost a fyziologické funkce, membranové jadro se snizuje v hydrofobicit¢ a
fosfolipidy maji sklony ke stabilnimu hexagondlnimu uspotfddani. V pouzitelnych
koncentracich KAS formuji micelarni agregaty, které rozpoustéji hydrofobni

komponenty membrany (napf. lipid A, fosfolipidy atd.) (3, 68).

Takova raznorodost specifickych interakci poukazuje na to, Ze riizni zastupci KAS

mohou mit jiné ucinky na rizné mikroorganismy (69).

7 s vm

2.5.3 Antimikrobialni i¢innost

Struktura KAS, obzvlast’ délka alkylového fetézce, hraje vyznamnou roli v aktivité
dané latky viaci raznym mikroorganismim (70). Maximalni efekt téchto latek proti
houbam byl zpozorovan v pfitomnosti alkylového fetézce s poctem uhlikti n = 12 (69),
proti grampozitivnim (G+) bakteriim a kvasinkdm byl zpozorovan pfi poc¢tu uhlika
n =12-14. V ptipad¢ gramnegativnich (G—) bakterii byla maximalni aktivita splnéna pfi
n = 14-16. Latky s délkou fetézce n <4 a n > 18 jsou prakticky antimikrobidln¢ neaktivni

3).

| Grampozitivai bakterie | | Gramnegativri bakterie |
o5 Epopofvsachmd por
koys. ltpote::choma keys. ie&l;hom’ﬁd 3 memmembrana { —a / | i\

20 - BO fem

35-4.5mm

bttt

piaanancka membrana /
membranm’} protam S vnitfnd membrana

- fosfolipidy

Obrazek 4. Rozdily ve stavbé bunéénych stén grampozitivnich a gramnegativnich bakterii

(obrazek byl upraven dle publikace Dolezal a kol. (63)).

KAS  projevuji  Sirokou  ucinnost  (bakteriostatickou,  sporistatickou,
tuberkulostatickou, algistatickou) pfi velmi nizkych koncentracich (33). Nicménég, G+
bakterie jsou vice citlivé ke KAS v porovnani s G— bakteriemi hlavné diky rozdilim v
bakterialnich bunécnych sténach (obr. 4, upraven dle publikace Dolezal a kol. (63)) a
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neschopnosti KAS penetrovat vnéj$i membranu a nasledné vnitini cytoplazmatickou

membranu G— bakterii, a tim zptsobit disrupci membrany a unik ionti (71).

2.5.4 Vyuziti kvartérnich amoniovych soli

KAS jsou bézné pouzivany v ocnich kapkach, hydratacnich krémech a disticich
pripravcich na obli¢ej, opalovacich krémech a dezinfekénich prostfedcich na ruce (50,
72). Tyto latky jsou také Siroce vyuzivané pro purifikaci vody a zpracovavani potravin,
protoze vykazuji nizkou toxicitu pro lidi a disponuji vysokou antimikrobialni uc¢innosti
(73). Kationické surfaktanty jsou Casto pouzivany jako lokalni dezinfekce (povrchové
dezinfek¢ni pripravky aplikovatelné na neporusenou sliznici atd.) a jako detergenty (74).
Diky jejich toxickému efektu proti zelenym fasam mohou byt také aplikované na povrchy

bazéntl, fontan, dievénych lodi a vSude tam, kde je jejich rist nezadouci (75, 76).

Obrazek 5. Pii dosaZeni kritické micelarni koncentrace monomery surfaktantu formuyji

Qgi%? ?550

£

o237
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6460

termodynamicky stabilni agregaty nazyvané micely.

Po dosazeni konkrétni koncentrace, nazyvané kritickd micelarni koncentrace,
monomery surfaktantu formuji termodynamicky stabilni sférické agregaty ve vodnych
roztocich znamé jako micely, zndzornény na obrazku 5 (77). Navzijem propletené
uhlovodikové fetézce molekul povrchové aktivnich latek (nepolarni ¢ast) tvoti ve vodném
prostiedi jadro micely a polarni skupiny téchto latek jsou rozmistény na vnéj§im povrchu
micely. Ty mohou tvofit rizné tvary (kulovité, valcovité, hexagonalni kapalné krystaly,
laminarni micely) podle koncentrace roztoku (ve zfedénych roztocich vznikaji kulovité,
ionogenni, tzv. Hartleyovy, micely; pii vysokych koncentracich naopak laminarni, tzv.
McBainovy, micely slozené ze dvou vrstev povrchové aktivnich latek) (78). Micely jsou
uzite¢né jako katalyzatory akcelerujici rozklad chemikalii, a proto jsou tyto latky

vyuzivany i jako dekontaminanty (79).

44



Bl

2.6 Testovani antimikrobialni ucinnosti

Metody testovani antimikrobialni u¢innosti byly podrobné popsany v piehledovém

&lanku (80).
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1)

2)

3)

4

3 CiLE PRACE

Zavedeni a optimalizace metodiky testovani antimikrobialni 1c¢innosti
(mikrodilu¢ni bujénova metoda) na Katedie epidemiologie Fakulty vojenského

zdravotnictvi Univerzity obrany (FVZ UO).

In vitro testovani vybranych skupin nové ptipravenych latek (cca 60 latek) na bazi
kvartérnich amoniovych soli — testovani antibakterialni a antifungalni u¢innosti,

dale navic méfeni cytotoxicity a inhibice rustu zelenych fas.
Sledovani vztahu mezi strukturou latek a jejich antimikrobialni u¢innosti.

Formulace ve vod¢ rozpustnych Sirokospektrych smési z nejucinnéjsich latek a
nasledné otestovani jejich ucinnosti (testovani kozni drazdivosti, kvantitativni
expozi¢ni testy na aerobnich bakteriich a kvasinkach). V ramci projektu byla pro
ucelenost vysledki tato prace doplnéna také kvantitativnimi expozi¢nimi testy

proti anaerobni bakterii, vlaknité houb¢ a viru.
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4 EXPERIMENTALNI CAST

4.1 Testované latky

Ve spolupraci s Katedrou toxikologie a vojenské farmacie FVZ UO a Centrem
biomedicinského vyzkumu Fakultni nemocnice Hradec Kralové v ramcipodpory
,»Vyvoj novych dezinfek¢nich ¢inidel proti patogeniim vyskytujicich se v nemocni¢nim
prostiedi* (15-31847A) Agentury pro zdravotnicky vyzkum Ceské republiky (AZV) bylo
celkem ptipraveno 64 novych latek typu kvartérnich amoniovych soli. Jako referencni
latky byly pfipraveny 3 standardné€ pouzivané benzalkoniové soli (v textu oznaceny
BACi2, BACi4, BACi¢), které¢ jsou obsazeny jako smés hlavnich aktivnich latek v
komer¢nim dezinfek¢énim piipravku Ajatin. Pro tuto disertacni praci bylo vybrano celkem
18 tad, tj. 52 testovanych latek, spole¢né se tfemi standardnimi benzalkoniovymi solemi
BAC (tzn. dohromady 55 testovanych latek). Latky jsou Cislovany jako fady 1-18 s tim,
ze oznaceni Ci2, Ci4 a Ci6 udava délku alkylového fetézce s danym poctem uhlikd (v
pripad¢ bis-alkylovych soli fad 13 a 14 se jednd o délku fetézchi Cs a Cio). Nové latky,
jejich oznaceni a struktury, jsou shrnuty v tabulce
3. U ptipravenych latek byla potvrzena jejich identita a ¢istota pomoci instrumentalnich
metod, tj. nukledrni magnetické rezonance a hmotnostni spektrometrie s vysokym
rozliSenim. Syntéza a biologickd testovani latek uvedenych v disertacni praci byla
publikovana jiz v nckolika zahrani¢nich odbornych casopisech (57, 81-83). Piiprava

referen¢nich BAC byla popsana v publikaci Kuca a kol. (84).
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Tabulka 3. Nové syntetizované latky, jejich struktury a oznaceni.

1-alkyl-3-karbamoylpyridinium-bromid

Rada Struktura Oznaceni
| - F\_J B - BAC
BAC L TR BAC.4
N-alkyl-N-benzyl-N, N-dimethylamonium-bromid BACs
| _\OH 1-C12
L,
1 TR Br 1-Cis
1-alkyl-3-hydroxymethylpyridinium-bromid 1-Ci6
|| 2-Ci2
|
2 \\F}'I_— Br 2-Cis
R
1-alkyl-4-methylpyridinium-bromid 2-Cie
o — 3-Ci2
L.
3 N Br 3-Ci4
R
1-alkyl-3-methylpyridinium-bromid 3-Cis
! 4-Ci2
“\ +—_\
4 N - 4-Cis
R Br
1-alkyl-2-methylpyridinium-bromid 4-Cie
HoN :O 5.Cp
I
5 “\ +_ B 5-Cia
r}' Br
R
e . 5-Cie
1-alkyl-4-karbamoylpyridinium-bromid
© 6-Ci2
l ' —>NH,
6 FI\'l—_ B 6-Cis
R Br
6-Cie
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SN 7-Ci2
L.
7 ’}J Br 7-Cia
R
1-alkyl-3-methoxypyridinium-bromid 7-Cis
| _~_OH 8-Ci2
L,
8 TR B 8-Cus
1-alkyl-3-(2-hydroxyethyl)pyridinium-bromid 8-Cis
R 9-Ci2
| NG\ N
9 - 9-Cu4
Ho = B
N-alkyl-N, N-dimethyl-N-(4-hydroxyphenylethyl)amonium-bromid 9-Cis
O Br 10-Ch2
| I I
10 \\ —~ IJTFI__ 10-Ci4
R
1-alkyl-5-hydroxychinolinium-bromid 10-Cie
NH - -
| 2 l B 11-Cy2
11 | 11-Ci4
— = |>| ‘R
1-alkyl-5-aminoisochinolinium-bromid 11-Cis
_ 12-Cy2
R +- Br
N.
12 | CgH 12-Ci4
N-alkyl-N, N-dimethyl-N-oktylamonium-bromid 12.C
-Cis
L~ rt| R 13-Cs
TN e
13 _ R Br 13-Cio
N-benzyl-N, N-dialkyl-N-methylamonium-bromid
R Br 14- Cg
14 'N¥\OH 14-Cio

R
N, N-dialkyl-N-(2-hydroxyethyl)-N-methylamonium-bromid
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R - 15-Ci2
- Br

| +
N
15 L \\\ 15-Cu4

OH
1-alkyl-1-(2-hydroxyethyl)pyrolidinium-bromid 15-Cis
e OH 16-Ci2

N— _
16 _ g B 16-C14

16-Cis
R Kl | - OH _ 1 7-C12
17 N Br 17-C14
1-alkyl-3-(2-hydroxyethyl)imidazolium-bromid 17-C
-Cie
., —oOH 18-Ci2
o N— Br
18 R r 18-Cis
N-alkyl-N-(2-hydroxyethyl)morfolinium-bromid 18-Cie

4.2 Testovani antibakterialni ucinnosti

4.2.1 Pouzity material

4.2.1.1 Bakterie

Pro testovani antibakterialni i€¢innosti byly vybrany odolngjsi klinické izolaty ziskané
z Fakultni nemocnice Hradec Kralové. Pouze kmen Yersinia bercovieri byl objednan z
Ceské narodni sbirky typovych kultur (CNCTC, Praha, Ceska republika). Viechny
mikroorganismy byly uchovavany pfi teploté —70 °C v ITEST kryobankach (ITEST plus
s.r.0., Hradec Kralové, Ceska republika). Pied testovanim byly kmeny rozmraZeny a
kultivovany na Miieller-Hintonové agaru (HiMedia, Bombaj, Indie). Nize jsou uvedeny

bakterialni kmeny a jejich znaceni:

Grampozitivni bakterie
= Staphylococcus aureus C1947
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= meticilin-rezistentni S. aureus (MRSA) C1926

= vankomycin-rezistentni Enterococcus (VRE) S2484

Gramnegativni bakterie
= Escherichia coli (ESCO) A1235
» Klebsiella pneumoniae (KLPN ES—) C1950
= K. pneumoniae produkujici Sirokospektré B-laktamézy
(KLPN ES+) C1934
*  multirezistentni Pseudomonas aeruginosa (PSAE MR) A1245
»  Acinetobacter baumannii (ACBA) J3474
= Stenotrophomonas maltophilia (STMA) J3552
= Yersinia bercovieri (YEBE) CNCTC 6230

4.2.1.2 Kultiva¢ni média

Média, Miieller-Hinton bujon M391 (HiMedia, Bombaj, Indie) a Miieller-Hinton
agar M173 (HiMedia, Bombaj, Indie), byla ptfipravena dle pokynt vyrobce a nasledn¢ 15
minut sterilizovana v autoklavu pti 121 °C. Poté byla ve vodni lazni ochlazena na
50 °C a v ptipad¢ agaru rozplnéna za aseptickych podminek do Petriho misek o praméru
90 mm (vyska agaru 4-5 mm). Po zaschnuti byly napIlnéné misky spolecné s bujonem

uskladnény v lednici pti 4 °C. Slozeni médii bylo nasledujici:

Miieller-Hinton bujon M391
» Hovézi masova infuze (300 g/1)
» Enzymaticky hydrolyzat kaseinu (17,5 g/l)
= Skrob (1,5 g/l)
= pH7,3+0,1

Miieller-Hinton agar M173
= Hovézi masova infuze (300 g/1)
= Kysely hydrolyzat kaseinu (17,5 g/l)
= Skrob (1,5 g/l)
= Agar (17 g/l)
= pH 7,4+0,1
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4.2.1.3 Chemikalie
* Dimethyl sulfoxide (DMSO) for molecular biology >99,9% (Sigma-Aldrich,
St. Louis, Missouri, USA)

4.2.2 Postup testovani

Antibakterialni aktivita pfipravenych latek byla testovana pomoci mikrodiluéni
bujénové metody modifikované podle MO07-A10 standardu (85). Zasobni roztoky
testovanych latek byly pfipraveny rozpusténim piislusnych latek v DMSO tak, aby
nejvyssi testovand koncentrace latky v prvni jamce mikrotitracni desticky byla 500 pumol/l
a zaroven koncentrace DMSO v této jamce nepiesahla 1 %. Latky tedy byly 100x
koncentrovanéjsi z diivodu nasledného fedéni latek v DMSO (20 pl) rastovym médiem

(1980 ul) pro ziskani prvni testované koncentrace. Ptiprava je popsana rovnici (1).

Vimso = —=——=x (1l DMSO) (1)
m navazka [g]

10° pro pievod na pl
c nejvyssi testovana koncentrace [mol/lI] — (500 pmol/lI = 0,0005 mol/l)
M molarni hmotnost testované latky

100 fedéni roztoku 100x

Pro ptipravu bakteridlnich suspenzi byly do sterilnich zkumavek pipetovany 3 ml
sterilni vody, do kterych byly resuspendovany bakterialni kolonie ockované piedchozi
den na novy agar (24hodinové kolonie), a vSe bylo promichéno. Jejich turbidita byla
zmétena pomoci denzitometru a upravena na stupen 0,5 podle McFarlandovy zakalové

stupnice.

Do jamek 2—11 sterilniho 12jamkového rezervoaru bylo pipetovano 200 ul DMSO.
200 pl zasobniho roztoku latky rozpusténé v DMSO bylo piidano do jamky ¢. 2, obsah
byl promichéan a nasledné bylo 200 pl pfeneseno z jamky €. 2 do jamky €. 3. Jamka ¢. 3

byla opét promichana a 200 pl bylo pfeneseno do jamky ¢. 4. Takto se postupovalo az
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do posledni 11. jamky, timto postupem byly latky dvojkové zfedény. Do 5ml zkumavky
a do jamek 2—12 dalsiho sterilniho 12jamkového rezervoaru bylo napipetovano 1980 pl
Miieller-Hintonova bujonu. Do 5Sml zkumavky bylo dale pfidano 20 pl zasobniho roztoku
latky rozpusténé v DMSO, obsah byl promichan pomoci vortexu. Timto krokem byla
provedena kontrola, zda latka nebyla v bujonu vysrazena. Z této zkumavky bylo
piepipetovano celé mnozstvi (2 ml) do prvni jamky rezervoaru (druhého pouzitého) a zde
se nachazela nejvyssi koncentrace latky (500 umol/l). Do jamek 2—12 tohoto rezervoaru
bylo pfidano 20 pl odpovidajici nafedéné testované latky (tj. z jamky ¢. 2 prvniho
rezervoaru do jamky €. 2 druhého rezervoaru, z jamky ¢. 3 prvniho rezervoaru do jamky
¢. 3 druhého rezervoaru atd., az po jamku ¢. 11). Do posledni jamky €. 12 bylo pro
kontrolu rastu pfidano 20 ul DMSO bez testované latky. Pomoci vicekanalové pipety
bylo pipetovano 200 ul z kazdé jamky druhého rezervoaru do vSech tfad 96jamkové
mikrotitracni desticky tak, aby nejvyS$si koncentrace latky byla v 1. sloupci a kontrola
ve 12. sloupci. Do kazdé jamky bylo pak pipetovano 10 pl mikrobidlni suspenze tak, aby
v kazd¢ tadé byl jiny bakterialni kmen. Do kazd¢ desticky bylo tedy nasazeno 8 rtiznych
kmeni a 1 testovana latka, a poté byly desticky inkubovany 24 a 48 hodin v termostatu
pii 37 °C.

Po uplynuti inkubacni doby byl v jednotlivych jamkach vizualné hodnocen narast
projevujici se zadkalem ¢i sedimentem. Pokud byla bakterie inhibovana, jamka ziistala

¢ird, bez zékalu nebo sedimentu. Vysledkem byla minimdlni inhibi¢ni koncentrace

cvwr

cvwr

48hodinové inkubaci stanoveny hodnoty minimalni baktericidni koncentrace (MBC)
poskytujici > 99,9 % tbytku v poctu kolonii po pifeockovani 10 pl ze vSech jamek desticky
uréené pro odeet MIC (po 24 hodinach inkubace) do 200 pl Cerstvého Miieller-

Hintonova bujonu.

4.3 Testovani antifungalni ac¢innosti

Testovani ucinnosti proti kvasinkam a vlaknitym houbam bylo provedeno béhem
tfimési¢ni zahrani¢ni pracovni stdze v laboratotich Biotechnologické fakulty Univerzity

v Lublani ve Slovinsku v ramci programu Erasmus+.
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4.3.1 Pouzity material

4.3.1.1 Houby

Kmeny byly ziskany z Mikrobidlni sbirky kultur Ex (v ramci Infrastrukturniho centra
Mycosmo), kterd je soucasti Katedry biologie Biotechnologické fakulty Univerzity v
Lublani ve Slovinsku. Pfed samotnym testovanim byly vSechny izolaty uchovavany na

Malt Extract agaru pii teploté 4 °C. Jedna se o tyto kvasinky a vlaknité houby:

Kvasinky

» Candida parapsilosis sensu stricto (CAPA) EXF-8411
»  Rhodotorula mucilaginosa (RHMU) EXF-8417

»  FExophiala dermatitidis (EXDE) EXF-8470

»  Aureobasidium melanogenum (AUME) EXF-8432

Vlaknité houby

»  Bisifusarium dimerum (BIDI) EXF-8427

= Penicillium chrysogenum (PECH) EXF-1818
= Aspergillus versicolor (ASVE) EXF-8692

= Aspergillus niger (ASNI) EXF-10185

4.3.1.2 Kultiva¢ni média

Zivna média, Malt Extract bujon (MEB) a Malt Extract agar (MEA), byla pfipravena
v poméru slozek uvedenych nize, rozpusténa v destilované vod¢ a nasledné¢ 15 minut
sterilizovana v tlakové nadobé pii 121 °C. Poté byla ve vodni lazni ochlazena na 45 °C.
Za aseptickych podminek byl agar rozplnén do Petriho misek o priméru 85 mm (plnéno
objemem 20 ml pomoci kadinek) a bujon po 10 ml do Erlenmeyerovych banék o objemu
150 ml. Po zaschnuti byly misky uskladnény pii 4 °C, s bujonem se vzdy hned pracovalo.

SloZzeni médii bylo nasledujici:
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Malt Extract bujon
= Malt Extract (20 g/l), (Biolife Italiana S.r.1., Milén, Italie)
= Peptone from meat (Merck KGaA, Darmstadt, Némecko)
=  D-(+)-glucose, anhydrous, p.a. (20 g/l), (Kemika d.d., Zahieb,
Chorvatsko)

Malt Extract agar
=  Malt Extract (20 g/l), (Biolife Italiana S.r.1., Milan, Italie)
= Peptone from meat (Merck KGaA, Darmstadt, Némecko)
=  D-(+)-glucose, anhydrous, p.a. (20 g/1), (Kemika d.d., Zahteb,
Chorvatsko)
= Agar (20 g/1), (Formedium, Hunstanton, Velka Britanie)

4.3.1.3 Chemikalie
= Dimethyl sulfoxide puriss., absolute, over molecular sieve (H>2O
<0,005 %), >99,5% (GC), (Sigma-Aldrich, St. Louis, Missouri,
USA)

4.3.2 Postup testovani

Testovani antifungalniho wU€inku proti kvasinkdm a vladknitym houbam bylo
provedeno agarovou jamkovou difuzni metodou podle upraveného protokolu
publikovaného Zovko a kol. (86). Pred samotnym testovanim byla nejprve vybrana
nejvhodnéjsi velikost jamky (tj. @ = 5,5 mm), kterd se do agaru vyiezavala tzv.
korkovrtem, a také objem jamky (tj. 50 pl). Jednotlivé kmeny v exponencialni
(logaritmické) fazi rastu, ve které probihd intenzivni mnoZeni dan¢ho kmene, byly
inokulovany 1ul ockovaci klickou do 10 ml tekuttho MEB rozplnéného v
Erlenmeyerové baiice a 100 pl takto pfipravené suspenze bylo nalito na pevny MEA a
rozetteno sterilni mikrobiologickou hokejkou po jeho povrchu. Po zaschnuti suspenze na
agaru bylo korkovrtem vytfezano Sest valcovitych jamek v inokulovaném agaru. 50 ul
testovanych latek rozpusténych v DMSO bylo napipetovano do vytvorenych jamek.
Kazda koncentrace (1000; 500; 300; 100; 30; 10 umol/l) latek byla testovana ttikrat.
Plotny byly opatrné zabaleny do igelitovych pytli a inkubovany pii pokojové teploté
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25 °C. Po 72 h (kvasinky) ¢i 168 h (vlaknité houby) inkubace byly odecteny vysledky
inhibovat viditelny rtist mikroorganismu. Jako inhibi¢ni zona pro stanoveni MIC byla
stanovena nejkratsi vzdalenost (0,5-1 mm) z vnéjSiho okraje jamky po pocatecni bod
ristu mikroorganismu métend pravitkem. Inhibi¢ni aktivita rozpoustédla DMSO byla
taktéz kontrolovéana. Jeho potencidlni inhibi¢ni zona by byla odectena od inhibi¢nich zon
jednotlivych latek, DMSO vSak zadnou inhibici nevykazovalo, tudiz tyto hodnoty
nemusely byt odecitany. Pro porovnani vysledki byly ptidany i1 standardni benzalkoniové

soli (BACi2-16).

4.4 Testovani inhibice ristu zelenych ras

Testovani inhibice rastu zelenych fas bylo také provedeno béhem tfimésicni
zahrani¢ni staze ve spolupraci s Katedrou genetické toxikologie a biologie rakoviny

Nérodniho institutu biologie v Lublani ve Slovinsku pouze jako dopliikové testovani.

4.4.1 Pouzity material

4.4.1.1 Zelené rasy

Zelena sladkovodni mikrotasa Pseudokirchneriella subcapitata, znama také pod
nazvem Raphidocelis subcapitata (87) a Selenastrum capricornutum (88), byla ziskéna z
kolekce tas (SAG 61.81) Univerzity v Gottingenu (Némecko) a uchovavana pii pokojové
teploté.

4.4.1.2 Rastové médium

OECD (Organizace pro hospodaiskou spolupraci a rozvoj) TG 201 ristové médium
bylo pfipraveno ptidanim piislusného mnozstvi ¢tyt komercné dodavanych zasobnich
roztokli 1-4, které byly pfedem sterilizované membranovou filtraci ¢i autoklavovanim a
uchovavany ve tmé pii 4 °C, do sterilizované vody podle ISO 8692 a dle pokynt

dodavatele. Nasledn¢ bylo takto ptfipravené ristové médium uskladnéno ve 4 °C.
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4.4.1.3 Chemikalie
= 3,5-dichlorophenol 97% (Sigma-Aldrich, St. Louis, Missouri, USA)
= Dimethyl sulfoxidle EMSURE® ACS (Merck KGaA, Darmstadt,

Némecko)

4.4.1.4 Pristrojové vybaveni a software
= Pratokovy cytometr MACSQuant Analyzer 10 (Miltenyi Biotec,
Bergisch Gladbach, Némecko)
» GraphPad Prism 5 software (GraphPad Software Inc., San Diego,
California, USA)

4.4.2 Postup testovani

Testovani efektu naSich latek na rtst fas bylo provedeno podle protokolu “OECD
guideline 201 Growth Inhibition Test” (89). Testované latky byly nejprve rozpustény v
DMSO a poté pipetovany do 20 ml OECD média tak, aby koncentrace DMSO v
OECD médiu byla 1 % (v/v). Nasledné bylo pod mikroskopem pomoci pocitaci komtrky
spo¢itano mmnozstvi zasobnich tas Pseudokirchneriella subcapitata. Do konecného
objemu 2 ml/jamku desti¢ky byl vypocitan potfebny objem zasobnich fas v médiu/jamku
(tj. 1 x 10* bun&k/ml) i Eerstvého OECD média, od kterého byl odedten vypoéitany objem
fas 1 objem testované latky (20 pl/jamku; finalni koncentrace DMSO v jamce byla tedy
0,01 %). Takto byly fasy s testovanymi latkami v OECD rtistovém médiu kultivovany ve
12jamkovych destickdch po dobu 24, 48 a 72 hodin za definovanych podminek, tzn. pti
dané teploté (2442 °C), konstantnim tfepani s orbitdlnim pohybem (100 kmiti/min) a
konstantnim osvétlenim (24 h/den) se svételnou intenzitou 80—120 pmol(fotontl).m2.s.
Finalni koncentrace latek v destickach byla
1 pg/ml. Findlni koncentrace DMSO (0,01 %) odpovidala doporucované maximalni
hodnoté uvadéné v OECD protokolu. Stejna koncentrace DMSO (0,01 %) byla pfidana
také ke kontrolam, které se skladaly z OECD média, fas (1 x 10* bungk/ml) a DMSO.
Jako referencni toxicka latka pro ovéteni spravnosti testovani byl pouzit 3,5- dichlorfenol.
Po uplynuti kazdé inkubacni doby (24, 48 a 72 hodin) bylo ptepipetovano 100 ul z kazdé
jamky 12jamkovych desticek do 96jamkovych desti¢ek a nésledné byla priatokovym
cytometrem méfena bunééna hustota (resp. po¢et bunék/ml). Uinnost
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kazdé latky byla métena celkem ttikrat vzdy v triplikdtu. Ziskanym endpointem byla
inhibice rlstu, kterd je vyjadiend jako rozdil v logaritmickém zvySeni poctu bunék
(prumérna specifickd rychlost riistu) béhem expozi¢ni doby testovanych latek na fasy v
porovnani s narastem kontroly métené po 72 hodinach. Maximalni relativni inhibice
rovna 1 byla odvozena od latky s nejvétSim inhibi¢nim G¢inkem. Kontrola byla stanovena

jako minimalni inhibice rovna 0.

4.5 In vitro testovani cytotoxicity

4.5.1 Pouzity material

4.5.1.1 Bunécna linie
» Ovaridlni buiky kiecika ¢inského (CHO-K1), z angl. Chinese hamster
ovary (Evropska sbirka buné¢nych kultur, z angl. European Collection

of Authenticated Cell Cultures, ECACC, Salisbury, Velka Britanie)

4.5.1.2 Ristové médium
» Nutrient Mixture F-12 Ham (Sigma-Aldrich, St. Louis, Missouri,
USA)
= Fetal Bovine Serum, Research Grade, 10% (Sigma-Aldrich, St. Louis,
Missouri, USA)
» Penicillin-Streptomycin 1% (Sigma-Aldrich, St. Louis, Missouri,
USA)

4.5.1.3 Chemikalie
* Dimethyl sulfoxide for molecular biology >99,9% (Sigma-Aldrich,
St. Louis, Missouri, USA)
= Dimethylsulfoxid p.a. (Penta s.r.o., Praha, Ceska republika)
=  Dulbecco’s Phosphate Buffered Saline (fosfatovy pufr), (Sigma-
Aldrich, St. Louis, Missouri, USA)
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»  Trypsin-EDTA solution 0,25% (Sigma-Aldrich, St. Louis, Missouri,
USA)

» Thiazolyl Blue Tetrazolium Bromide 98% (MTT), (Sigma-Aldrich,
St. Louis, Missouri, USA)

4.5.1.4 Pristrojové vybaveni a software
= Spektrofotometr Synergy HT (BioTek, Winooski, Vermont, USA)
» GraphPad Prism 5.03 a 7.03 software (GraphPad Software Inc., San
Diego, California, USA)

4.5.2 Postup testovani

MTT test byl proveden podle protokolu dodavatele bunék CHO-K1 (ovaridlni buiiky
kiecika Cinského). Prvni den testovani byly do ¢irych 96jamkovych mikrotitraénich
desti¢ek s plochym dnem nasazeny buiiky CHO-K1. Z inkubatoru do laminarniho boxu
byla pfenesena kultivacni ldhev s témito buitkami. Do odpadni kadinky bylo z lahve
odsato vSechno médium. Bunky byly opatrné proplachnuty 5 ml fosfatového pufru. Poté
byl pro uvolnéni bunék ode dna ldhve napipetovan 1 ml trypsinu a ldhev byla inkubovéana
(37 °C, 5 % COz2) 5 minut. Po této dobé bylo pfidano 5 ml kultivacniho média a obsah
lahve byl promichdn. Pomoci Biirkerovy komurky byl mikroskopicky stanoven celkovy
pocet bun€k v 1ahvi a nésledné objem téchto bun¢k v médiu, ktery je nutny odebrat pro
nasazeni 96jamkové desticky tak, aby v objemu 100 pl/jamku bylo 8 000 bunék. Do
sloupcii 1-11 byly nasazeny buiikky v médiu o daném poctu, ve 12. sloupci bylo pouze
kultiva¢ni médium slouzici jako tzv. blank (slepy vzorek). Desticka byla inkubovana (37
°C, 5 % COz2) 24 hodin. Pfebyte¢né mnozstvi v lahvi bylo pouzito pro dalsi kultivaci
bunék, neboli zpasazovani, tak, ze se v ldhvi ponechalo pfiblizné¢ 0,5-1 ml bunécné
suspenze, médiem byla ldhev doplnéna do 10 ml a pienesena do inkubéatoru.

Druhy den byly testované latky rozpustény v DMSO a nésledné ve 3 ml média
takovym zplisobem, aby findlni koncentrace DMSO neptesahla 0,5 % a aby se dosahlo

pozadované koncentrace latky (tj. zasobni roztoky). Poté se pfipravily dvojkové fedici

fady téchto latek nésledujicim zpisobem. V rezervoaru do fad B—H (1 latka/1 sloupec)
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bylo pipetovano 500 pl média/jamku. 500 pl ptipraveného zasobniho roztoku o dané
koncentraci bylo pfidano do fady A1 B. Z fady B bylo pfeneseno 500 pl do fady C, z
fady C do D, a tak dale az po fadu H. Z inkubatoru byly do laminarniho boxu pfeneseny
desticky s bunkami z pfedchoziho dne a veskeré médium bylo odsato do odpadniho
rezervoaru. Kazda latka byla po 100 pl/jamku pipetovana do desticky v triplikatu
(sloupce 1-3 = 1. latka, 4-6 = 2. latka, 7-9 = 3. latka). Do sloupcti 10—12 bylo pipetovano
Cerstvé kultivaéni médium (100 pl/jamku). Sloupce 10—11 byly pouzity jako negativni
kontroly (bunky s médiem bez testovanych latek), sloupec 12 jako blank (pouze médium).

Desticky byly opét inkubovany 24 hodin.

Tteti den byly Iml alikvoty MTT (5 mg/ml) promichdny s 9 ml média a po odsati
média z desticky z ptredchoziho dne bylo takto pfipravené MTT pipetovano po 100
ul/jamku. Desticky byly inkubovany 3 hodiny, kdy dochazelo mitochondridlnimi enzymy
k redukci MTT na modré (uvadéno také jako fialové) soli formazanu. Po inkubacni dobé
byl obsah desticek odsat a vzniklé krystalky formazanu byly 2minutovym vortexovanim
rozpustény ve 100 pl DMSO/jamku. Bunétnd viabilita byla stanovena
spektrofotometricky pii vinové délce 570 a 650 nm (referen¢ni vinova délka). Hodnota
ICso, definovana jako koncentrace zpusobujici 50% inhibici rlstu, byla vypocitana
pomoci softwaru GraphPad Prism 5.03 a 7.03 (nelinearni regrese, Ctyfi parametry). ICso

a standardni chyby praméru (SEM) byly ziskany zprimérovanim tii nezavislych méieni.

4.6 Formulace dezinfek¢énich smési

V souladu s cili byly vSechny latky, jejichz rozpustnost umoznovala testovani,
hodnoceny proti G+ a G— bakteriim, dale proti vlaknitym houbam a kvasinkam. N¢kolik
vybranych latek bylo testovano na inhibici ristu zelenych tas Pseudokirchneriella
subcapitata (1ze hodnotit jako ekologickou Setrnost pfipravenych latek). Ve spolupraci na
projektu AZV byly latky testovany také proti anaerobni bakterii Clostridium difficile a
proti viru varicella-zoster (VZV) — podrobné vysledky jednotlivych latek proti obéma
zminénym patogentim nejsou soucasti této prace, pro ucelenost prace jsou ale zminény
vysledky u formulovanych dezinfekénich smési. Uéinnost definovanych smési byla

porovnana s piipravkem Ajatin, ktery obsahuje blize
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nespecifikovanou smés vySe zminénych referenc¢nich latek typu benzalkonii o pfiblizné
stejné koncentraci.
Na zakladé¢ téchto in vitro zakladnich testovani jednotlivych latek byly vybrany ty

vvvvv

bakteriim, anaerobni bakterii Clostridium difficile, kvasinkam, vlaknité houb¢ Aspergillus
fumigatus a VZV provadéla kvantitativni zkouska s pouzitim suspenze za dany expozicni

Cas a testovani kozni drazdivosti.

V nasledujicich sekcich bude pojednavano o 0,1% ¢i 1% formulovanych smésich a
Ajatinu. Pro snaz$i interpretaci a porovnani vysledkll pfedstavuji uvedend procenta
pfesny obsah smési ucinnych latek v roztoku. Pfedev§im pro Ajatin je tfeba tuto
skutecnost zminit, aby nedoslo k dojmu, Ze roztoky jsou neporovnatelné (nejde zde o
klasické fedéni pii pripravé dezinfekEnich roztokti z komeréné zakoupeného koncentratu

dle vyrobce).

4.6.1 Kvantitativni zkouska s pouzitim suspenzi s aerobnimi bakteriemi a

kvasinkami

4.6.1.1 Pouzity material

4.6.1.1.1 Mikroorganismy

Pro vykonani kvantitativni zkousky s pouzitim suspenze byly vybrany stejné bakterie
jako pro testovani jednotlivych latek, avSak v mensim poctu. Klinické izolaty byly opét
poskytnuty Fakultni nemocnici Hradec Kréalové a uchovavany v ITEST kryobankéach
(ITEST plus s.r.o., Hradec Kralové, Ceska republika) pii teploté —70 °C. TotéZ plati o

izolatech kvasinek. Jedna se o tyto mikroorganismy:
Grampozitivni bakterie

=  meticilin-rezistentni S. aureus C1926

= vankomycin-rezistentni Enterococcus S2484
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Gramnegativni bakterie
» Klebsiella pneumoniae produkujici Sirokospektré p-laktamazy

C1934

=  multirezistentni Pseudomonas aeruginosa A1245

Kvasinky
» Candida krusei (bez oznaceni)

= Cryptococcus neoformans M917

4.6.1.1.2 Kultivacni média

Meédia Soyabean Casein Digest Agar (Tryptone Soya Agar) M290 (Himedia, Bombaj,
Indie) pro bakterie a Malt Extract Agar Base M137 (Himedia, Bombaj, Indie) pro
kvasinky byly pfipraveny dle pokynti vyrobce a nasledné sterilizovany v autokladvu pfi
121 °C po dobu 15 minut. Poté byla média ve vodni lazni ochlazena na 50 °C a v
laminarnim boxu rozplnéna do Petriho misek o priméru 90 mm (vyska rozplnéného agaru

4-5 mm). Po zaschnuti byly misky uskladnény ve 4 °C. Slozeni médii bylo nésledujici:

Soyabean Casein Digest Agar (Tryptone Soya Agar) M290
= enzymaticky hydrolyzat kaseinu (15 g/l)
= sojovy pepton (5 g/l)
= chlorid sodny (5 g/l)
= agar (15 g/l

Malt Extract Agar Base M137
= sladovy extrakt (30 g/l)
= mykologicky pepton (5 g/l)
= agar (15 g/l)

4.6.1.1.3 Chemikdlie
* Dimethyl sulfoxide for molecular biology >99,9% (Sigma-

Aldrich, St. Louis, Missouri, USA)
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= Agqua pro injectione = sterilni voda (Miniplasco), (B. Braun,
Melsungen, Némecko)

= Chlorid sodny 0,9% (Miniplasco), (B. Braun, Melsungen,
Némecko)

= Tween-80 from non-animal source (Sigma-Aldrich, St. Louis,
Missouri, USA)

= Sodium dodecyl sulfate BioXtra, >99,0% (GC), (Sigma-Aldrich,
St. Louis, Missouri, USA)

= Lecithin from egg yolk, ~60% (TLC), (Sigma-Aldrich, St. Louis,
Missouri, USA)

4.6.1.1.4  Pristrojové vybaveni
= Barnstead™ Smart2Pure 3 UV/UF ™ Water Purification System

(Thermo Fisher Scientific, Waltham, Massachusetts, USA)
4.6.1.2 Metodika

VSechny ¢tyfi dezinfekéni smési byly rozpustény v ultracisté vodé pomoci ptistroje
Barnstead™ Smart2Pure 3 UV/UF ™ Water Purification System na finalni koncentraci
1 % ucinnych latek v ekvivalentnim poméru. Na zdklad€ vybornych vysledkii 1% smési
(v této praci nejsou uvedeny, mély 100% cidni G€inek) jsme se rozhodli otestovat smési,
Ajatin a pozitivni kontrolu i pfi niz8i koncentraci, konkrétné 0,1 %. Jako negativni
kontrola bylo pouzito neutraliza¢ni ¢inidlo ke zneutralizovani testované smési pfipravené
podle Ceské technické normy (CSN EN 13727+A2 — baktericidni aktivita, CSN EN 1275
— fungicidni aktivita) ve slozeni 30 g/l Tween-80, 4 g/l dodecylsiranu sodného, 3 g/l
lecitinu, a poté skladovaného ve 4 °C. Pro porovnani, zda neutraliza¢ni ¢inidlo je schopno
neutralizace testovanych latek a neni toxické k mikroorganismim, byla pfidana i druha
negativni kontrola, kdy se namisto neutraliza¢niho ¢inidla pouzila sterilni voda slouzici
ke ziedéni testovanych latek, nikoliv k jejich zneutralizovéani neutralizacnim ¢inidlem.
Expoziéni &as 5 minut byl pro kvartérni amoniové soli opét vybran dle doporu¢eni Ceské
technické normy s ohledem na skutecnou expozici v redlnych podminkach. Protokol

byl vytvofen podle Ceské technické normy
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s piihlédnutim k postupu v publikaci Adamse a kolektivu (90). Testovani probihalo pii

pokojové teplote.

Pted testovanim byly bakterialni kmeny inkubovany pii 37 °C po dobu 24 hodin na
Soyabean Casein Digest agaru; kvasinky pifi 37 °C béhem 48 hodin (Candida krusei),
resp. 120 hodin (Cryptococcus neoformans) na Malt Extract Agar Base agaru.
Mikrobidlni suspenze byly upraveny na stupen 5 podle McFarlandovy stupnice zakalu ve
3 ml sterilni vody. 10 pl mikrobidlni suspenze bylo pfidano do 990 pl testované smési a
promichano. Po expozi¢nim ¢ase 5 minut bylo 100 ul z pfedchoziho kroku odebrano a
pridano jak do 900 pul neutraliza¢niho Cinidla (pro zneutralizovani), tak i do 900 pl sterilni
vody (pro zfedéni). VSe bylo promichéno a ponechano uc¢inkovat dalSich 5 minut. Takto
byly testovany i negativni kontroly, ale namisto kroku s testovanou latkou se pracovalo
se sterilni vodou (tj. 10 pl mikrobialni suspenze do 990 ul sterilni vody). Poté byly
roztoky desitkovou fedici fadou fedény 0,9% roztokem chloridu sodného, po 100 pl
hokejkou rozetfeny po celém povrchu agarové plotny a po zaschnuti inkubovany v
termostatu pii 37 °C po dobu 24 hodin (bakterie), 48 hodin (Candida krusei) ¢i 120 hodin
(Cryptococcus neoformans). Pro kontrolu nérastu a pro vypocet CFU (jednotky tvoftici
kolonie)/ml mikrobidlni suspenze se zakladni suspenze vSech kmeni fedila pouze
desitkovou tadou, inokulovala po 100 pul na agarové plotny a inkubovala za stejnych
podminek jako testované smési. Po inkubacni dobé byly pocitdny narostlé kolonie

vyjadiené v jednotkdch CFU/ml.

4.6.2 Kvantitativni zkouska s pouzitim suspenzi s kmeny Clostridium

difficile a Aspergillus fumigatus

Testovani bylo provadéno MUDr. Lenkou Ryskovou, Ph.D. z Ustavu klinické
mikrobiologie Fakultni nemocnice Hradec Kralové béhem spoluprace na projektu AZV.
Z tohoto pracovisté pochazely testované kmeny (klinické izolaty), které byly skladovany

pii -80 °C.
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4.6.2.1 Pouzity material

4.6.2.1.1 Mikroorganismy

Anaerobni bakterie

=  Clostridium difficile

Vlaknita houba

»  Aspergillus fumigatus

4.6.2.1.2 Kultivacni média
= Schaedleriv agar (bioMérieux, Marcy-1"Etoile, Francie)

= Sabouraudiv agar (bioMérieux, Marcy-1'Etoile, Francie)

4.6.2.1.3 Chemikdlie
= chlorid sodny 0,9% = fyziologicky roztok (Ardeapharma, a.s.,

Sevétin, Ceské republika)

= ethanol 96% (pfipraveno ve Fakultni nemocnici Hradec Kralové)

4.6.2.1.4  Pristrojové vybaveni
» Barnstead™ Smart2Pure 3 UV/UF ™ Water Purification System

(Thermo Fisher Scientific, Waltham, Massachusetts, USA)

* Anaerostat BugBox Dual Gas, pro anaerobni kultivaci (The Baker
Company, Sanford, Maine, USA)

* Inkubator Memmert IN 160, pro aerobni kultivaci (Memmert
GmbH, Schwabach, Némecko)

4.6.2.2 Metodika

Vsechny ¢ty dezinfekéni smési spolu s referen¢nim dezinfekénim prostredkem
Ajatin byly rozpustény v ultracisté vod¢ (pfistrojem Barnstead™ Smart2Pure 3 UV/UF
™ Water Purification System) na finalni koncentraci 0,1 %. Jako negativni kontrola byl
pouzit 0,9% chlorid sodny. Expozi¢ni ¢asy 5 a 10 minut pro bakterii Clostridium
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difficile a 5 minut pro houbu Aspergillus fumigatus byly vybrany na zékladé
doporugeného rozmezi kontaktnich dob uvedenych v Ceské technické normé (CSN EN
13727+A2 — baktericidni aktivita, CSN EN 1275 — fungicidni aktivita) a dle kontaktnich
Casti u bézné pouzivanych dezinfekcnich prostfedka jako simulace pravdépodobnych,
skutecnych expozic. Testovani probihalo za pokojové teploty. Pfed testovanim byl kmen
Clostridium difficile kultivovany 24 hodin v anaerostatu Bugbox na Schaedlerové agaru

a houba Aspergillus fumigatus byla kultivovana 48 hodin na Sabouraudov¢ agaru.

Z 24hodinové kultury Clostridium difficile byla piipravena suspenze do
fyziologického roztoku se zakalem 0,5 dle McFarlandovy zakalové stupnice. Tato
suspenze byla inkubovéana po dobu 40 minut s 96% ethanolem (vegetativni buniky jsou
totiz citlivé na ethanol, zatimco spory jsou na néj velmi rezistentni (91)) pii pokojové
teploté. Po inkubaci byla zkumavka na 10 minut centrifugovana (5000 ot./min.).
Supernatant byl odstranén, sediment byl resuspendovan ve fyziologickém roztoku na 0,5
McFarlandovy zdkalové stupnice. Suspenze vlaknité houby byla pfipravena z
vysporulovanych kolonii kmene Aspergillus fumigatus a upravena na 0,5 McFarlandovy

zakalové stupnice v 0,9% chloridu sodném.

K 900 pl kazdé dezinfekéni smési (smés 1, 2, 3 a 4 o koncentracich 0,1 %) ¢i kontrole
(0,1% Ajatin — pozitivni kontrola, fyziologicky roztok — negativni kontrola) bylo
napipetovano 100 pl pfipravené suspenze s testovanym kmenem a vSe dikladné
promiché&no. Doba expozice smési na testovany kmen byla 5 a 10 minut pro Clostridium
difficile a 5 minut pro Aspergillus fumigatus. Po uplynuti této doby bylo 100 pul kazdé
suspenze vyockovano na Schaedlertv agar (Clostridium difficile) ¢i Sabouraudiv agar
(Aspergillus fumigatus), a tyto kultury inkubovany v BugBoxu pii 37 °C po dobu 48 hodin
(Clostridium difficile) ¢i v inkubatoru pro aerobni kultivaci pii 37 °C také po dobu 48

hodin (Aspergillus fumigatus). Po inkubacni period¢ byl nartist hodnocen vizualné.

4.6.3 Kvantitativni zkous$ka s pouZitim suspenze s virem varicella-zoster

Testovani bylo provedeno Mgr. Radkem Slehou, Ph.D. z Katedry epidemiologie
Fakulty vojenského zdravotnictvi UO.
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4.6.3.1 Pouzity material

4.6.3.1.1 Bunécnd linie

= NHLF (normalni lidské plicni fibroblasty) bunécéna linie (Americka
sbirka typovych kultur, z angl. American Type Culture Collection,
ATCC, Manassas, Virginie, USA). Prace s bunkami byla od

rozmrazeni alikvotu limitovana na méné nez 11 pasazi.

4.6.3.1.2 Riistové médium
= Dulbecco’s Modified Eagle’s Medium with low glucose 1 g/l

(Lonza, Basilej, Svycarsko)
=  Fetal Bovine Serum 10% (Lonza, Basilej, Svycarsko)
= Ultraglutamine 1% (Lonza, Basilej, Svycarsko)

= Gentamicin 1% (Lonza, Basilej, Svycarsko)

4.6.3.1.3  Virovy kmen

VZV byl izolovén z koznich 1ézi pacientli s varicelou ¢i herpes zoster infekci.
Klinické vzorky byly ziskany z Odd¢leni dermatologie ¢i Kliniky infekénich onemocnéni
Fakultni nemocnice Hradec Kralové, béhem erup¢ni faze nemoci. Sterilni tampon byl
pouzit pro drceni neposkozenych vezikularnich 1ézi a transportovan v médiu UTM-RT
(Copan Diagnostics, Murietta, Kalifornie, USA). Vzorky byly poté mnozeny na NHLF
bunkach, dokud nedosahly cytopatického efektu. Bunééna suspenze lyzovand virovou
infekcei byla pro budouci analyzy nasledné koncentrovana, alikvotovéna a skladovana v
zamrazovacim médiu (popsdno nize) pii -80 °C. Kmen je uchovavan na Katedie

epidemiologie Fakulty vojenského zdravotnictvi UO.

4.6314 Chemikdlie
= Phosphate-Buffered Saline (Lonza, Basilej, Svycarsko)

= Trypsin/EDTA (Lonza, Basilej, Svycarsko)
»  Dimethyl sulfoxide (Sigma-Aldrich, St. Louis, Missouri, USA)
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4.6.3.2 Metodika

Nejprve byla ziskana suspenze testovaného VZV, ktery byl pomnozen v buiikach
lidskych plicnich fibroblastd (NHLF). Narostla monovrstva NHLF bunék, dosahujici
konfluence alespont 60 %, byla infikovana zdsobnim alikvotem VZV uchovéavaného pfti
-80 °C v zamrazovacim médiu (50% Fetal Bovine Serum, 45% Dulbecco’s Modified
Eagle’s Medium a 5% DMSO). Bunky byly nasledné inkubovany v CO inkubatoru pfi
37 °C a monitorovany kazdy den na vyskyt cytopatick¢ého efektu. Pii vyskytu
cytopatického efektu vice nez 80 % byla suspenze infikovanych bunék sklizena
trypsinizaci a nasledn¢ zakoncentrovana centrifugaci (400% g/5 minut) na pozadovany

objem.

Samotné testovani bylo provadéno v 15ml zkumavce, v niz bylo 100 ul virové
suspenze smichano se 100 pl fetalniho bovinniho séra fedéného fosfatovym pufrem
(1:5,5) a 800 pl testovanych dezinfekénich smési, Ajatinu (pozitivni kontrola) ¢i DMEM
(negativni kontrola). Nasledn¢ probihala inkubace téchto smési po dobu 5 minut pii
pokojové teploté. Po uplynuti doby expozice byla provedena neutralizace plisobeni
testovanych smési piidanim 9 ml ledem chlazeného DMEM. Z kazd¢ zkumavky s
testovanou smeési 1 kontrolami byla nasledn¢ vytvoifena desitkovym fedénim s DMEM
koncentraéni fada 10'-108 a 100 pl kazdého fedéni bylo umisténo do 96jamkové desticky
s narostlou monovrstvou NHLF bunék. Desticky byly nasledné inkubovany pii 37 °C ve
vlhké atmosféte s 5 % CO», dokud nebyl detekovan cytopaticky efekt, zhruba 10—-12 dni.
Kazda testovand smés 1 kontroly byly testovany v Sesti sloupcich. Jako negativni
kontrola byly pouzity NHLF buiiky bez VZV, ale s identickymi koncentracemi

proteinu, pro potvrzeni, ze nedochazi k samovolnému rozpadu monovrstvy.

Titr viru byl stanoven metodou dle Spearmana a Kaerbera a vyjadien jako logio
TCIDso (50% infekéni davka pro tkanovou kulturu)/ml (92). Podle Evropského standardu
pro virucidni aktivitu dezinfekci EN 14476 by m¢l ptipravek prokézat nejméné 4 logio
redukei virového titru, korespondujici s 99,99% inaktivaci viru (93). Pro rozliSeni mezi
virem indukovanymi cytopatickymi zménami a toxickym efektem zplisobenym
testovanymi smésmi byla bunéénd monovrstva pro sledovani morfologickych zmén po

expozici dezinfekénich smési monitorovana az do konce testovani virucidni aktivity.
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4.6.4 Testovani kozni drazdivosti

4.6.4.1 Pouzity material

* Dulbecco’s Phosphate Buffered Saline (PBS), (Sigma-Aldrich, St.
Louis, Missouri, USA)

= EPI-200-SIT Kit (MatTek In Vitro Life Science Laboratories,
Bratislava, Slovensko)

= MTT-100 Assay Kit (MatTek In Vitro Life Science Laboratories,

Bratislava, Slovensko)

4.6.4.2 Metodika

V souladu s doporucenim OECD 439 (94) a se zdkonem 246/1992 Sb., na ochranu
zvitat proti tyrani, ve znéni pozd¢jSich predpist (aktualni znéni 359/2012 Sb.), bylo  z
etickych diivoda upusténo od testl drazdivosti vyuzivajicich ziva laboratorni zvifata. Pro
testovani kozni drazdivosti byl proto pouzit ,,/n vitro EpiDerm™ Skin Irritation Test
(EPI-200-SIT)* kit spolecné s protokolem od dodavatele MatTek In Vitro Life Science
Laboratories (Bratislava, Slovensko) (95). Testovani probihalo na rekonstruovanych
lidskych epidermalnich keratinocytech, které byly kultivovany tak, aby tvofily
vicevrstevny, vysoce diferencovany model lidské pokozky skladajici se z vrstev stratum
basale, spinosum, granulosum a corneum. Tyto keratinocyty, komercéné oznaCované jako
EpiDerm™ tkané (s povrchem 0,63 cm?), jsou kultivovany na specidln& pfipravenych
insertech a jsou soucasti dodavaného kitu. Epidermalni bunky jsou ziskdvany od zdravych

dobrovolnikii (negativnich na HIV a hepatitidu).

Den pied davkovanim testovanych smési (TS) bylo pipetovano 0,9 ml média
(soucasti kitu) o pokojové teploté do kazdé jamky 6jamkovych desti¢ek (pro 24 inserta
bylo pfipraveno osm 6jamkovych desti¢ek). Z dodané 24jamkové desticky s inserty byly
tyto inserty sterilni pinzetou vytaZeny, vizualn€ zkontrolovany, bunicitou vatou o€istény
od agardzy, ususeny a nasledn¢ premistény do hornich jamek 6jamkovych desticek
pfedplnénych médiem. Poté byly inkubovany na 60+5 minut (37+1 °C, 5+1 % CO2, 95%
relativni vlhkost). Po inkubacni dob¢ byly inserty pfemistény z hornich
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jamek do spodnich. Tyto desti¢ky byly inkubovéany (vzdy stejné inkuba¢ni podminky jako
vyse) pres noc po dobu 1843 hodin.

Prvni den testovani bylo vyménéno médium v horni fad¢ inkubovanych desticek tak,
ze se odsalo staré médium, jamky se 2x proplachly PBS (nebylo soucasti kitu) a naplnily
se novym médiem o objemu 0,9 ml. 30 pl Sesti dezinfekénich smési rozpusténych v PBS
(max. 2 % DMSO), stejn¢ tak PBS jako negativni kontroly (NC) a 5% dodecylsiranu
sodného (soucasti kitu) jako pozitivni kontroly (PC), se postupné pipetovalo k
jednotlivym tkanim v triplikatech (1 desticka = 1 chemikalie = 3 inserty) v ¢asovém
intervalu 1 minuta. VSechny desti¢ky byly inkubovany 35+1 minut. Pro odstranéni vlivu
testovanych smési a kontrol na inserty byly po inkubacni dobé tkané proplachovéany
fosfatovym pufrem, usuSeny buniitou vatou a premistény do 6jamkovych desticek
naplnénych cerstvym médiem (0,9 ml/jamku) v hornich fadach (tento krok byl jiz
proveden v prvnim kroku tohoto dne testovani) a dany do inkubatoru na dalSich 2442

hodin.

Druhy den se pouze vyménilo médium ve spodni fadé 6jamkovych desticek (0,9
ml/jamku) stejnym postupem jako béhem prvniho dne, inserty se pfemistily z hornich fad

do spodnich a desti¢ky se opét inkubovaly na dalSich 18+2 hodin.

Posledni tfeti den se podle protokolu ptipravilo MTT (Thiazolyl blue tetrazolium
bromide) médium (I mg/ml). 300 pul MTT média bylo pipetovano do kazdé jamky
24jamkové desticky. Inserty byly po osuseni dna buniCitou vatou pifemistény z
6jamkovych desticek do 24jamkové obsahujici MTT médium. Po 3 h+5 minut inkubace
bylo MTT médium ze vSech jamek jemné odsato, inserty byly 3x proplachnuty PBS,
osuSeny a premistény do nové 24jamkové destiCky. Poté byl formazan, ktery vznikl
redukci MTT diky mitochondridlnim enzymiim, extrahovany dodanym isopropanolem (2
ml/insert). Desticka byla kviili zamezeni evaporace utésnéna parafilmem a na 2 hodiny
pii pokojové teploté tfepana na tiepacce (120 RPM). Po této dobé se sterilni jehlou
propichly inserty (21 G; @ 0,8 mm), a tim byl extraktu umoznén odtok z insertti do jamek
desticky, inserty byly vyhozeny a extrakty byly promichany. Z extraktu kazdé tkan¢ se
piepipetovalo dvakrat 200 pl alikvotl formazanu do 96jamkové mikrotitraéni desticky s

rovnym dnem.
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Opticka denzita (OD) extrahovaného formazanu byla stanovena spektrofotometricky
pii 570 nm. Isopropanol byl pouzit jako blank. Vysledky byly zpracovavany podle
pokynt poskytovanych MatTek spole¢nosti.

Vysledkem byla relativni buné¢na viabilita pocitana pro kazdou tkan (rovnice 2—4) a
vztazena k primeéru vysledka tkani negativnich kontrol. Pokud byla relativni bunécna

viabilita pod 50 %, ptedpokladal se potencial kozni drazdivosti testované latky, a naopak.

Relativni viabilita TS (%) = (ODrts / primér ODnc) x 100 2)
Relativni viabilita NC (%) = (ODnc / primér ODnc) x 100 3)
Relativni viabilita PC (%) = (ODpc / primér ODnc) x 100 (4)
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5 VYSLEDKY A DISKUZE

Bl

5.1 Testovani antibakterialni uc¢innosti

Antibakterialni aktivita novych latek byla otestovana mikrodilu¢ni bujonovou
metodou a porovnana s uéinnosti standardnich benzalkoniovych soli BAC12 16. Uginnost
latek (ptfi koncentracich 500; 250; 125; 62,5; 31,25; 15,63; 7,81; 3,91; 1,95; 0,98; 0,49
umol/l) byla vyhodnocena jako minimalni inhibi¢ni (MIC; po 24- a 48hodinové inkubaci)
a baktericidni (MBC; po 48hodinové inkubaci) koncentrace na deseti bakteridlnich
kmenech, tfech grampozitivnich (Staphylococcus aureus, meticilin- rezistentni S. aureus,
vankomycin-rezistentni Enterococcus; shrnuto v tabulce 4) a sedmi gramnegativnich
(Escherichia coli, Klebsiella pneumoniae, Klebsiella pneumoniae produkujici
Sirokospektré B-laktaméazy, multirezistentni Pseudomonas aeruginosa, Yersinia
bercovieri, Acinetobacter baumannii, Stenotrophomonas maltophilia; shruto v tabulce
5) bakteriich. Vysledné hodnoty triplikat byly zprimérovany. V ptipad¢, Ze latka ani pii
nejvyssi testované koncentraci 500 pmol/l nedokazala ucinkovat na konkrétni kmen,

vysledek byl oznacen jako >500 pumol/l.

Tabulka 4. Minimalni (MIC; 24/48hodinova inkubace) a baktericidni (MBC; 48hodinova
inkubace) koncentrace (vyjadfena v pumol/l) pfipravenych latek (série 1-18) a referencnich
benzalkoniovych soli (BACi2-16). In vitro aktivita latek byla stanovena na tfech grampozitivnich
bakterialnich kmenech (Staphylococcus aureus, meticilin-rezistentni S. aureus, vankomycin-

rezistentni Enterococcus).

MIC (umol/l); 24h/48h inkubace
MBC (pumol/l); 48h inkubace

Kmen S aureus meticilin-rezistentni ‘-’i'l:zli:::ztcl::l
y S. aureus
(C1947) (C1926) Enterococcus
Latka (S2484)
BAC12 1,63/3,26 3,91/5,37 13,68/13,68
15,63 7,81 15,63
BACu4 1,14/1,46 0,98/0,98 2,93/2,93
0,98 1,95 1,95
BACis 1,3/1,3 1,47/1,47 2,44/2.44
0,98 0,98 1,47
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1-Ci2 3,91/3,91 31,25/31,25 46,88/62,5
3,91 31,25 35,16
1-Cis 0,98/0,98 3,91/3,91 11,72/11,72
0,98 3,91 11,72
1-Cis 0,74/0,74 1,95/1,95 3,91/5,86
0,49 1,95 5,86
2-Cnx 1,95/1,95 7.81/15,63 31,25/31,25
2,93 31,25 31,25
2-Cis 0,49/0,49 1,47/1,47 3,91/3,91
0,74 2,93 7,81
2-Ci 0,49/0,49 0,74/1,47 1,95/7,81
0,49 1,47 7,81
3-Cnz 1,95/1,95 7.81/15,63 31,25/31,25
5,86 23,44 31,25
3-Cis 0,74/0,74 1,47/1,47 1,95/1,95
0,74 5,86 3,91
3-Cis 0,74/0,74 1,47/1,47 3,91/3,91
0,98 2,93 7,81
4-Cn; 1,95/1,95 11,72/15,63 46,88/46,38
9,77 46,88 24,07
4-Cis 0,98/1,47 1,95/1,95 7,81/7,81
2,45 5,86 7,81
4-Cis 0,49/0,49 1,47/1,47 1,95/1,95
1,22 1,95 2,93
5-Cnz 2,93/7,81 31,25/31,25 125/62,5
7,81 31,25 62,5
5-Cia 1,95/1,95 3,91/3,91 7,81/7,81
1,95 3,91 15,63
5-Cis 0,98/0,98 1,95/1,95 3,91/3,91
0,74 1,95 3,91
6-C12 427/4.4 31,25/31,25 125/62,5
4,15 31,25 62,5
6-Cia 2,77/2,77 3,91/3,91 7,81/7,81
2,77 3,91 7,81
6-Cis 1,95/1,95 1,95/1,95 1,95/3,91
1,95 3,91 3,91
7-Cnz 83,66/104,17 125/125 250/208,33
62,5 166,67 208,33
7-Ci4 42,32/62,5 104,17/125 125/250
62,5 125 125
7-Cis 5,37/26,04 62,5/62,5 104,17/104,17
15,63 62,5 83,33
8-Cnz 5,86/5,86 31,25/46,88 31,25/46,88
7,81 93,75 62,5
8-Cis 1,47/1,47 7,81/7,81 15,63/15,63
1,47 5,86 7,81
8-Cis 0,98/0,98 1,95/1,95 3,91/3,91
0,98 1,95 3,91
9-Cn; 1,95/1,95 5,86/5,86 15,63/15,63
1,95 7,81 11,72
9-Ci4 1,47/1,47 1,95/1,95 3,91/7,81
0,98 1,95 3,91
9-Ci6 1,47/1,47 2,93/2,93 3,91/9,77
0,98 2,93 3,91
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10-C12 7.81/7,81 7.81/15,63 >500/>500
7,81 15,63 >500
10-Cia 3,91/126,96 3,91/3,91 >500/>500
125,98 3,91 >500
10-Ci6 3,91/3,91 7,81/7,81 >500/>500
1,95 7,81 >500
11-Cr2 0,98/0,98 2,93/3,91 781/11,72
0,98 5,86 17,58
11-Cis 0,98/0,98 1,95/1,95 5,86/4,88
0,98 1,47 5,86
11-Cis 0,98/0,98 1,95/1,95 5,86/5,86
0,98 1,95 5,86
12-Ci2 1,47/1,47 1,05/1,95 2,93/4,88
1,47 1,95 5,86
12-Cis 0,98/0,98 1,95/1,95 1,95/1,95
0,98 1,47 16,6
12-Cis 1,95/1,95 3,91/19,53 1,95/16,6
1,95 17,58 32,23
13-Cs 1,95/2,93 3,91/3,91 7.81/7,81
2,93 9,77 5,86
13-Cio 1,47/1,47 1,95/1,95 1,95/1,95
1,47 1,95 1,95
14-Cs 3,91/3,91 31,25/31,25 46,88/46,38
3,91 15,63 31,25
14-Cio 1,47/1,47 1,95/1,95 2,93/5,86
1,47 1,47 3,91
15-Cn2 7,81/15,63 31,25/62,5 125/125
7,81 62,5 78,13
15-Cia 0,98/1,95 2,93/2,93 5,86/7,81
0,98 4,88 5,86
15-Cis 0,98/0,98 1,95/1,95 1,95/1,95
1,95 2,93 1,95
16-C12 3,91/3,91 31,25/31,25 31,25/62,5
3,91 31,25 46,88
16-Cia 1,95/1,95 3,91/3,91 7,81/7,81
1,95 2,93 7,81
16-Cis 0,98/0,98 0,98/0,98 1,95/1,95
0,98 0,98 1,95
17-Ciz 2,93/2,93 9,77/9,77 46,88/46,38
2,93 32,23 46,88
17-Cia 0,98/0,98 2,93/5,86 11,72/11,72
0,98 7,81 11,72
17-Cis 0,74/0,74 1,47/1,47 3,91/3,91
0,74 2,93 3,91
18-Ci2 15,63/15,63 62,5/62.,5 62,5/62.,5
23,44 1875 93,75
18-Cis 2,93/2,93 7,81/7,81 15,63/15,63
1,95 7,81 7,81
18-Cis 1,95/6,95 3,91/3,91 3,91/3,91
1,95 2,93 2,93

*Cervené jsou oznaceny nejucinnejsi latky, které svym antibakterialnim ucinkem predcily

standardni BAC:-is alespon ve tiech pripadech, tzn. proti trem riznym G+ ¢i G— bakterialnim

kmenum.
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Tabulka 5. Minimalni (MIC; 24/48hodinova inkubace) a baktericidni (MBC; 48hodinova

inkubace) koncentrace (vyjadiena v pumol/l) pfipravenych latek (série 1-18) a standardnich

benzalkoniovych soli (BACiz_16). In vitro aktivita byla stanovena na sedmi gramnegativnich

bakterialnich kmenech (Escherichia coli, Klebsiella pneumoniae, Klebsiella pneumoniae

produkujici Sirokospektré B-laktamazy, multirezistentni Pseudomonas aeruginosa, Yersinia

bercovieri, Acinetobacter baumannii, Stenotrophomonas maltophilia).

MIC (umol/l); 24h/48h inkubace
MBC (umol/l); 48h inkubace

Kmen'| [ KLPN | KLPN | PSAE | YEBE | , . | oo
ES- ES+ MR | (CNCTC
Laka | (A1235) 1 c1950) | (C1934) | (A1245) | 6230) | 3474 | (J3552)
BAC1: 15,63/15,63 31,25/31,25 62,5/78,13 >500/>500 15,63/15,63 23,44/23,44 | 31,25/46,88
15,63 31,25 93,75 500 15,63 23,44 62,5
BACu | 391391 781/7,81 | 13,68/15,63 | 250250 1,95/1,95 | 3,91/3,91 3,91/3,91
7,81 7,81 15,63 250 1,95 5,86 9,77
BACis | 391391 781781 | 11,7211,72 | 250/375 1,95/1,95 | 3,91/3,91 3,91/3,91
391 7,81 11,72 500 1,95 391 391
1-Ci2 62.5/62.5 125/125 250250 | >500/>500 | 31,5/46,88 | 46,88/46,88 | 250/375
93,75 125 250 >500 62,5 46,88 375
1-Cis | 15,63/15,63 | 31,25/31,25 | 46,88/46,88 | 500/500 | 7,81/15,63 | 11,72/15,63 | 3125/31,25
15,63 31,25 46,88 500 128,91 23,44 31,25
1-Ci6 11,72/11,72 11,72/11,72 | 23,44/23,44 500/500 3,91/3,91 3,91/3,91 11,72/11,72
11,72 11,72 23,44 500 33,21 391 19,53
2-Ciz | 4688/62,5 | 4688/46,88 | 125/125 | >500/>500 | 31,25/3125 | 1563/15,63 | 62,5/62,5
62,5 46,88 125 >500 23,44 15,63 93,75
2-Ci4 781/7,81 | 11,72/19,53 | 31253125 |  500/500 2,93/3,91 3,91/3,91 | 15,63/15,63
7,81 19,53 31,25 500 5,86 391 31,25
2-Cis 5,86/586 | 7.81/19,53 | 11,72/19,53 | >500/>500 | 4,88/2,93 7.81/586 | 7.81/11,72
7,81 11,72 23,44 >500 19,53 7,81 11,72
3-Cz | 625/625 | 93.75/93,75 | 187.5/187,5 | >500/>500 | 15.63/39,07 | 15.63/15.63 | 125250
62,5 93,75 187,5 >500 46,88 15,63 250
3-Cu4 11,72/11,72 19,53/19,53 39,07/39,07 >500/>500 4,88/4,88 7,81/7,81 15,63/31,25
11,72 19,53 39,07 >500 5,86 7,81 31,25
3-Cis 11,72/11,72 11,72/19,53 23,44/23,44 >500/>500 1,95/2,93 3,91/3,91 7,81/7,81
11,72 19,53 23,44 >500 3,91 3,91 7,81
4-Ciz | 4688/4688 | 47.5/475 125/125 | >500/>500 | 17,25/23,.44 | 15,63/23.44 | 125/250
46,88 62.5 125 >500 2344 2344 250
4-Ci4 11,72/15,63 | 23,44/23,44 31,25/31,25 500/500 3,25/3,91 3,91/3,91 15,63/31,25
15,63 23,44 3125 500 5,86 3,91 31,25
4-Ci6 5,86/5,86 7,81/7,81 7,81/19,53 >500/500 1,95/7,81 2,93/2,93 5,86/5,86
5,86 7,81 15,63 500 2,45 2,93 5,86
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5-Ci2 125/125 125/250 250/250 >500/>500 | 15,63/15,63 | 125/187.5 125/125
125 250 250 >500 15,63 187,5 125
5-Cia | 15,63/15,63 | 15,63/15,63 | 15,63/15,63 | 500/500 3,91/7,81 | 15,63/15,63 | 31,25/31,25
15,63 15,63 15,63 500 7,81 15,63 31,25
5-Cie 7,81/7,81 7,81/7.81 7,81/7.81 | >500/>500 | 1,95/1,95 7.81/7,81 | 15,63/15,63
7,81 7,81 7,81 >500 1,95 7.81 15,63
6-C12 125/125 125/125 250/250 >500/>500 | 15,63/31,25 | 62,5/93,75 250/250
125 125 250 >500 31,25 93,75 500
6-Cia | 1563/15,63 | 15,63/15,63 | 15,63/15,63 | 500/500 7.81/7,81 | 15,63/15,63 | 31,25/46,88
15,63 15,63 15,63 500 7,81 15,63 62,5
6-Cie 7,81/7,81 7,81/7.81 7,81/7.81 | >500/>500 | 1,95/1,95 7,81/7.81 7,81/7.81
7.81 7.81 7,81 >500 1,95 7.81 11,72
7-C1z 250/250 250/250 500/500 >500/>500 250/250 250/250 500/500
250 250 500 >500 250 250 500
7-Cia | 187,5/187,5 | 125/125 250/333,33 | >500/>500 250/500 125/375 | 416,7/416,7
187,5 125 250 >500 125 375 416,7
7-Cis 125/125 125/125 333,33/250 | 500/>500 250/125 125/125 125/125
125 125 208,33 >500 125 166,67 166,67
8-Cnz 125/125 250/250 375/375 >500/>500 | 46,88/46,88 | 93,75/93,75 |  250/250
125 250 375 >500 93,75 93,75 250
8-Cis | 31253125 | 62,5/62,5 62,5/62,5 | >500/>500 | 7,81/11,72 | 15,63/15,63 | 46,38/46,88
46,88 62,5 62,5 >500 15,63 15,63 62,5
8-Cis | 11,72/11,72 | 15,63/15,63 | 31,25/31,25 | >500/>500 | 3,91/3,91 7.81/7,81 | 15,63/15,63
15,63 15,63 31,25 >500 5,86 7.81 15,63
9-Ciz | 2344/2344 | 46,88/46,88 | 78,13/78,13 | 375/375 11,72/15,63 | 23,44/39,07 | 93,75/93,75
23,44 46,88 93,75 375 15,63 39,07 93,75
9-C14 7.81/7,81 | 15,63/23,44 | 15,63/2344 | 375250 | 5,86/12891 | 7.81/7.81 | 15,63/15,63
11,72 23,44 23,44 250 128,91 7,81 15,63
9-Cie 7,81/15,63 | 46,88/46,88 | 62,5/62,5 >500/500 | 3,91/64,46 | 5,86/5,86 7,81/7,81
15,63 46,88 62,5 500 126,96 5,86 19,53
10-Ci2 | 781/7,81 | >500/>500 | >500/>500 | >500/>500 | 281,25/375 | 23,44/23.44 | 62,5/93,75
7.81 >500 >500 >500 375 23,44 93,75
10-Cis | 391/500 | >500/>500 | >500/>500 | >500/>500 | >500/>500 | 31,25/>500 | 281,3/>500
500 >500 >500 >500 500 62,5 >500
10-Cis | 391/3,91 | >500/>500 | >500/>500 | >500/>500 | 125/>500 | 93,75/>500 | >500/>500
3,91 >500 >500 >500 >500 >500 >500
11-Ci2 | 9,77/9,77 | 15,63/15,63 | 23,44/23,44 | >500/>500 | 7.81/15,63 | 7,81/11,72 | 39,07/46,88
9,77 23,44 23,44 >500 23,44 11,72 46,88
11-Cus | 488/4,88 | 11,72/15,63 | 23,44/23,44 | >500/>500 | 3,91/3.91 3,91/391 | 15,63/15,63
4,88 23,44 70,32 >500 7.81 3,91 15,63
11-Ci6 | 488/4,88 | 15,63/15,63 | 23,44/23,44 | >500/>500 | 1,95/1,95 7.81/7,81 | 15,63/15,63
4,88 15,63 39,07 >500 3,91 7,81 15,63
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12-Ci2 | 781/7,81 | 11,72/11,72 | 15,63/15,63 | >500/>500 1,95/375 3,91/3,91 7,81/7,81
7,81 15,63 15,63 >500 500 3,91 7,81
12-Cis | 7.81/7,81 7,81/19,53 | 19,53/19,53 | >500/>500 1,95/250 3,91/3,91 7,81/7,81
7,81 35,16 253,91 >500 500 3,91 7,81
12-Cis | 62,5/62,5 | 187,5/312,5 |  500/500 >500/>500 | 4,88/500 | 11,72/11,72 | 7,81/7.81
62,5 312,5 500 >500 500 11,72 7,81
13-Cs | 46,88/62,5 125/125 250/250 >500/>500 | 15,63/23,44 | 11,72/11,72 | 46,88/62,5
62,5 125 250 >500 31,25 11,72 62,5
13-Cio | 5.86/7,81 7,81/7,81 | 11,72/11,72 | >500/>500 1,95/1,95 3,91/3,91 7,81/7,81
7,81 11,72 11,72 >500 3,91 7,81 7,81
14-Cs 93,75/125 125/125 375/375 >500/>500 | 46,88/46,88 | 93,75/93,75 | 187,5/250
93,75 125 375 >500 62,5 93,75 375
14-Cwo | 7.81/7,81 7,81/7,81 | 15,63/15,63 | >500/>500 | 2,93/46,88 | 7.81/7,81 | 11,72/11,72
7,81 7,81 39,07 >500 62,5 7,81 15,63
15-Cn2 125/250 500/250 500/500 >500/>500 | 7,81/62,5 125/125 500/500
250 250 500 >500 62,5 125 500
15-Cia | 15,63/15,63 | 31,25/31,25 | 31.25/31,25 | >500/>500 | 7,81/7,81 6,51/6,51 | 31,25/31,25
15,63 31,25 31,25 >500 15,63 5,86 39,06
15-Ci6 | 781/7.81 | 15,63/15,63 | 15,63/15,63 | >500/>500 | 3,91/7,81 5,86/5,86 | 11,72/11,72
7,81 15,63 15,63 >500 7,81 5,86 11,72
16-Cr2 | 62,5/62.5 125/125 250/250 >500/>500 | 31,25/31,25 | 62.,5/62,5 375375
62,5 125 250 >500 62,5 93,75 375
16-Cia | 15,63/15,63 | 31,25/31,25 | 31,25/31,25 | >500/>500 | 7,81/7,81 7,81/15,63 | 31,25/31,25
15,63 31,25 31,25 >500 15,63 257,82 54,69
16-Cis | 3,91/3,91 7,81/7,81 7,81/7.81 | >500/>500 | 1,95/1,95 1,95/15,63 3,91/5,86
3,91 7,81 7,81 >500 1,95 251,96 5,86
17-Cr2 | 31253125 | 62,5/62.,5 125/125 >500/>500 | 31,25/31,25 | 46,88/46,88 | 125/187.5
31,25 62,5 125 >500 62,5 46,88 250
17-Cis | 15,63/15,63 | 15,63/15,63 | 31,25/31,25 |  500/500 7,81/7,81 7,81/7,81 15,63/250
15,63 15,63 31,25 500 7,81 7,81 250
17-Cis | 3,91/3,91 7,81/7,81 | 15,63/15,63 | >500/>500 | 3,91/3,91 3,91/3,91 7,81/375
7,81 7,81 15,63 >500 3,91 3,91 375
18-Ci2 375/500 >500/>500 | >500/>500 | >500/>500 | 125/187,5 375/375 >500/>500
500 >500 >500 >500 375 375 >500
18-Cis | 62,5/62,5 93,75/125 | 187,5/187,5 | >500/>500 | 78,13/140,6 | 31,25/46,88 | 93,75/125
62,5 125 187,5 >500 156,25 46,88 187,5
18-Cis | 15,63/15,63 | 31,25/31,25 | 46,88/46,88 | >500/>500 | 7.81/42.,81 7,81/7,81 | 15,63/15,63
15,63 31,25 46,88 >500 7,81 7,81 15,63

*ESCO - Escherichia coli (A1235), KLPN ES— - Klebsiella pneumoniae (C1950), KLPN
ES+ - K. pneumoniae produkujici Sirokospektré p-laktamazy (C1934), PSAE MR -
multirezistentni Pseudomonas aeruginosa (A1245), YEBE - Yersinia bercovieri (CNCTC 6230),
ACBA - Acinetobacter baumannii (J3474) a STMA - Stenotrophomonas maltophilia (J3552).
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*Cervené jsou oznaceny nejucinnéjsi latky, které svym antibakterialnim vicinkem predcily
standardni BAC:-16 alespon ve trech pripadech, tzn. proti tfem ruznym G+ ¢i G— bakterialnim

kmenum.

Jak se ptedpokladalo, G+ bakterie byly v porovnani s G— bakteriemi k testovanym
KAS citlivgjsi diky rozdilnosti mezi bunéénymi sténami G+ a G— bakterii (vysvétleno v
teoretické Casti prace) a zaroven slabsi schopnosti KAS penetrovat vnéjsi membranu G—
bakterii a pod ni lezici cytoplazmatickou membréanu zptisobujici jeji disrupci a tinik iontt
(71). Podle publikované studie Daouda a kolektivu (69) na grampozitivni bakterie
maximaln¢ pisobi latky s alkylovym fetézcem Ci4 ¢i podle Gilberta a Moora Ciz-14 (3),
zatimco na gramnegativni bakterie GCinkuji latky s Cis (69) €i Cis-16 (3). Z naSich
vysledkt vSak vyplyva, ze na G+ bakterie nejefektivnéji plsobily latky s Cis. Vybornou
aktivitu ovSem projevily i latky s Ci4. Nejslabsi, 1 kdyz stale jesté vybornou ucinnost mély
retézce Ci2. Podobny efekt projevily latky i proti G— bakteriim, ovSem za pouZziti vysSich
koncentraci oproti G+. Co se ty¢e grampozitivnich bakterii, nemizeme konstatovat, ze
naSe vysledky odpovidaji literatute, kdezto u G— bakterii vysledky uvedenym publikacim
odpovidaji. Z pozorovanych vysledki ndm tedy vyplyva, ze uinnost latek neni vzdy
fizena jen poctem uhlik v dlouhém alkylovém fetézci, ale svou roli zde hraje i mnoho
dalSich faktort, jako je pfitomnost nukleofilnich skupin v molekule, riznoroda
substituce aromatickych uskupeni ¢i celkovy pocet uhlikovych atomi v molekule

testovanych latek.

Vsechny testované latky tedy vykazaly vysokou u¢innost proti G+ bakteriim a o néco
slabsi u¢innost proti G— bakteriim. Nejcitlivéjsim kmenem byl Staphylococcus aureus.
Vyjimkou byl vSak rezistentni kmen Pseudomonas aeruginosa (PSAE MR), proti
kterému slabé pusobilo pouze ne€kolik latek pii koncentraci 500 pmol/l a latky 9- Ci2 a 9-
Ci4 pii 375 ¢i 250 pmol/l. Podobné na tuto gramnegativni bakterii pasobily 1 referencni
latky BACi14 a BACis, BAC12 proti ni neprojevila téméi zadny efekt. Slaby efekt
testovanych latek na tento multirezistentni kmen se dal ocekdvat i na zdklad¢ diive
publikovanych poznatkli (96-98). Navic byla zaznamenana zkiizena rezistence kromé
benzalkonium chloridu také na jiné kvartérni amoniové soli (membranové-aktivni latky)
(99, 100). Indukce multilékového efluxniho systému (konkrétné¢ MexCD-OptJ) byla
pozorovana po vystaveni subinhibi¢nim koncentracim dezinfek¢nich prostredki, jako
jsou chlorhexidin a benzalkonium (101). Machado a kol. ukézali, ze adaptivni
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rezistence na benzalkonium chlorid podporovala nékteré zmény v proteinech popsanych
diive jako proteiny zapojené v antibiotické rezistenci. Predpoklada se tedy, ze existuji
spolecné mechanismy rezistence pro adaptivni a ziskanou rezistenci bakterie
Pseudomonas aeruginosa (102). Hodnoty logP (tj. rozdélovaci koeficient) bunécnych
mastnych kyselin byly vyssi nez logP hydrofilni latky benzalkonium chlorid, kterd byva
obsazena v dezinfek¢nich pifipravceich, v praci je pouzita jako referencni latka, a se kterou
byly porovnavany vysledky testovanych KAS. Sakagami a kol. ve své publikaci
diskutovali, ze zvySeni mnoZzstvi mastnych kyselin, které maji hodnoty logP vyssi nez
benzalkonium chloridy, snizuje schopnost benzalkonii proniknout do bunc¢k a vede k
ziskané rezistenci na benzalkonia. Vysledky ziskané v této studii naznacovaly, Ze
rezistence kmene Pseudomonas aeruginosa na benzalkonia je ziejmé vysledkem
zvySeného mnozstvi fosfolipidi a neutralnich lipidii. Snizeni permeability bunék pfi
zvySeném obsazeni mastnych kyselin v rezistentnich kmenech nepfinasi ztratu bariérové
funkce. Zda se, Ze kmeny rezistentni k benzalkoniim jsou neposkozené z divodu sniZeni

adsorpce a permeace bunécné stény (103).

Klebsiella pneumoniae (KLPN ES—) a Klebsiella pneumoniae produkujici
Sirokospektré B-laktamazy (KLPN ES+) se jevily také odolnég, resp. latka 18-Ci2 a cela
série 10 nedokézaly inhibovat ¢i usmrtit tyto kmeny a spole¢né s latkou 15-Ci2 byly velmi
malo uc¢inné v porovnani s ostatnimi latkami. Spole¢nym strukturnim znakem latek 15-
Ci2 a 18-Ci2 je hydroxyethylova skupina vazana piimo na dusik cyklického
nearomatického heterocyklu (pyrolidin a morfolin), zatimco série 10 obsahuje
hydroxylovou skupinu vazanou na cyklicky aromaticky heterocykl (chinolin). Timto ale
nelze jednoznacné tvrdit, ze za slaby uc¢inek mtize hydroxyethylova ¢i hydroxylova
skupina, protoze se vyskytovala i u nékterych aktivnéjsich slouc¢enin. Na druhou stranu
ale zlepSuje rozpustnost testovanych latek, a tim 1 jejich praktickou pouzitelnost. Snizena
citlivost této bakterie k benzalkoniovym solim byla publikovana napt. v Abuzaid a kol.

(104).

Pti porovnadni skupin 10 a 11, kdy obé& obsahuji aromatické bicyklické seskupeni
(chinolin a isochinolin), se jevi skupina 10 jako selektivni pro kmen Escherichia coli, ale
na vankomycin-rezistentni Enterococcus a Klebsiella sp. nema oproti isochinolinovému
derivatu zadny efekt. Ackoliv se tyto skupiny jevi jako stejné, 1i$i se vSak tim, ze na

chinolinu je navazdna hydroxylovéa skupina, kdezto na isochinolinu
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aminoskupina. V pfipad¢ porovnavani téchto dvou bicyklickych heterocyklii by se dalo

usuzovat, ze aminoskupina hraje v antibakterialni aktivit¢ vyznamnéjsi roli.

Za zminku také stoji cela fada 12, kterd sice po 24 hodinach inkubace vyznamné
inhibovala rust bakterie Yersinia bercovieri, ale po 48hodinové inkubaci (MIC i MBC) ji

uz nedokézala pii nizkych koncentracich inhibovat ani usmrtit.

Jako nejslibnéjsi dezinfekéni latky zahrnujici spektrum G+ a G— bakterii se po
vyhodnoceni jevily nasledujici zastupci: 4-Cis, 5-Cis, 6-Cis, 11-Ci2, 12-Ci2, 12-Ci4, 16-
Cis a 17-Cie. Tyto latky pred¢ily svym antibakterialnim ¢inkem standardni BAC alespon
ve tfech ptipadech, tzn. proti tftem riaznym bakterialnim kmentm, a postoupily do uzsiho

vybéru jednotlivych latek pro vytvoteni dezinfekénich smési.

5.2 Testovani antifungalni ac¢innosti

Béhem tifimési¢ni zahranicni stdze (program Erasmus+) na Katedie biologie
Biotechnologické fakulty Univerzity v Lublani ve Slovinsku byla otestovana antifungalni
ucinnost nové syntetizovanych latek. Jelikoz na testovani byly ureny pouze tii mésice,
vybralo se né¢kolik latek, u kterych se alespont Céastecné predpokladal antifungalni
potencial. Uginnost latek (pii koncentracich 1000; 500; 300; 100; 30; 10 pmol/l) byla
testovana na osmi houbovych kmenech, resp. ¢tyfech kvasinkach (Candida parapsilosis
sensu stricto, Rhodotorula mucilaginosa, Exophiala dermatitidis, Aureobasidium
melanogenum) a Ctyfech vlaknitych houbach (Bisifusarium dimerum, Penicillium
chrysogenum, Aspergillus versicolor, Aspergillus niger). Vsechny vysledky jsou shrnuty
v tabulce 6. Jako negativni kontrola bylo pouZito rozpoustédlo latek DMSO v
odpovidajici koncentraci, jehoz inhibi¢ni zéna méla byt odectena od inhibi¢nich z6n
testovanych latek. Tento kosolvent, 1 kdyZ se jednalo o 100% DMSO, vSak neprojevil
zadnou inhibici hub, proto nebyl odeCet nakonec tieba. Antifungalni ucinnost proti
kvasinkam byla stanovena po 72 hodinéach inkubace, ucinnost proti vlaknitym houbam po
168 hodindch inkubace. Jako referencni latky byly opét pouzity standardni soli
benzalkonia BACi2-1s.
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Tabulka 6. Minimalni inhibi¢ni koncentrace (MIC; v pmol/l) nasyntetizovanych latek a
benzalkoniovych soli (BACi2-16). In vitro aktivita byla stanovena na ¢tyfech kmenech kvasinek
(Candida parapsilosis sensu stricto, Rhodotorula mucilaginosa, Exophiala dermatitidis,
Aureobasidium melanogenum) a Ctyfech kmenech vlaknitych hub (Bisifusarium dimerum,
Penicillium chrysogenum, Aspergillus versicolor, Aspergillus niger). Inkuba¢ni doba byla 72

hodin (kvasinky)/168 hodin (vlaknité houby).

MIC (umol/1); 72h (kvasinky)/168h (vlaknité houby) inkubace

Kmen® | CAPA | RHMU | EXDE | AUME | BIDI | PECH | ASVE | ASNI
(EXF- | (EXF- | (EXF- | (EXF- | (EXF- | (EXF- | (EXF- | (EXF-
Latka 8411) | 8417) | 8470) | 8432) | 8427) | 1818) | 8692) | 10185)
BAC12 1000 500 500 200 | >1000 | 650 | >1000 | >1000
BAC14 300 100 100 100 1000 650 650 | >1000
BACis 1000 500 200 65 1000 650 1000 | >1000
1-C2 >1000 | 1000 | >1000 100 | >1000 | 1000 | >1000 | >1000
1-C1s 500 100 100 30 >1000 | 500 300 1000
1-C1e 300 30 100 100 500 1000 300 | >1000
2-Cn2 >1000 | 300 400 300 | >1000 | 1000 1000 | >1000
2-Cis 300 30 30 30 >1000 | 300 300 | >1000
2-Cis 100 100 65 30 500 300 100 1000
3-Ci» >1000 | 500 1000 300 | >1000 | 1000 | >1000 | >1000
3-Cus 300 100 30 30 >1000 | 300 100 | >1000
3-Cis 100 100 30 30 500 750 200 | >1000
4-Ci2 >1000 | 500 1000 100 | >1000 | 1000 1000 | >1000
4-Ci4 300 100 100 30 >1000 | 100 100 | >1000
4-Cis 100 100 30 30 500 300 65 >1000
5-Ci» >1000 | >1000 | >1000 | 300 | >1000 | >1000 | >1000 | >1000
8-Cr2 >1000 | 1000 | >1000 | 500 | >1000 | >1000 | >1000 | >1000
8-Cia 500 100 500 100 | >1000 | 300 500 | >1000
8-Cis 300 100 100 30 750 100 400 | >1000
12-Cnz 200 100 100 30 300 200 200 | >1000
12-C1s 750 750 100 65 1000 200 300 | >1000
12-Ce >1000 | >1000 | >1000 | 400 | >1000 | >1000 | 400 | >1000
13-Cs 500 1000 500 255 | >1000 | 500 650 | >1000
13-C1o 30 30 100 100 500 300 500 | >1000
14-Cs >1000 | >1000 | >1000 | >1000 | >1000 | >1000 | >1000 | >1000
14-C1o 100 100 100 65 300 100 300 | >1000
15-Cr2 >1000 | 1000 1000 200 | >1000 | 300 | >1000 | >1000
15-C1s 500 300 100 30 >1000 | >1000 | 500 | >1000
15-Ce 750 100 65 10 1000 300 500 | >1000
16-C12 >1000 | >1000 | >1000 | >1000 | >1000 | >1000 | >1000 | >1000
16-C1s 500 300 500 100 | >1000 | 500 1000 1000
16-C1s 300 100 300 30 1000 100 1000 | >1000
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17-Ci2 1000 300 1000 300 >1000 >1000 1000 >1000
17-Ci4 200 30 65 20 1000 300 300 400
17-Cis 300 100 30 55 1000 300 200 >1000
18-Ci2 >1000 >1000 >1000 >1000 >1000 1000 >1000 >1000
18-Ci4 1000 1000 500 65 1000 1000 1000 >1000
18-Ci6 500 300 100 20 1000 400 500 1000

‘CAPA - Candida parapsilosis sensu stricto (EXF-8411), RHMU - Rhodotorula
mucilaginosa (EXF-8417), EXDE - Exophiala dermatitidis (EXF-8470), AUME - Aureobasidium
melanogenum (EXF-8432), BIDI - Bisifusarium dimerum (EXF-8427), PECH - Penicillium
chrysogenum (EXF-1818), ASVE - Aspergillus versicolor (EXF-8692), ASNI - Aspergillus niger
(EXF-10185).

*Cervené jsou oznaceny nejucinnéjsi latky, které svym antifungdlnim vcinkem predcily

standardni benzalkonioveé soli BAC/,_je.

Témét vSechny testované latky vykazaly urcitou u¢innost proti testovanym kmentm
hub. Vyjimkou vSak byly latky 14-Cg a 16-Ci2 (popft. také 18-Ci2), které byly kompletné
neucinné proti vSem kmentim i pii nejvyssi koncentraci 1000 pumol/l. Strukturné mizeme
fict, Zze u latky 14-Cg 1 ptes ptitomnost dvou delSich alkylovych fetézcii, a tudiz 1 veétsi
lipofilitu latky, je tfeba dodrzet urCitou minimalni délku dlouhého lipofilniho fetézce (tzn.
vice nez 8 uhlikil), coz ndm potvrdily i vysledky fady 13, kde se latky chovaly podobné.
U latek 16-Ci2 a 18-Ci2 bylo evidentni, ze v ptipad¢€ jednoho dlouhého alkylového fetézce
s 12 uhliky v fadé napojeného na dusik, ktery je soucasti Sesticlenného nearomatického

heterocyklu, byla antifungalni aktivita vyznamné omezena ¢i tplné eliminovana.

Z hlediska rezistence na KAS se plisen Aspergillus niger jevila v porovnani s
ostatnimi kmeny jednozna¢né jako nejodoln&jsi. Zadna standardni benzalkoniova sl
nebyla schopna inhibovat rist tohoto kmene. Z novych testovanych latek bylo pouze pét
zastupcil (1-Ci4, 2-Cig, 16-Ci4 a 18-Cis pti 1000 pumol/l; 17-Ci4 pii 400 pmol/1) schopno
slabé inhibovat rist tohoto odolného kmene. Nicméné v literatuie byla necitlivost k
benzalkoniim opakované publikovana (105, 106). Naopak, nejcitlivéjsSim kmenem byla
kvasinka Aureobasidium melanogenum (obr. 6), ktera pfi testovani inhibicni aktivity
latkou 4-C14 vykéazala MIC = 30 umol/l. Proti kvasinkam v porovnani s BAC12-16 nejvice
ucinkovaly latky 2-Ci4, 12-Ci2, 13-Cio a 17-Ci4. Nejvyssi citlivost proti vlaknitym
houbam byla pozorovana u latek 2-Cis, 4-Ci6, 12-Ci2, 14-Cio a 17-Cia.
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Obrazek 6. Testovani inhibice kvasinky Aureobasidium melanogenum (EXF-8432) latkou
4-Ci4 na Malt Extract agaru; MIC = 30 umol/l.

Vsechny latky s alkylovym fetézcem Cie (nejvice vsak 2-Cig, 3-Cis, 4-Cis, 17-Cis)
projevily proti kvasinkdm lepsi G¢inek nez standardni benzalkonia, s vyjimkou 12-Cjs, na
kterou byly odolné tfi kmeny kvasinek ze Ctyf. Je tedy evidentni, ze pokud mame
homologické fady latek s jednim dlouhym alkylovym fetézcem, je delsi fetézec (v tomto
pfipadé 16 uhlikil) pro tuto aktivitu vhodnéjsi. Mizeme také usuzovat, ze antifungalni
aktivita opét do jisté miry roste, pokud se na struktuife nachézi dals$i mensi lipofilni
substituent (methyl, ethyl). Hydrofilni substituenty by v této aktivit¢ nemusely hrat az tak

dualezitou roli.

Ze skupiny latek 12, 13 1 14 je zfejmé, ze pokud mame vice dlouhych alkylovych
fetézc, je tfeba brat v ivahu nejen jejich délku, ale nakonec i celkovy soucet uhlikti v
téchto fetézcich. Jak bylo komentovano vyse, dva alkylové fetézce s délkou Cs (latky 13-
Cs a 14-Cs) jsou pro nartst antifungélni aktivity nedostacujici. Ale naopak, jestlize
zachovame soucet 20 uhlikl na dva alkylové fetézce, tedy dvakrat Cio (13-Cio, 14-Cio)
nebo Cg + Ci2 (12-Ci2), miizeme pozorovat vyznamny narast antifungélni aktivity. Pti
dalSim zvySovani poctu uhlikii v fetézcich (12-Ci4, 12-Ci6) uz k nartstu aktivity dale

nedochazelo, spiSe naopak.

Z literatury je znamo, Ze maximalni aktivita proti kvasinkam je pti délce alkylového
fetézce s poctem uhlikd n = 12—14 u cetrimonium bromidu a benzalkonium bromidu (3)
a celkové proti houbam pii n = 12 u cetrimonium bromidu (69). Avsak v jiné literatufe
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byla optimalni antifungalni aktivita stanovena kvadratickymi rovnicemi vysvétlujicimi
zavislost aktivity na délce alkylového fetézce a indikovéana pii » = 16 (107). NaSe
vysledky odpovidaji spiSe n = 14—16, pokud mezi sebou porovnavame MIC latek pouze
s poctem uhliki 12, 14 a 16. V raznych publikacich jsou pro nejvhodnéjsi efekt proti
houbam udéavany rozdilné délky alkylovych fetézcl, coz mize byt zplisobeno tim, ze se
jedna o obmény zndmych struktur a odli$né kmeny, z tohoto diivodu by mohly slouceniny
proti houbam pusobit jinak. Diky témto vysledkiim vSak mtizeme konstatovat, ze jako
latky s nejvyssi aktivitou proti v§em testovanym houbam, které predcily standardni latky,
se jevi 2-Cis, 4-Ci6, 12-Ci12, 17-C14, a ty by potencidlné mohly piedstavovat jedny ze

slozek novych dezinfek¢énich smési.

5.3 Testovani inhibice riistu zelenych ras

Béhem staze v Lublani byly ve spolupraci s Katedrou genetické toxikologie a biologie
rakoviny Narodniho institutu biologie ve Slovinsku otestovany vybrané latky také na
inhibici ristu zelenych jednobunéénych sladkovodnich mikrotas Pseudokirchneriella
subcapitata. Vysledky testovanych latek byly porovnavany se standardnimi
benzalkoniovymi solemi (obr. 7). Pro potvrzeni spravného postupu testovani byla jako

referencni toxickad latka pouzita chemikalie 3,5-dichlorfenol.

V soucasné dob¢ je tasa Pseudokirchneriella subcapitata nejzndmg¢j$im a nejcastéji
pouzivanym ekotoxikologickym bioindikatorem cistoty vody a pfitomnosti toxickych
latek ve vodé doporucovanym pro ekotoxikologické biologické testy (monitorovani
kvality vody a hodnoceni ekologickych rizik) Organizaci pro hospodatskou spolupraci a
rozvoj z duavodu jeji vyS$i miry rastu, vEtsi citlivosti na toxické latky a dobré

reprodukovatelnosti ve srovnani s jinymi fasami (88, 108).

Obecné je znamo, Ze benzalkonium chlorid je jedna z nejbéznéjSich slozek
nemocni¢nich a domécich dezinfekci, kterd je spoleén¢ se zbytky 1€kt pravidelné
detekovana v nemocni¢nich i komunalnich odpadnich vodach. Ekotoxikologické studie
prokézaly, ze KAS jsou vysoce toxické k riznym vodnim organismum (109-115).
Mimoto, ve vodném prostiedi se KAS nevyskytuji jako jednotlivé latky, ale ve smésich s
jinymi chemickymi kontaminanty (116). ElerSek a kolektiv ve své publikaci (117)

potvrdili vysokou toxicitu benzalkonium chloridu pifimo na nami testované fasy
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Pseudokirchneriella subcapitata. Nicméné, 1 pfes tyto na pohled negativni vlastnosti
KAS, by latky toxické pro fasy, tudiz neSetrné k Zivotnimu prostedi, mohly potencialné
najit vyuziti na mistech, kde je jejich rist nechtény, napt. povrchy bazénti, fontan,

monumentt, dievénych lodi, raftl, turistickych jeskyni atd. (75, 76).
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Obrazek 7. Rychlost ristu fasy Pseudokirchneriella subcapitata (pocet bunék/ml) v pfitomnosti
jednotlivych latek a standardnich benzalkoniovych soli (BACi2-16) v porovnani s kontrolami
(OECD médium bez DMSO a OECD médium s DMSO) métena pomoci prutokového cytometru
po 1,2 a 3 dnech.
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Do nésledujici casti jsem vlozila dva rizné grafy (grafy s procentudlni a
normalizovanou inhibici) vyjadiujici stejné vysledky jinym zptsobem z toho dtivodu, ze
procentudlni graf (obr. 8) vyjadfuje inhibici kvantitativné v procentech, ale v
publikacich byva vétSinou upiednostiiovan snadnéji pochopitelny normalizovany graf

(obr. 9).
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Obrazek 8. Procentudlni inhibice ristu zelenych tas Pseudokirchneriella subcapitata po 72
hodinach. Maximalni procentudlni inhibi¢ni hodnota je 163 % (odvozeno od latky s nejvétsim
inhibiénim t¢inkem, tj. 12-Ci4) a minimalni (resp. zddnou) inhibici pfedstavuje hodnota 0 %
(maximalni nartst kontroly, tj. nartst fasy v rozpoustédle DMSO a OECD médiu, po 72
hodinach). Smérodatné odchylky jsou prezentovany jako chybové tsecky.
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Obrazek 9. Normalizovana inhibice rustu zelené fasy Pseudokirchneriella subcapitata po 72
hodinach odvozena od procentudlni inhibice. Maximalni inhibi¢ni hodnota je normalizovana na
hodnotu 1 (odvozeno od latky s nejvétsim inhibi¢nim G¢inkem, tj. 12-C;4) a minimalni inhibice
(resp. zadnd) je normalizovana na hodnotu 0 (odvozeno od kontroly, tj. fasy v rozpoustédle

DMSO a OECD médiu). Smérodatné odchylky jsou prezentovany jako chybové tsecky.

I pfes pokus najit netoxické latky nam vSechny testované latky a standardni
benzalkonia (BACi2-16) po 72 hodinach inhibovaly rust tas Pseudokirchneriella
subcapitata. OvSem tato vlastnost byla podle publikaci u KAS ptedpovidana. 17-Ci2
prokézala ze vSech testovanych latek nejSetrnéjsi potencial k Zivotnimu prostiedi, stale
vSak vykazovala 29% inhibici rlstu. Cela série 12 a latka 17-Ci6 byly stanoveny jako
latky s nejvétsi inhibici ristu fasy (v pfipadé grafu s procentudlni inhibici ristu se jednalo
0 145-163% inhibici uvedenymi latkami, zatimco kontrola ¢inila 0% inhibici). V
porovnani se standardnimi solemi BAC (41-93% inhibice ristu) vykazovaly nase latky
vys$i nebo srovnatelny inhibicni efekt, jak je zndzornéno v grafu s procentualni (obr. 8) a
normalizovanou (obr. 9) inhibici. Nejvétsi inhibicni u€inek tasy Pseudokirchneriella

subcapitata projevila latka 12-Cia.
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5.4 In vitro testovani cytotoxicity a lipofilita

Hlavnim smyslem MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-difenyl tetrazolium
bromid) testovani je méteni viabilnich bun¢k pomoci 96jamkovych desti¢ek bez nutnosti
pocitani bunck. Z tohoto divodu je tato metoda nejbeznéji pouzivana pro stanoveni
cytotoxicity latek pii riznych koncentracich. Principem MTT testu je, Ze pro vétSinu
zivotaschopnych bunck je mitochondridlni aktivita konstantni, a proto zvySeni nebo
snizeni v poctu viabilnich bunék je linearné¢ umeérné mitochondridlni aktivité¢ (118).
Mitochondrialni aktivita bun€k se odrazi v konverzi (redukci) tetrazoliové soli MTT
(inkubované 1-4 hodiny) na krystaly formazanu (obr. 10), které mohou byt pro méteni
solubilizovany. Koncentrace formazanu (zvyseni nebo snizeni v poctu zivotaschopnych
bunék) mize byt spektrofotometricky méfena zaznamendvanim zmén v absorbanci pii
vlnové délce 570 nm (pouziva se také referen¢ni vinova délka 630 nm) (119). Hodnoty
optickych denzit jamek s buitkami inkubovanych s testovanymi latkami jsou porovnavany
s denzitami kontrolnich jamek obsahujici pouze buiiky (bez exponovani testovanym
latkdm). Snizeni poctu bun¢k signalizuje inhibici bunééného rlstu a vysledek je pak
udavan jako koncentrace latky, ktera je nutna k dosazeni 50% riistové inhibice ve srovnani

s ristem kontroly bez testované latky (ICso, 50% inhibi¢ni koncentrace) (118).

NJ§/
Br N7\ NADH NAD* Br >\,,S

|
O
N-N N—NH
MTT Formazan @

Obrazek 10. Redukce ZIuté tetrazoliové soli MTT mitochondridlnimi reduktazami dychaciho

fet¢zce na fialovy formazan. Obrazek byl adaptovan dle (119).

Lipofilita je jednou z nejvice studovanych fyzikdlné-chemickych vlastnosti latek
(vztahy mezi strukturou a aktivitou), Casto koreluje s biologickou aktivitou a hraje
vyznamnou roli v designovani novych latek. Miize byt métena metodami zaloZzenymi na

mikrotitracnim dé€leni, vysoce u¢inné kapalinové chromatografii nebo kapilarni
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elektroforéze. Lipofilita organické slouceniny je nejcastéji popsana tzv. rozdélovacim
koeficientem logP (vyjadienym jako calculated logP, tedy Clog P), ktery miize byt
definovan jako pomér koncentrace neionizované formy latky béhem rovnovahy mezi

organickou a vodnou fazi (120-122).

Pocitani lipofility latek s pouzitim softwaru MarvinSketch (v14.9.8.0) provadél
PharmDr. Lukas Prchal, Ph.D. spole¢né s doc. Mgr. et Mgr. Rafaeclem Dolezalem, Ph.D.
v Centru biomedicinského vyzkumu Fakultni nemocnice Hradec Kralové. Jelikoz je zde
vypocitand lipofilita uvedena pouze pro porovnani vztahu struktura-aktivita a nejedna se

o in vitro metodiku, neni v této praci uveden protokol.

Tabulka 7. Cytotoxicky potencial a Clog P ptipravenych slou¢enin a N-benzalkoniovych soli

(BACi2-16). In vitro aktivita je vyjadifena jako ICso (umol/l) = SEM (n = 3).

Cytotoxicita Lipofilita
Testovana latka ICso (nmol/l) +SEM (umol/l) Clog P
BAC; 19,54 1,2 2,63
BACy4 15,04 0,1 3,52
BAC;s 12,85 1,4 4,41
1-Ci2 39,83 5,1 0,93
1-Cyy 20,31 2,4 1,81
1-Cis 16,45 2,1 2,70
2-Cn2 23,85 4,3 2,21
2-Cu4 12,18 0,3 3,10
2-Cys 9,88 0,1 3,98
3-Cnz 22,34 1,3 2,21
3-Cus 12,48 1,1 3,10
3-Cis 8,27 1,6 3,98
4-Cqz 28,29 3,9 1,36
4-Cyy 17,25 1,9 2,25
4-Cys 13,07 0,0 3,14
5-Cn2 67,07 0,0 0,54
5-Cu 29,16 0,2 1,43
5-Cis 18,87 1,2 2,32
6-Cr2 71,42 11,7 0,54
6-Cu4 31,58 4,6 1,43
6-Cis 20,24 2,7 2,32
7-Cr2 25,94 0,3 1,54
7-Cis 10,41 0,8 2,42
7-Cis 7,07 0,6 3,31
8-Ci2 64,48 7,5 1,21
8-Cuy 32,46 33 2,10
8-Cis 21,69 2,1 2,99
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9-C12 47,61 0,2 2,62
9-Ci4 31,68 2,2 3,51
9-Cis 25,21 43 4,40
10-Cy2 44,17 1,2 2,41
10-Cy4 24,67 2,8 3,30
10-Cis 15,19 0,8 4,19
11-Cy2 13,48 0,1 1,85
11-Cy4 8,83 0,1 2,74
11-Cy6 6,92 1,0 3,63
12-Ci 8,69 0,3 4,01
12-Cy4 7,69 0,2 4,90
12-Cys 7,12 0,7 5,79
13-Cs 6,58 0,1 3,96
13-Cyo 2,57 0,7 5,74
14-Cs 44,54 1,7 1,54
14-Cyo 10,97 3,4 3,32
15-Cy2 98,06 0,9 0,62
15-Cy4 33,94 1,3 1,51
15-Cis 21,98 0,4 2,40
16-Ci2 93,94 5,2 1,07
16-Cy4 50,86 3,7 1,96
16-Cis 21,10 0,0 2,85
17-C12 26,90 3,0 0,72
17-Ci4 15,51 0,9 1,61
17-Cis 10,75 1,0 2,50
18-Ci2 208,35 40,8 1,07
18-Ci4 53,18 3,8 1,96
18-Cis 31,90 1,9 2,85

vy

In vitro testovani cytotoxicity novych latek (tab. 7) potvrdilo ptfedpokladany trend
popsany jiz diive (49, 62), kdy se vzrustajici lipofilitou (resp. mnozstvim uhliki ve
struktufe) roste i cytotoxicita latek testovana na sav¢ich bunikéch (¢im nizsi ICso vyjadrena
v umol/l, tim vyssi cytotoxicky ucinek latky), ktery byl zaznamenén i u KAS nesouci dva
alkylové fetézce (série 13 a 14). Tento efekt je pravdépodobné zpiisoben vzristajici
lipofilitou vyjadienou jako Clog P (tab. 7) latek se stoupajici délkou uhlikatého fetézce
(obr. 11), a tim padem jeho schopnosti penetrovat do bun¢k snadnéji. Jako nejméné
toxicka se tedy jevila latka 18-Ci2 (ICso = 208,35 umol/l, v tabulce oznacena Cerveng),
naopak jako nejvice toxicka se projevovala latka 13-Cio (ICso = 2,57 pmol/l). Pouze latky
11-Ci2 a 12-Ci2 byly vice toxické nez standardni benzalkonia o stejné délce uhlikatého

retézce, s délkou fetézce 14 bylo oproti standardim stejné délky
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fetézce toxictéjsich pét latek (2-Ci4, 3-Cia, 7-Cis, 11-Ci4, 12-Ci4) a s poctem 16 uhliki se
jevilo Sest latek (2-Cis, 3-Cis, 7-Cis, 11-Cis, 12-Ci6, 17-Ci6) toxictéjsich nez standardni
soli. Co se tyCe cytotoxického potencidlu, dalo by se snizeni cytotoxicity podle studie
Yamamoto a kolektivu (123) vyfteSit ptipravou bis-kvartérnich amoniovych soli, u
kterych je také mén¢ pravdépodobné, Ze zplsobi podrazdéni kiize nez stavajici KAS

(napt. BAC). Tato publikace vSak nezahrnovala testovani antimikrobialni G¢innosti.
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Obrazek 11. Zavislost bunééné viability, resp. cytotoxického potencialu ptipravenych sloucenin
a standardnich latek BACi2-16, (vyjadiené jako log ICso) na lipofilité latek (vyjadiené jako Clog
P).

Ze strukturni studie je ziejmé, Ze cytotoxicitu vyznamné zvySuje nejen narustajici
pocet uhlikti u dlouhych alkylovych fetézct, ale rovnéz ptitomnost a pocet aromatickych
uskupeni (benzyl, pyridin, chinolin atd.). Naopak derivaty nasycenych heterocykll se pti
porovnani s aromatickymi heterocykly jevi pfi stejnych délkach a poctech postrannich
dlouhych fetézct jako méné cytotoxicke. Dale Ize z vysledkli pozorovat, ze piitomnost
hydroxylové skupiny ve struktufe molekuly (pokud neni vyznamné ptebita lipofilnimi

uskupenimi jako v pfipadé fady 10) ma pozitivni vliv na cytotoxicitu pfipravenych latek

4
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Cytotoxicita latky 13-Cio je umocnéna nejen pfitomnosti dvou dlouhych fetézct, ale
1 benzylové skupiny, ktera taktéz vyznamné zvySuje cytotoxicky vliv, proto se dalo
piedpokladat, ze bude ze vSech latek nejtoxicté;si. I kdyz obé fady 13 a 14 nesou na své
molekule vzdy dva stejné¢ dlouhé alkylové fetézce (bud’ Cs nebo Cio), fada 13 vSak
obsahuje jiz zminény benzyl misto 2-hydroxyethylu pfitomného u fady 14, a tim se ndm
potvrdil ptredpoklad, Zze benzyl jesté vice zvySuje cytotoxicky potenciadl. U tady 12 je
potieba zminit, Ze tyto homology nelze zcela porovnavat s BAC, protoze oproti nim maji
navic jeden lipofilni fetézec, ktery také zvySuje toxicitu, avSak na druhou stranu nemaji
benzylovy substituent, takze je ziejmé, ze dalsi alkylovy fetézec zvySuje cytotoxicitu vice
nez benzylovy zbytek v molekule latky. Vliv pozice substituentu na pyridinovém jadie
na cytotoxicitu nebyl hodnocen jako vyznamny.

Byl také pozorovan urcity vztah mezi cytotoxicitou a antimikrobidlni G¢innosti.
Nejméné toxickd latka (18-Ci2) potfebovala k projevu antimikrobidlniho efektu dosti
vysoké koncentrace oproti jinym latkdm, zatimco u nejtoxicté;si latky (13-Cio) tomu bylo

praveé naopak.

5.5 Formulace dezinfekc¢nich smeési

Jako nejslibnéjsi se proti aerobnim bakteriim jevily latky 4-Cis, 5-Cis, 6-Cis, 11-Ci2,
12-Ci2, 12-Cia, 16-Cis, 17-Ci6 a 18-C14. Nejvyssi ucinnost proti kvasinkdm 1 vlaknitym
houbam byla zpozorovana u latek 2-Ci4, 2-Cys, 3-Cis, 4-Ci6, 12-Ci2, 13-Cio, 14-Cio, 17-
Cisa 17-Cie.

Dale bylo provedeno testovani jednotlivych latek proti anaerobni bakterii Clostridium
difficile a VZV (v této praci sice nejsou samostatné uvedeny vysledky jednotlivych latek,
ty nejlepsi jsou nize rekapitulovany jednou vétou a byly jiz publikovany nasi skupinou v
Soukup a kol. (82), ale jsou zde shrnuty vysledky vSech dezinfekcnich smési). Proti
anaerobni bakterii Clostridium difficile prokazaly nejvysSi G¢innost pifi 8minutoveé
expozici latky 12-Ci2 (pii koncentraci 0,5 %), 17-Ci6 (0,05 %), 18-Ci2 (0,5 %) a 18-Ci4
(0,5 %). Latka 17-Ci4 (0,01%) redukovala virovy titr VZV o 5 tadi pfi Sminutové
expozici viru dezinfekéni latce. O néco méné ucinné byly latky 13-Cg o koncentraci 0,01

% (redukéni faktor 3,84) a 18-Ci4 o stejné koncentraci (redukéni faktor 3).
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Hodnocenim cytotoxicity pomoci MTT testu se jako nejméné toxicka jevila latka 18-
Ci2 (ICs0 = 208,35 pmol/l), naopak jako nejvice toxicka se projevovala latka 13-Cio (ICso =
2,57 umol/l).

Na zékladé¢ vySe zminénych vysledkli in vitro testovani byly vybrany tyto
nejucinngjsi latky: 4-Cie (G+ a G— bakterie, kvasinky), 12-Ci2 (G— bakterie, kvasinky,
vlaknité houby, C. difficile), 13-Cg (VZV), 17-C14 (vlaknité houby, VZV), 17-Cis (G+ a
G— bakterie, kvasinky, vlaknité houby, C. difficile), 18-Ci2 (C. difficile), 18-C14 (G+a G—
bakterie, C. difficile, VZV). Nasledn¢ byly navrzeny kombinace latek za ucelem pokryti

\ Smeés 1
I (4'015+1 7-Cqatl 8'012)

Smes 2
12-C12#13-Ce+17-C16)

Smes 3
(4-C1+17-C1a)

celého spektra patogen.

17‘014

18-Ci2

o

Smés 4
1 B“CB (1 2“012"‘1 8‘014)

Latky

\

18'014
@ Grampozitivni bakterie @ Gramnegativni bakterie

Cl. difficile @VZV @Kvasinky  Vlaknité houby
Obrazek 12. Formulace dezinfekénich smési (1-4) z nejucinngjSich latek (4-Cis, 12-Ciz, 13-Cs,
17-Ci4, 17-Cis, 18-Cia, 18-Ci4) za ucCelem pokryti celého spektra patogent (grampozitivni a
gramnegativni bakterie, anaerobni bakterie Clostridium difficile, virus varicella-zoster, kvasinky,

vlaknité houby).

Byly tedy formulovany smési (obr. 12), které¢ by mély vykazovat ucinnost proti
bakteriim, houbam i virim a v idealnim ptipadé by nemély drazdit pokozku. Latky, které

vykazovaly nizkou rozpustnost ve vod¢, byly z dalSiho testovani vylouceny,
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protoZe by tato vlastnost znemoznila jejich formulaci do koncentrovanych vodnych

roztokll a tedy jejich praktické vyuziti. Jednalo se tedy o tyto formulované smési:

Smés 1: 4-Ci6 + 17-Ci1s4 + 18-Cr2
Smés 2: 12-C12 + 13-Cs + 17-Cis
Smés 3: 4-Ci6+ 17-Cia

Smés 4: 12-Ci2 + 18-Cis

Dveé tiislozkové (1 a 2) a dvé dvouslozkové (3 a 4) smési byly nejprve piipraveny v
1% souhrnné koncentraci U¢innych latek. Kvantitativnimi suspenznimi testy proti
aerobnim bakteriim a kvasinkdm byly vSak testovany smési jak 1%, tak i 0,1%. Diky
vybornym vysledkiim pii obou koncentracich smési, resp. jejich uCinnych latek, za
expozi¢ni ¢as 5 minut a snizujici se kozni drdzdivosti s klesajici koncentraci jsme se
rozhodli provést i zbyvajici testovani (testy kozni drazdivosti a kvantitativni testovani
smési proti anaerobni bakterii Clostridium difficile, plisni Aspergillus fumigatus a VZV)

pfi niz$i koncentraci (tj. 0,1 %).

Vysledky byly porovnavany se standardné pouzivanym prosttedkem Ajatin, jenz byl
nafedén tak, aby taktéz obsahoval celkové 0,1 % ucinnych latek (tzn. soli BAC) a jeho
vysledky tak mohly byt korelovany s testovanymi latkami. Jak jiz bylo dfive zminéno, na
nasledujicich strankéch sice bude pojednavano o 0,1% ¢i 1% formulovanych smésich a
Ajatinu, ve skutecnosti se vSak jedna o smési a Ajatin souhrnné obsahujici 0,1 ¢i 1 %

ucinnych latek.

5.5.1 Kvantitativni zkouska s pouzitim suspenzi s aerobnimi bakteriemia

kvasinkami

Testovani prokéazalo, Ze po Sminutové expozici byly vSechny testované kmeny
(meticilin-rezistentni Staphylococcus aureus, vankomycin-rezistentni Enterococcus,
Klebsiella pneumoniae produkujici Sirokospektré [-laktamazy, multirezistentni
Pseudomonas aeruginosa, Candida krusei, Cryptococcus neoformans) maximalng citlivé
jak vici vSem testovanym smésim (1-4) v koncentracich 0,1 % (u¢innych latek), tak 1
vuci piipravku Ajatin o stejné koncentraci jeho u¢innych latek, tj. BAC (viz nize).
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Vysledky jsou vyjadieny v CFU (kolonii tvofici jednotka)/ml. U kazdého kmene je
uveden pocet bakteridlnich/kvasinkovych bun¢k zakladnich suspenzi (v CFU/ml), které
byly pro testovani pouzity. Ty slouzily pro porovnani s nariistem kontrol (zapocitano
celkové fedéni 1000x provedené béhem testovani), popt. pro potencidlni vypocet

redukéniho faktoru v poctu bunék.

Grampozitivni bakterie

e meticilin-rezistentni Staphylococcus aureus (MRSA)
- bakterialni suspenze — 1,2 x 10° CFU/ml
- kontrola se sterilni vodou — 6,8 x 108 CFU/ml
- kontrola s neutralizatorem — 4,75 x 10’ CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml

e vankomycin-rezistentni Enterococcus (VRE)
- bakterialni suspenze — 3 x 10 CFU/ml
- kontrola se sterilni vodou — 4,1 x 108 CFU/ml
- kontrola s neutralizdtorem — 0 CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml

Gramnegativni bakterie

o Klebsiella pneumoniae produkujici Sirokospektré p-laktamazy
(KLPN ES+)
- bakterialni suspenze — 8,6 x 108 CFU/ml
- kontrola se sterilni vodou — 5 x 103 CFU/ml
- kontrola s neutralizdtorem — 8 x 10 CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml

e multirezistentni Pseudomonas aeruginosa (PSAE MR)
- bakteridlni suspenze — 6,7 x 108 CFU/ml
- kontrola se sterilni vodou — 4 x 108 CFU/ml
- kontrola s neutralizdtorem — 0 CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml
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Kvasinky
o Candida krusei (CDKR)
- kvasinkova suspenze — 1,2 x 107 CFU/ml
- kontrola se sterilni vodou — 1,06 x 10’ CFU/ml
- kontrola s neutralizatorem — 1,34 x 10’ CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml

e Cryptococcus neoformans (CRNE)
- kvasinkova suspenze — 3,3 x 10® CFU/ml
- kontrola se sterilni vodou — 1,08 x 10’ CFU/ml
- kontrola s neutralizatorem — 5,5 x 10 CFU/ml

- vysledky — 0,1% smési 1, 2, 3, 4; 0,1% Ajatin — 0 CFU/ml

Ve dvou ptipadech se stalo, ze kontrola s neutraliza¢nim ¢inidlem usmrtila testované
bakterie (vankomycin-rezistentni Enterococcus a multirezistentni kmen Pseudomonas
aeruginosa), zatimco u kontroly se sterilni vodou byl rast patogenli, porovnatelny s
poctem CFU/ml zakladnich suspenzi, vzdy zpozorovan. Pro tyto mozné piipady a pro
jisté pochybnosti o u¢inku samotnych neutralizacnich ¢inidel (Tween-80 je neionogenni
surfaktant (124)) na mikroorganismy byly zahrnuty i kontroly se sterilni vodou namisto
neutralizacniho c¢inidla, které by mély testované smési pouze zfedit, nikoliv

zneutralizovat jejich Gc¢inek, jako tomu je v ptipad¢ neutraliza¢nich ¢inidel.

5.5.2 Kvantitativni zkouska s pouzitim suspenzi s kmeny Clostridium

difficile a Aspergillus fumigatus

Dale byly vSechny 0,1% smési otestovany vaci kmentim Clostridium difficile (tab.
8) a Aspergillus fumigatus (tab. 9). Hodnoceni S$kély rGstu mikroorganismi
semikvantitativné na kiizky dle poctu jejich kolonii bylo nasledovné: negativni, ojedinéle,
+, ++, +++. Clostridium difficile bylo testovano po dobu expozi¢niho ¢asu 5 a 10 minut
(pti tomto Case pouze u vybranych smési 1 a 4 plus kontroly), Aspergillus fumigatus po

expozi¢nim ¢ase 5 minut.
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Onemocnéni kmenem Clostridium difficile nastava, kdyZ je normalni, zdrava,
intestinalni bakteridlni flora tlumena uzivanim antibiotik. To dovoluje této bakterii ve
sttevech vytvaret toxin, ktery pak zpusobuje prajem. Clostridium difficile je vysoce
anaerobni kmen. Vegetativni buiiky umiraji zhruba do 15 minut pfi expozici vzduchu a
snadno podléhaji teplu, vysychani a bézn¢ pouzivanym dezinfekcim (125). Clostridium
difficile produkuje spory, které jsou vysoce odolné vii¢i chemickym latkam, coz ma za
nasledek pfetrvavani spor na povrSich s potencidlem k ptenosu infekce. Spory jsou
schopny pfezit po mnoho mésict a studie prokazaly, Ze povrchy prostfedi a nemocni¢ni
pokoje se Casem kontaminuji spory této bakterie (126-131). Speight a kol. stanovili
sporicidni aktivitu didecyldimethylamonium chloridu, ktery dosahl pozadované
mikrobialni redukce viability po 1 a 60 minutdch (>10*nasobnd redukce) pii simulaci
¢istych podminek (s 0,3% albuminem), ale pii znecisténi (3% albumin) bylo zapotiebi 60
minut k dosazeni pottebné redukce zivotaschopnosti (132). Kritériem tspésnosti je podle
Evropského Standardu BS EN 13704:2002 pozadovana redukce viability po 60 minutach
>10% (za gistych i znegisténych podminek) (133). Zda se tedy, ze KAS maji velky

potencial ti¢inkovat proti této sporulujici bakterii.

Tabulka 8. Testovani 0,1% smési (1-4), 0,1% Ajatinu a kontroly proti kmenu Clostridium

difficile po expozi¢nim ¢ase 5 a 10 minut.

*Doba expozice — 5 min *Doba expozice — 10 min
Smés — koncentrace

1-0,1% ++ +
2-0,1% ++ netestovano
3-0,1% ++ netestovano
4-0,1% ++ +

Ajatin 0,1% ++ netestovano
Kontrola ++ ++

*Hodnotici Skala ristu kmene dle poctu jeho kolonii: negativni, ojedinéle, +, ++, +++.

U kmene C. difficile byla testovana ucinnost smési pii expozi¢ni dobé 5 minut,
nicmén¢ pii tomto ¢ase byl kmen vii€i vSem smésim 1 Ajatinu rezistentni, proto se pouze
pro zkousku pfistoupilo k delSimu expozi¢nimu Casu (tj. 10 minut), a to u vybranych

smeési 1 a 4, které v porovnani s kontrolou prokazaly vyznamnou redukci.
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Tabulka 9. Testovani 0,1% smési (1-4), 0,1% Ajatinu a kontroly proti kmeni Aspergillus

fumigatus po expozi¢nim case 5 minut.

*Doba expozice — 5 min
Smés — koncentrace

1-0,1% ++

2-0,1% Aot

3-0,1% +

4-0,1% ojedingle

Ajatin 0,1% ojedin¢le
Kontrola +++

*Hodnotici Skala ristu kmene dle poctu jeho kolonii: negativni, ojedinéle, +, ++, +++.

Smés 4 po 5 minutach expozice vyrazné pusobila proti plisni A. fumigatus, tato
ucinnost byla srovnatelnd s referenénim Ajatinem. Smési 1, 2 a 3 byly vici této houbé

méné efektivni.

5.5.3 Kvantitativni zkouska s pouzitim suspenze s virem varicella-zoster

Hodnoty 50% infek¢énich davek pro tkdnovou kulturu (TCIDso) virového titru pied (0
minut) a po expoziénim ¢ase (5 minut) jsou shrnuty v tabulce 10. Uginnost virucidni
aktivity je reprezentovana logio redukénim faktorem TCIDso. Virucidni smési by mély
prokézat nejméné 4 logio redukcni faktor virového titru (93). Pro porovnani vysledkt byl
opét zahrnut piipravek Ajatin o stejné koncentraci u¢inné latky (0,1 %). Zadna z
naSich smési nedokézala dosdhnout pozadovaného redukéniho faktoru. Nicméné,
nejveétsiho efektu dosdhla smés 2 se svym redukénim faktorem 3,51, a timto ubytkem
virového titru piedcila standardni ptipravek Ajatin (0,67) stejné jako ostatni testované

smési (1, 3 a 4), ty ovSem svym efektem Ajatin taktéz piekonaly.
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Tabulka 10. Vysledky testovani 0,1% smési 1-4 proti obalenému VZV vyjadfenych v 1g TCIDsg
za expozicni ¢as 0 a 5 minut. Redukéni faktor virového titru je vyjadien jako A Ig TCIDso. NK —

negativni kontrola (Dulbecco’s Modified Eagle’s Medium).

Ig TCIDs
expozice Alg TCIDso | A Ig TCIDso
NK
Smés — koncentrace 0 min 5 min
1-0,1% 3,49 2,51
2-0,1% ‘ 2,49 3,51 0
3-0,1% 3,49 2,51
4-0,1% 3,49 2,51
Ajatin 5,16 4,49 0,67 0

KAS jsou obecné povazovany za U€inné proti obalenym (lipofilnim) virim a
netcinné proti neobalenym (hydrofilnim) virim (134, 135). Toto se nam potvrdilo
testovanim na viru varicella-zoster (obaleny) a viru Coxsackie (neobaleny) pfi Sminutové
expozici. Vysledky testovani proti viru Coxsackie zde nejsou uvedeny, nicméné proti

tomuto viru smési ani o koncentraci 1 % Gc¢innost neprokazaly, coz se ocekévalo.

5.5.4 Souhrn vysledku kvantitativnich zkousek

Findlni vysledky kvantitativnich testi proti aerobnim i anaerobnim bakteriim,
kvasinkam, vlaknité houbé a VZV jsou v tabulce 11 vizualizovany pro testovanou smés
2 ¢i 4, kde je patrné, ze tyto smési byly v koncentraci 0,1 % absolutné u¢inné proti
aerobnim G+ a G— bakteriim i kvasinkdm. Dale vyrazné piisobily proti sporulujicimu
anaerobnimu G+ bakterialnimu kmeni C. difficile a plisni A. fumigatus (u t€chto kment
nebylo foto s porovnavanym Ajatinem potizeno), uCinnost byla vzdy alespoi srovnatelna
s referen¢nim piipravkem Ajatin. Velmi zajimava byla uc¢innost smési 4 proti VZV, ktera
ve sledované koncentraci 0,1 % pfi Sminutové expozici prokazala vy$si u¢innost nez
Ajatin s absolutnim potla¢enim vyskytu cytopatického efektu, tzn. morfologicky patrné

dasledky infekce bunky virem, VZV na bunécnou linii (fibroblasty).
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Tabulka 11. Fotky narGstu negativnich kontrol, u¢innosti pozitivni kontroly Ajatinu a
testovanych smési 2 ¢i 4 o koncentracich 0,1 % vici riznym mikroorganismim (*podtrzeni
znaéi, o ktery mikroorganismus se zrovna jednd) testovanych pomoci kvantitativnich

expozicnich testi.

Mikroorganismus | Negativni kontrola 0,1% Ajatin 0,1% smés

Aerobni G+
(**MRSA, VRE)
a G— bakterie
(KLPN ES+,
PSAE-MR)

Anaerobni bakterie
(Clostridium

difficile)

Kvasinky
(Candida krusei,

*Cryptococcus
neoformans)

Vléknité houby
(Aspergillus
fumigatus)
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Mikroorganismus | Negativni kontrola 0,1% Ajatin 0,1% smés

Virus

varicella-zoster Fibroblasty

Fibroblasty
s pomnozenym VZV
* MRSA - meticilin-rezistentni S. aureus, VRE - vankomycin-rezistentni Enterococcus,

KLPN ES+ - Klebsiella pneumoniae produkujici Sirokospektré [B-laktamazy, PSAE-MR -

multirezistentni Pseudomonas aeruginosa.

5.5.5 Testovani kozni drazdivosti

Finalni experiment s urenim kozni drdzdivosti byl proveden za ucelem zjiSténi
bezpecnosti pro personal potencidlné nakladajici s témito dezinfekénimi smésmi. V
souladu s doporuc¢enim OECD 439 (94) a se zakonem 246/1992 Sb., na ochranu zvitat
proti tyrani, ve znéni pozdéjSich predpisii (aktualni znéni 359/2012 Sb.) bylo z

etickych diivodl upusténo od testl drazdivosti vyuZzivajicich ziva laboratorni zvitata.

102




Relativni bunécna viabilita (%)
120

100

80
60
40
20
0 S

NC(PBS) PC(5%SDS) Ajatin0,1% 1-0,1% 2-0,1% 3-0,1% 4-0,1%

Obrazek 13. Relativni buné¢na viabilita (vyjadiena v %) po expozici testovanych smési (1-4) o
koncentracich 0,1 % na kozni inserty. NC — negativni kontrola (fosfatovy pufr), PC — pozitivni
kontrola (5% dodecylsiran sodny), Ajatin — standardni dezinfek¢ni prostiedek pro porovnani

vysledkd; n = 2.

Vysledkem testovani kozni drazdivosti je relativni bunécna viabilita vyjadiend v
procentech. U relativni bunécéné viability pod 50 % se predpokladd potencidl kozni
drazdivosti testované smési. Naopak, pokud je bunécna viabilita nad 50 %, pak se o¢ekava
nedraZzdivost smési. Vysledky (obr. 13) ukazuji, Ze smés 1 o koncentraci 0,1 % tedy
neprokazala téméf zadnou kozni drazdivost a spolu se smésmi 3 a 4 o stejnych
koncentracich ptesdhly viabilitu bunék 50 %, a tim pfedCily i1 standardni dezinfekcni
prostiedek Ajatin (0,1%). Vysledky 0,1% smési 2, stejné jako referen¢niho Ajatinu o
stejné koncentraci, nelze jednoznacné zatadit jako drazdivé ¢i nedrazdivé, protoze
viabilita bun€k po expozici téchto smési na kozZni inserty byla kolem 50 %. Mizeme tedy

[ 24

alergii, se jevi smés 1.
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6 ZAVER

V souladu s cili této disertacni prace byla na pracovisti FVZ nejprve zavedena a
optimalizovana mikrodilu¢ni bujonova metoda pro testovani antimikrobidlni u¢innosti.
Pro tuto praci bylo vybrano 18 sérii latek (celkem 52 latek) na bazi kvartérnich
amoniovych soli spole¢né se 3 referen¢nimi benzalkoniovymi solemi (BACi2-1¢), které
tvoii ucinnou slozku v komerénim dezinfekénim pfipravku Ajatin. Latky, jejichz
rozpustnost umoziovala testovani, pak byly hodnoceny in vitro proti aerobnim
grampozitivnim a gramnegativnim bakteriim, anaerobni bakterii Clostridium difficile,
dale proti kvasinkdm, vlaknitym houbam a proti VZV. U vybranych kandidatt byl navic
dopliikoveé otestovan také toxicky efekt vaci zelenym tasdm Pseudokirchneriella
subcapitata. U vsech latek byl zjisStovan cytotoxicky potencidl na sav¢i bunééné linii
CHO-K1. Pro urceni vztahu ,,struktura latky-jeji aktivita® byla posuzovana lipofilita ¢i
antimikrobialni u¢innost latek viiéi jejich cytotoxickému efektu na savéi buiiky. Uéinnost

nove syntetizovanych latek byla porovnana s BACi2-16.

Na zaklad¢ vyse zminénych in vitro testovani a dle vztahu struktura-aktivita byly
G+ a G— bakteriim se nejslibngji jevilo 8 latek, proti anaerobni bakterii a jejim spordm 2
latky, proti kvasinkdm 7 latek a proti vlaknitym houbam pak 5 latek. Jedna latka
redukovala titr VZV o 5 tadu (potencidlni dezinfek¢ni prosttedky by mély redukovat
virovy titr alespon o 4 fady) pii Sminutové expozici viru dezinfekéni latce.
fasach ukazala latka, ktera vSak stdle inhibovala jeji rist z 29 %. Inhibice riistu fasy byla
velmi vysoka u 4 latek. Jako nejméné toxickéd po testovani bunécné viability se jevila
latka 18-Ci2, naopak jako nejvice toxicka latka 13-Cio. Tyto nejucinnéjsi latky ptipadné

predstavovaly jednotlivé slozky dale testovanych dezinfek¢nich smési.
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Obrazek 14. Posloupnost prace na daném tématu: 1) syntéza, 2) biologické stanoveni (in vitro
antibakterialni, antifungalni a virucidni testovani, hodnoceni cytotoxického potencialu),
3) sledovani vztahu mezi strukturou a biologickou aktivitou, 4) formulace dezinfekénich smési,

5) testovani kozni drazdivosti vytvoienych smési.

Podle zjisténych ucinnosti byly tedy navrzeny Cctyfi kombinace latek (tzn.
formulovany Ctyfi smési) za ucelem pokryti celého spektra patogend, tj. proti bakteriim,
houbam 1 virim. Tyto smési byly otestovany kvantitativnimi expozi¢nimi testy na
aerobnich bakteriich, sporulujicim kmeni C. difficile, houbach a VZV. Bylo u nich
provedeno také stanoveni kozni drazdivosti. Lze tedy konstatovat, ze primarni cile byly
splnény (obr. 14). Byly vyvinuty vysoce ucinné, ve vod¢ rozpustné, Sirokospektré smési
na bazi KAS a jejich uinnost byla porovnavéna s komer¢nim piipravkem Ajatin
(obsahujici soli BAC o stejné celkové koncentraci t¢innych latek jako u testovanych
smési). Konkrétn¢ smés 4 prokazala ucinnost proti aerobnim bakteriim, anaerobnimu
kmeni, houbam a v neposledni fad¢€ i proti obalenému viru. VSechny smési ve virucidni
ucinnosti dokonce predCily referencni Ajatin, i kdyZz nedosdhly pozadované redukce
virového titru o nejméné 4 fady. Tento pozadavek téméi splnila smés 2. Tti ze Ctyt smési

(smés 1, 3 a 4) vykazovaly vyrazné mensi in vitro kozni drazdivost nez Ajatin.
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Tyto smési by tedy mohly slouzit jako nahrada za aktudlné pouZzivané dezinfekéni
prostfedky na bazi KAS. Z naseho pohledu nejucinnéjsi jednotliva latka (17-Ci4) byla
diky své vyjimecné aktivité patentovana (136) a smés 1 tuto latku obsahujici byla zapsana

jako uzitny vzor (137).

Hlavnim pfinosem této disertacni prace je rozsiteni spektra novych latek typu KAS
jakozto ptipadnych novych slozek dezinfekénich Cinidel s Sirokym spektrem ucinnosti.
Vzhledem k pozitivnim vysledklim jejich antimikrobidlni G¢innosti lze v budoucnu
uvazovat o jejich komerénim zavedeni a =zaclenéni do dezinfekénich plant
zdravotnickych zafizeni (civilnich i vojenskych), kde by jejich pouzivani bylo vhodné z
hlediska sniZzeni poctu rezistentnich kmenii. Nové ptipravky by mohly vhodné nahradit
latky, na které jiz byla vyvinuta zmiflovand mikrobidlni rezistence. Aplikovatelnost
vysledkl je podlozena udélenim patentu, uzitného vzoru a toho, zZe z hlediska pohledu
zakladniho vyzkumu je ve védeckych publikacich stale diskutovan mechanismus u¢inku
téchto latek, vliv struktury na jejich ucinnost a stale jsou publikovany nové, strukturné

odlisné, KAS.
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Abstract: Nosocomial infections, which greatly increase morbidity among hospitalized patients,
together with growing antibiotic resistance still encourage many researchers to search for novel
antimicrobial compounds. Picolinium salts with different lengths of alkyl chains (Ci2, Cis, Ci6) were
prepared by Menshutkin-like reaction and evaluated with respect to their biological activity, i.e.,
lipophilicity and critical micellar concentration. Picolinium salts with Cis and Cis side chains
achieved similar or even better results when in terms of antimicrobial efficacy than benzalkoniums;
notably, their fungicidal efficiency was substantially more potent. The position of the methyl
substituent on the aromatic ring does not seem to affect antimicrobial activity, in contrast to the
effect of length of the N-alkyl chain. Concurrently, picolinium salts exhibited satisfactory low
cytotoxicity against mammalian cells, i.e., lower than that of benzalkonium compounds, which are
considered as safe.

Keywords: picolinium salts; quaternary ammonium compounds; surfactant; critical micellar
concentration; antimicrobial activity; cytotoxicity

1. Introduction

Surfactants based on quaternary ammonium salts (QASs) are widely used from academic
establishments to industry [1-4]. Because of their surface-active properties [5-7], they are commonly
used as emulsifiers, moisturizers [8] and cleaning agents, as well as ointment disinfectants, pre-
operative hand cleaning agents and topical hand sanitizers [9]. QASs can also be utilized as potential
hydrolytic micellar catalysts to accelerate chemical decomposition, and such compounds can find
uses as decontaminants [10-13] or in the preparation and coating of nanoparticles [14].

Most importantly, QASs have been used as disinfectants for years. The correct practice of
disinfectants or their cocktail use within hospitals has long been considered the most appropriate
first-line defense for decreasing the incidence of nosocomial infections and minimizing the
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prescription of antibiotics [1,15-19]. The ordinarily applied QASs are derivatives of benzalkonium,
benzoxonium, pyridinium or cetrimonium salts [11].

One of the most beneficial features of QASs is their cytotoxic effect at very low concentration to
a broad spectrum of microorganisms, including bacteria, fungi, parasites and enveloped viruses,
while showing relatively low toxicity to eukaryotic cells [20,21]. QASs generally act by disruption of
the cytosolic membrane and outer lipid bilayer via replacement of bivalent ions and attachment to
the membrane, followed by the incorporation of the hydrophobic side chain into the phospholipid
bilayer and the creation of a mixed micelle with the phospholipids, resulting ultimately in cytosol
leakage (Figure 1A) [10,18,22]. Whereas bacterial membranes are composed predominantly of
negatively charged phospholipids, eukaryotic membranes mostly contain zwitterionic lipids and
cholesterol [23-25]. Such a difference in composition is a good precondition for a selective effect
against microbes, and therefore, QAS should exhibit selectivity to microorganisms over eukaryotic
cells [4,15,25]. Indeed, selectivity is obvious even among microorganisms. Gram-positive (G+)
bacteria are more sensitive than Gram-negative (G-). The increased resistance of G- is most likely a
consequence of the presence of the outer membrane layer which grants the cells stronger
physicochemical protection (Figure 1B) [18,25]. Interestingly, the relationship between the alkyl side-
chain length and antibacterial activity is nonlinear. Optimal bioactivity is exhibited by Ci2-Cu4 chains
for G+, and C14+—Cis chains for G- bacteria [5,15,18,26]. However, the lipophilicity of the side chains
seems to be a crucial factor [4,27], although the precise mechanism of action and structure—activity
relationship is not yet fully understood.
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Figure 1. Cidal effect of QAS. Disintegration mechanism of the membrane by QAS attachment on to
the membrane, followed by incorporation of side chains into the membrane resulting in membrane
rupture and cytosol leakage (A). Fundamental composition of cell walls (B).

Picolinium salts are pyridinium derivatives and can be prepared by modification of the
Menshutkin reaction commonly used for the preparation of QAS [18,26,28-31]. Picolinium salts
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have, in many cases, been used as intermediates for the preparation of donor-acceptor molecules for
the construction of promising photo- and electro-active materials [29,32-38] In addition, their typical
physicochemical features such as surface activity and micellization have been intensively studied in
the line of their possible application [39-44]. For instance, N-(n-hexadecyl)- and N-(n-heptadecyl)-3-
methylpyridinium bromide or 1-methyl-3-octylpyridinium alkyl sulfate were found to be effective
for micelle-based drug delivery to improve drug solubility and the bioavailability of anionic drugs
and metal complexes [28,43]. The Crooks group systematically investigated mono- and bis-
picolinium derivatives as promising antagonists of neuronal nicotinic acetylcholine receptors,
mediating nicotine-evoked dopamine release [45—49]. Although the antimicrobial activities of
quaternary ammonium salts are generally known, the published results regarding the antimicrobial
activities of picolinium salts are inconsistent. Several publications have reported an effect of some
picolinium representatives, such as 1-dodecyl-4-methylpyridinium bromide [42], 1-dodecyl-3-
methylpyridinium bromide [30], 3-methyl-1-tetradecylpyridinium bromide and 1-hexadecyl-3-
methylpyridinium bromide [43], against Micrococcus luteus [30], Staphylococcus aureus [30,31,42,43],
Enterobacter aerogenes [30], Escherichia coli [30,31,42,43], Klebsiella pneumonia [43] and Pseudomonas
aruginosa [42]. However, there has been no study systematically evaluating the antimicrobial
effectiveness of ortho, meta and para N-alkylpicolinium salts differing in their alkyl chain length.
Furthermore, wide-spectrum efficacy against yeasts, fungi and viruses is unknown.

Therefore, the aim of this study is to systematically describe the biological properties of a
picolinium series on a wide set of microorganisms, including bacteria, fungi and viruses. Besides
evaluating the basic physicochemical parameters, we focused on the antimicrobial action in an
attempt to elucidate the structure-activity relationship against various microbes and against
mammalian cells for selectivity reasons.

2. Results and Discussion

2.1. Synthesis and Physicochemical Properties of Picolinium Salts

Surfactants 4a-6¢ were prepared in one step by Menshutkin-like reaction. The reaction conditions
were chosen to facilitate the bimolecular nucleophilic substitution of the corresponding bromoalkane
1-3 with the appropriate methylpyridine isomers a—c in acetonitrile (ACN) (Scheme 1) [18]. The crude
products were crystallized from diethyl ether to afford 4-6 in moderate to high yields (Table 1).

R
X R 7 /ﬁ
-+ b _%ACN |
MB" O reflux S {‘\/);1\
N 48 h BF
1-3 a-c 4a - bc
Scheme 1. Preparation of alkyl chain compounds; n =5, 6, 7; R = CHs.

Table 1. Prepared compounds with alkyl chains and their physicochemical properties.

Chain  Yield CMCe
a .p[°C ke log k d
Structure Cpd Length %] m.p.> [°C] og Clogp [umol/L]
4a C12Hos 50 121.9-123.9 0.05+0.01 -1.28 2.21 14,010
| ‘ | 5a CusHozo 95 125.7-127 .4 0.35+0.01 -045 3.10 2330
\_KF;L\ J 6a CisHss 98 126.8-128.8 1.09 +£0.01 0.04 3.98 600
Br = M 6, n
% %‘ 4b Ci2Hos 80 34.0-36.0 0.07+0.01 -1.14 2.21 9490
5b CusHozo 95 72.3-74.3 0.37+0.01 -043 3.10 2320
~Nt=
BFE\%% 6b CiHas 96 70.8-72.6 1.18 £0.01 0.07 3.98 860
n 5 4c C12Hos 88 41.4-42.8 0.08+0.01 -1.12 1.36 14,160
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n=>5,6,7 5¢c CiaHao 4 60.4-62.3 036+0.02 -0.44 2.25 3460
6¢ CisHss 80 79.9-81.9 1.10+0.01 0.04 3.14 650

2Compound (Cpd), ®Melting point (m.p.), <Capacity factor (k) was determined by an isocratic LC-MS

method, ¢ Marvin was used for drawing, displaying and characterizing chemical structures (Clog p),
substructures and reactions, Marvin 17.21.0, ChemAxon (https://www.chemaxon.com), ¢ Critical
micellar concentration (CMP).

Lipophilicity is an important molecular descriptor governing the intercalation of the QAS side
chain into the cell membrane, with its subsequent disruption and cell death. The lipophilicity of the
compounds was estimated by chromatographic study using a simple HPLC-MS method with
isocratic elution, as described previously [18,26]. The expected linear relationship between the
prolongation of the alkyl chain of QAS 4a—6c and the increasing lipophilicity driven by the length of
the alkyl chain was observed with a high correlation coefficient (R2< 0.97; values are listed in Figure
2). The position of the methyl group on the aromatic ring slightly affects the lipophilicity of the
molecules. The position of the methyl group in the para- or meta- position did not result in any change
on cLog p; however, a noticeable effect was observed by introucing this group into the ortho- position.
Thus, the lipophilicity of the picolinium compounds increased in the order o-picolinium (6a—c) < m-
picolinium (5a—c) = p-picolinium (4a—c).

Clog P

= 0990
0.5+ W 0L @ 4-6a ®4-6b @46 W= oued

44 .12 -1 08 06 -04 02 0 02 12 14 16

log k Alkyl chain length
Figure 2. Correlation between compound structure and physicochemical properties. Graphs show the
lipophilicity of the prepared compounds and their dependency on chain elongation (A). Stauff-
Klevens plots of log CMC and extended chain of surfactants (B).

A specific characteristic of surfactants is their ability to create micelles characterized as the critical
micelle concentration (CMC) [4,11,50,51]. CMC was measured using a conductometric method, and
the parameters of the experiment were set according to our previous investigations [9,26]. Elongation
of the alkyl chains decreases the CMC value according to the Traube rule (Figure 2). Furthermore, the
position of the methyl group in the hydrophilic head of the compounds has a negligible influence on
micelle formation, which is clear proof that the tail length is the dominant factor for micelle creation.
Pernak et al. demonstrated a relationship between the CMC and the antibacterial properties of 1-alkyl-
3-alkylthiomethylimidazolium chlorides [52,53]. The published results imply that the micelle
formation enhances the local concentration of surfactant with its cationic charge, leading to a stronger
interaction with the negatively charged net of the cell membrane [54,55].

However, it is still not clear how micelle formation affects the antimicrobial properties, and the
published results are inconsistent in this context. The biological activity seems to be not affected
directly by the structure of substituents attached to the polar heads, but rather, by the morphology of
aggregates, such as the size, which is enhanced with increasing the alkyl chain length [56]. In line
with this knowledge, compounds 4a—6c were used in the subsequent biological evaluation far below
their CMC.

2.2. Antimicrobial Activity of Picolinium Salts

The prepared picolinium salts showed strong antimicrobial properties below their CMC (Figure
3), as well as a broad spectrum of activities (Figure S2) against chosen microorganisms, including
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bacteria, fungi and viruses, while having simultaneously satisfactory cytotoxicity for mammalian
cells. The results were compared with the activity of benzalkonium salts, which are considered the
gold standard of quarternary ammonium salt-based disinfectants (data are shown in Supplementary
Information, SI).
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Figure 3. The biological assessment of prepared picolinium salts 4a-6c. Minimum inhibitory
concentration (MIC) after 24 h or 48 h incubation against Gram-positive (A or C) and Gram-negative
bacteria (B or D). Minimum bactericidal concentration (MBC) after 48 h treatment against Gram-
positive (E) and Gram-negative bacteria (F). Minimum inhibitory concentrations (MIC) determined
on a panel of four yeasts and three filamentous fungi after 72 h (yeasts)/168 h
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(filamentous fungi) incubation (G). Virucidal efficacy against varicella zoster virus (VZV); 5 min
exposure to 0.01%; or 0.005%; expressed as ATCIDso (H). Complete data are listed in Tables S1, S2 and
S3.

The antibacterial properties were evaluated as the minimum inhibitory and bactericidal
concentrations (MIC and MBC, respectively) for nine bacterial strains, namely the three G+ strains,
Staphylococcus aureus C1947 (SA), methicillin-resistant Staphylococcus aureus C1926 (MRSA), and
vancomycin-resistant enterococci 52484 (En), and the six G- strains, Acinetobacter baumannii 3474 (AB),
Escherichia coli A1235 (EC), Klebsiella pneumoniae C1950 (BL), extended-spectrum [-lactamase-
producing Klebsiella pneumoniae C1934 (ESBL), Stenotrophomonas maltophilia J3552 (SM), and Yersinia
bercovieri CNCTC6230 (YB). The quaternary ammonium salts with Ci2 or Cus alkyl chain lengths are
considered the most efficacious against G+ and G- bacteria, respectively. Interestingly, the
antibacterial effect against each strain, as well as the width of the antibacterial spectrum, was
enhanced with increasing the length of the side chains Ci2 < Ci4 < Cis. Picolinium salts have a similar
trend of activity towards both G-and G+ bacteria (Figure 3A-D), yet the level of efficacy on those
bacteria types is considerably different. The MIC and MBC for individual bacterial strains are listed
in Table S1 (in SI).

Picolinium salts with a Ci2 side-chain showed lower activity, particularly against enterococci.
Both Cus and Cis derivatives (5a—6b) exhibited very good efficacy against the tested G+ strains, with
comparable or better antibacterial activity than that of benzalkonium salts (5B, 6B) (Figure S2).
Stronger activities than those of benzalkonium salts were shown against Staphylococcus aureus by
compounds with a Ci4 or Cis side chain. In the case of MRSA, the activities of compounds 5a-6b were
similar to those of benzalkonium salts. The strains of G+ bacteria were sensitive to the test compounds
in the order: SA > MRSA > En.

The antibacterial activities against G- bacteria were significantly lower. The resistance of G-
bacteria to antimicrobial agents presumably arises from the higher lipid content of the cell membrane
and the presence of the outer phospholipid membrane layer with proteoglycans, which serves as a
stronger physicochemical barrier [18,25,54,55,57]. The most promising activity was exhibited by
compounds with a Cis alkyl chain, followed by those with Ci4, which attained similar activity as the
standards (5B, 6B). These analogues also have broad-spectrum efficacy, like benzalkonium salts (see
SI). Ciz-derivatives had lower antibacterial effects, and poor activity in the case of Stenotrophomonas
maltophilia and both Klebsiella strains. Overall, varying the position of the methyl group on the
aromatic ring had a negligible effect on antibacterial efficacy compared to the elongation of the alkyl
chain. Our results correspond to published data by Viscari et al.; those authors compared the
antibacterial efficiency of 1-dodecyl-4-methylpyridinium bromide (4a) and N-benzyl-N,N-dimethyl-
N-dodecylammonium bromide (4B) as standards against Staphylococcus aureus, Escherichia coli and
Pseudomonas eeruginosa [42].

The antifungal efficiencies were assessed as the minimum inhibitory concentrations (MIC) for
seven fungi: four yeast strains, i.e., Candida parapsilosis sensu stricto EXF-8411 (CAPA), Rhodotorula
mucilaginosa EXF-8417 (RHMU), Exophiala dermatitidis EXF-8470 (EXDE), Aureobasidium melanogenum
EXF-8432 (AUME); and the three filamentous fungi, i.e., Bisifusarium dimerum EXF-8427 (BIDI),
Penicillium chrysogenum EXF-1818 (PECH) and Aspergillus versicolor EXF-8692 (ASVE).

A similar relationship was observed between antifungal activity and picolinium side-chain
prolongation as for antibacterial activity, i.e., the increasing trend of efficiency was with elongation
of the side-chain Ci2 < Cuis < Cis. All prepared QASs had moderate to very good efficacy against
Aureobasidium melanogenum, Rhodotorula mucilaginosa and Exophiala dermatitidis, while the remaining
tested fungi showed only minor sensitivity to compounds bearing a Ci2 chain (4a—c). Picolinium salts
5a—6¢ were efficient against a whole spectrum of selected fungi, even more so than benzalkonium
salts. Again, the position of the methyl substituent on the aromatic ring does not seem to affect
antifungal activity significantly compared to the effect of the alkyl chain length. MIC for individual
fungal strains are listed in Table S2 (in SI).

Finally, the antiviral activity against varicella zoster virus (VZV) was determined in order to
evaluate the width of the antimicrobial spectrum. The reduction factors, expressed as the change of



Molecules 2020, 25, x 7 of 16

values of 50% tissue culture infectious doses (logTCIDso) of viral titer before and after 5 min exposure
time to compounds being tested are summarized in Table S3 (see SI). The efficacy of the antiviral
activity of antiviral drugs should exhibit at least a reduction factor of 4 in the virus titer. However,
none of our compounds or standards achieved such a result. The highest effect against VZV was
manifested by benzalkonium salts with Cr alkyl chain (reduction factor = 4.67), and from the
picolinium series 5a and 5b, which exerted some activity at a concentration of 0.01% (reduction factor
= 1.34). Predictably, higher antiviral activity could be expected at higher concentrations, i.e., typically
those used in practice in the case of QASs, against enveloped viruses. Unfortunately, no SAR can be
deduced, since Cis analogues, due to their limited solubility, were tested at half the concentration
(0.005%) of Ci2 and Ci4 analogues (0.01%).

2.3. Cytotoxic Effect on Mammalian Cells

A cell viability assay (the MTT assay) of the prepared compounds was performed on eukaryotic
mammalian hamster ovarian cells (CHO-K1), and is expressed as ICso. In contrast to the cidal effects
of the compounds, their cytotoxic potential on eukaryotic cells was linearly dependent on their
lipophilicity. Figure 4 shows a significant trend that side chain elongation relates to increasing
lipophilicity of the compound and higher cytotoxic effect, facilitated by better penetration into the
cell membrane. The influence of the substituent position on the aromatic ring was more pronounced
in comparison to the cidal effects, with cytotoxicity increasing in the order o-picolinium < p-
picolinium < m-picolinium. The cytotoxicity, expressed as the ICso for individual compounds, is listed
in Table S4 (in SI).
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Figure 4. Cytotoxicity of prepared QASs 4a—6¢ (A) and their comparison with benzalkonium salts
4-6B (B).

The comparison of picolinium and benzalkonium salts with 3-hydroxypiridinium [18] clearly
proved that the introduction of lipophobic substituents on pyridine contributes to the overall
lipophilicity of compounds and increases their cytotoxic potential (Figure 4B). Moreover, the
introduction of the hydroxyl substituent resulted in higher hydrophilicity of the whole structure and
reduced cytotoxicity.

In summary, the cytotoxicity is clearly based on the lipophilicity of the compound in the way
that the increasing lipophilicity causes higher toxic potential. However, the alkyl chain showed the
major impact of the overall lipophilicity of the compounds; the minor contribution of the methyl
substituent on aromatic ring was observed in the case of compounds 4a—6c. Nevertheless, picolinium
salts show a similar effect on cell viability as the benzalkoniums, which are considered to be nontoxic
surfactants.

3. Materials and Methods

3.1. General Synthetic Data

All commercial reagents for synthesis were purchased as reagent grade from Sigma-Aldrich
(Prague, Czech Republic) and used without further purification. Anhydrous solvents for synthesis
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were purchased from Sigma-Aldrich (Czech Republic), and the others were purchased from Penta
chemicals Co or VWR International (Prague, Czech Republic). Acetonitrile, methanol and formic acid
for LC-MS analyses were obtained from Sigma-Aldrich in LC-MS grade purity (Czech Republic).
Ultrapure water was produced by Barnstead Smart2Pure 3 UV/UF apparatus (ThermoFisher
Scientific, Bremen, Germany). Thin-layer chromatography was carried out on Merck silica gel 60 F2s4
analytical plates (Prague, Czech Republic); detection was accomplished with phosphomolybdic acid
stain (10 g PMA in 100 mL EtOH), or ultraviolet light (254 nm lamp). Uncorrected melting points of
prepared compounds were determined by Melting Point Apparatus—Stuart SMP30 (Melting Point
Apparatus — Stuart SMP30, Eaton, United Kingdom).

TH NMR and BC NMR spectra of the prepared compounds were recorded at ambient
temperature on a Varian S500 spectrometer (499.87 MHz for 'H and 125.71 MHz for *C, Varian, Palo
Alto, CA, USA). The NMR spectra were processed with MestReNova 12.0.4-22023, 2018 Mestrelab
Research S.L. The chemical shift values for 'H and *C NMR spectra are reported in ppm () relative
to residual solvent peak DMSO (d1=2.55 ppm, dc=39.52 ppm). For 'H, 0 are given in parts per million
(ppm) relative to solvent, and the coupling constants (J) are expressed in Hertz (Hz). Signals are
quoted as s = singlet, d = doublet, t = triplet or m = multiplet.

The HPLC-MS analysis of intermediates and final products was performed using a Dionex
UltiMate 3000 analytical system coupled with a Q Exactive Plus hybrid quadrupole-orbitrap
spectrometer (ThermoFisher Scientific, Bremen, Germany) according to a gradient method using a
Waters Atlantis dC18 (2.1 x 100 mm/3 pm; Waters, Ireland) column previously described by Benkova
et al. (2019) [26]. The purity of samples was determined from UV chromatograms recorded at a
wavelength of 254 nm, and the HRMS results were determined from the total ion current spectra.

3.1.1. General Procedure for the Synthesis of Quaternary Ammonium Salts.

Appropriate bromide analogues (0.25 mmol, 1 eq) were dissolved in ACN (0.6 mL), and the
corresponding amine (1.2 eq) was added. The reaction mixture was stirred under reflux for 48 h, and
the solvent was evaporated under reduced pressure. The crude products were purified by
crystallization from diethyl ether, filtered, washed with diethyl ether at ambient temperature, and
allowed to dry to obtain corresponding products in yields 50-98%.

1-Dodecyl-4-methylpyridinium bromide (4a). Compound 4a was obtained as white crystals (50%); m.p.
41.4 °C—42.8 °C. 'H-NMR (500 MHz, DMSO) d (ppm): 8.99 (d, ] = 6.6 Hz, 2H), 8.00 (d, ] = 6.5 Hz, 2H),
4.55 (t, ] = 7.4 Hz, 2H), 2.60 (s, 3 H), 1.92-1.83 (m, 2H), 1.30-1.17 (m, 18 H), 0.84 (t, ] = 6.9 Hz, 3H).
BC-NMR (126 MHz, DMSO) d (ppm): 158.69, 143.69, 128.30, 59.80, 31.26, 30.57, 28.97, 28.88, 28.76,
28.67, 28.35, 25.34, 22.06, 21.33, 13.92. HRMS (HESI*): calculated for [M*] CisHzN* (m/z) 262.2529;
found 262.2527.

4-Methyl-1-tetradecylpyridinium bromide (5a). Compound 5a was obtained as white crystals (95%);
m.p. 60.4 °C-62.3 °C. 'H-NMR (500 MHz, DMSO) d (ppm): 8.96 (d, | = 6.7 Hz, 2H), 7.99 (d, ] = 6.6 Hz,
2H), 4.53 (t, ] =7.4 Hz, 2H), 2.60 (s, 3H), 1.91-1.80 (m, 2H), 1.36-1.09 (m, 22H), 0.84 (t, ] = 6.9 Hz, 3H).
1BC-NMR (126 MHz, DMSO) 6 (ppm): 158.71, 143.68, 128.31, 59.84, 31.27, 30.56, 29.03, 29.01, 28.99,
28.97,28.89, 28.77, 28.68, 28.35, 25.35, 22.07, 21.34, 13.93. HRMS (HESI*): calculated for [M*] C2oHasN*
(m/z) 290.2842; found: 290.2837.

1-Hexadecyl-4-methylpyridinium bromide (6a). Compound 6a was obtained as white crystals (98%);
m.p. 79.9 °C-81.9 °C. 'H-NMR (500 MHz, DMSO) d (ppm): 8.98 (d, | = 6.7 Hz, 2H), 8.00 (d, ] = 6.6Hz,
2H), 4.54 (t, ] =7.4 Hz, 2H), 2.61 (s, 3H), 1.95-1.78 (m, 2H), 1.44-1.13 (m, 26H), 0.84 (t, | = 6.9 Hz, 3H).
3C-NMR (126 MHz, DMSO) d (ppm): 158.69, 143.68, 128.30, 59.81, 31.26, 30.56, 29.02, 28.97, 28.89,
28.77, 28.67, 28.36, 25.34, 22.06, 21.32, 13.91. HRMS (HESI*): calculated for [M*] Cz2HsoN*(m/z):
318.3155; found: 318.3149.

1-Dodecyl-3-methylpyridinium bromide (4b). Compound 4b was obtained as white crystals (80%); m.p.
34.0 °C-36.0 °C. '"H-NMR (500 MHz, DMSO) d (ppm): 9.09 (s, 1H), 8.98 (d, ] = 6.0 Hz, 1H), 8.46 (d, | =
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8.0 Hz, 1H), 8.10-8.04 (m, 1H), 4.60-4.54 (m, 2H), 2.50 (s, 3H), 1.96-1.87 (m, 2H), 1.48-1.14 (m, 18H),
0.84 (t, ] = 6.9 Hz, 3H); ®*C-NMR (126 MHz, DMSO) d (ppm): 145.69, 144.22, 141.94, 138.68, 127.29,
60.49, 31.26, 30.62, 28.97, 28.89, 28.75, 28.67, 28.36, 25.37, 22.06, 17.83, 13.92. HRMS (HESI*): calculated
for [M]* CisHs2N* (m/z): 262.2529; found: 262.2525.

3-Methyl-1-tetradecylpyridinium bromide (5b). Compound 5b was obtained as white crystals (95%);
m.p. 72.3 °C-74.3 °C. 'TH-NMR (500 MHz, DMSO) 6 (ppm): 9.08 (s. 1H), 8.97 (d, ] = 6.0 Hz, 1H), 8.46
(d, J=8.0 Hz, 1H), 8.09-8.04 (m, 1H), 4.59-4.54 (m, 2H), 2.50 (s, 3H), 1.95-1.87 (m, 2H), 1.55-0.97 (m,
22H), 0.85 (t, ] = 6.9 Hz, 3H); BC-NMR (126 MHz, DMSO) d (ppm): 145.70, 144.21, 141.94, 138.70,
127.29, 60.52, 31.27, 30.62, 29.03, 29.01, 28.99, 28.98, 28.90, 28.75, 28.68, 28.37, 25.38, 22.07, 17.84, 13.92.
HRMS (HESI): calculated for [M]* (m/z) C20HssN*290.2842; found: 290.2835.

1-Hexadecyl-3-methylpyridinium bromide (6b). Compound 6b was obtained as white crystals (96%);
m.p. 70.8 °C-72.6 °C. 'TH-NMR (500 MHz, DMSO) 6 (ppm): 9.09 (s, 1H), 8.98 (d, ] = 6.0 Hz, 1H), 8.46
(d, J=8.0 Hz, 1H), 8.10-8.03 (m, 1H), 4.60-4.53 (m, 2H), 2.50 (s, 3H), 1.96-1.86 (m, 2H), 1.48-1.14 (m,
26H), 0.84 (t, ] = 6.9 Hz, 3H). BC-NMR (126 MHz, DMSO) d (ppm): 145.69, 144.21, 141.94, 138.68,
127.28, 60.50, 31.26, 30.62, 29.02, 28.97, 28.90, 28.75, 28.67, 28.37, 25.38, 22.06, 17.82, 13.91. HRMS
(HESI¥): calculated for [M*] C22HaoN* (m/z): 318.31553; found: 318.3149.

1- Dodecyl-2-methylpyridinium bromide (4c). Compound 4c was obtained as white crystals (88%); m.p.
121.9 °C-123.9 °C."H-NMR (500 MHz, DMSO) d (ppm): 9.07 (d, | = 6.7 Hz, 1H), 8.51-8.45 (m, 1H),
8.07 (d, ] =7.8 Hz, 1H), 8.01-7.95 (m, 1H), 4.59-4.54 (m, 2H), 2.85 (s, 3H), 1.88 - 1.79 (m, 2H), 1.42-1.13
(m, 18H), 0.84 (t, ] = 6.9 Hz, 3H); C-NMR (126 MHz, DMSO) d (ppm): 155.04, 145.33, 145.00, 129.92,
125.52, 57.19, 31.25, 29.36, 28.97, 28.96, 28.90, 28.80, 28.67, 28.43, 25.63, 22.05, 19.55, 13.91. HRMS
(HESI): calculated for [M]*CisHz2N* (m/z): 262.25293; found: 262.2525.

2- Methyl-1-tetradecylpyridinium bromide (5¢). Compound 5¢ was obtained as white crystals (84%);
m.p. 125.7 °C-127.4 °C. "H-NMR (500 MHz, DMSO) & (ppm): 9.06 (d, ] = 6.0 Hz, 1H), 8.51-8.45 (m,
1H), 8.07 (d, ] =7.8 Hz, 1H), 8.01-7.95 (m, 1H), 4.59-4.52 (m, 2H), 2.85 (s, 3H), 1.88-1.77 (m, 2H),
1.44-1.04 (m, 22H), 0.84 (t, ] = 6.9 Hz, 3H); *C-NMR (126 MHz, DMSO) d (ppm): 155.04 145.33, 145.00,
129.92, 125.52, 57.19, 31.25,29.36, 29.02, 29.00, 28.97,28.91, 28.81, 28.67, 28.43, 25.63, 22.05, 19.54,
13.91. HRMS (HESI*): calculated for [M]* C20HssN* (11/z): 290.28423, found: 290.2835.

1-Hexadecyl-2-methylpyridinium bromide (6¢c). Compound 6c¢ was obtained as white crystals (80%);
m.p. 126.8 °C-128.8 °C. "H-NMR (500 MHz, DMSO) d (ppm): 9.02 (d, ] = 6.1 Hz, 1H), 8.51-8.44 (m,
1H), 8.05 (d, ] =7.9 Hz, 1H), 8.00-7.94 (m, 1H), 4.57-4.50 (t, ] = 6.8 Hz, 2H), 2.84 (s, 3H), 1.88-1.78 (m,
2H), 1.58-1.06 (m, 26 H), 0.85 (t, ] = 6.8 Hz, 3H); 3C-NMR (126 MHz, DMSO) d (ppm): 155.06, 145.32,
145.01, 129.93, 125.54, 57.23, 31.26, 29.36, 29.02, 28.98, 28.91, 28.81, 28.68, 28.44, 25.65, 22.07, 19.53,
13.93. HRMS (HESTI*) calculated for [M]* C22H40N* (m1/z): 318.31553; found: 318.3153.

3.1.2. Determination of Lipophilicity Expressed as Clog k or Clog p

Capacity factors k of the final products were measured with the aforementioned HPLC-MS
system using the isocratic method described by Benkova et al. (2019) [26], with the ratio of ACN:H20
(both with 0.1% formic acid v/v) changed to 73:27. The studied compounds were dissolved in
methanol. Uracil (Sigma Aldrich, Steinheim, Germany) was used as a void volume marker (to).
Retention times were determined from mass spectrometry total ion current scans. Capacity factors k
were calculated using the equation:

(M

where t1 = retention time of the analyte and f0 = void time. Uracil was used as a void volume
marker. Lipophilicity expressed as Clog p was calculated using MarvinSketch (Marvin 17.21.0,
ChemAxon, Budapest, Hungary, https://www.chemaxon.com), and the values were correlated to log
k values. Lipophilicity was expressed as a dependence of log k to the calculated Clog p, and the results
in the studied group were characterized by classical statistical criteria: coefficient of determination R?
(0.97+).
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3.1.3. Conductivity Measurements

Conductivity measurements of aqueous solutions of the prepared surfactants were carried out
in triplicate on a Tristar Orion conductivity meter with conductivity cell 013005MD (Thermo
Scientific, Waltham, MA, USA). The apparatus was controlled by the Navigator 21 software, using
continuous data collection. The experiment was set up according to previous experience: the
solutions were temperature-controlled at 45+ 0.1 °C [9]. Aqueous stock solutions of surfactants were
prepared at concentrations of 0.1500 mol/L for Ci2 homologs, 0.0200 mol/L for Cis homologs and
0.0150 mol/L for Cis. For the determination of CMC, the aqueous stock solutions of surfactants were
further diluted. The linear pump Lineomat (VEB MLW Labortechnik Ilmenau, Ilmenau, Germany)
was used with a flow rate of 0.43 mL/min. An AREX stirrer (VELP Scientifica Srl, Milano, Italy) was
used for continuous agitation, and conductivity was recorded every 3 s. The equation for the linear
regression and the coefficient of determination was calculated for both linear parts, and the
intersection of both axes was determined as the value of CMC (Figure S1).

3.2. The biological Evaluation of Picolinium Salts

3.2.1. Evaluation of Antibacterial Activity

The antibacterial activities of the prepared compounds were investigated on nine bacterial strains,
i.e., three Gram-positive (Staphylococcus aureus C1947, methicillin-resistant S. aureus C1926,
vancomycin-resistant enterococci 52484), and six Gram-negative (Escherichia coli A1235, Klebsiella
pneumoniae C1950, extended-spectrum {-lactamase-producing K. pneumoniae C1934, Acinetobacter
baumannii 3474, Stenotrophomonas maltophilia ]3552 and Yersinia bercovieri CNCTC 6230). The latter was
ordered from the Czech National Collection of Type Cultures (CNCTC), while the others were mostly
resistant clinical isolates of patients from the University Hospital in Hradec Kralove (Czech Republic).
The antibacterial properties and the minimum inhibitory (MIC) and minimum bactericidal
(MBC) concentrations of the compounds tested were determined by the broth microdilution testing
method modified according to standard M07-A11 [58] and the protocol published previously [26].
Mueller-Hinton broth (M-H broth, HiMedia, Mumbai, India) adjusted to pH 7.4 (+0.2) was used as
the test medium. All compounds were dissolved in dimethyl sulfoxide (DMSQO; Sigma Aldrich, St.
Louis, MO, USA) so that the final concentration of DMSO did not exceed 1% in the test medium (also
applied to growth control). The wells of the microtitration plates contained 200 uL of theM-H broth
with two-fold serial dilutions of the compounds (500; 250; 125; 62.5; 31.25; 15.63; 7.81; 3.91; 1.95; 0.98;
0.49 pmol/L), and were inoculated with 10 pL of bacterial suspension. A bacterial inoculum in sterile
water (B. Braun Medical s.r.o., Melsungen, Germany) was adjusted densitometrically to match 0.5
McFarland turbidity scale. The MIC values, defined as complete inhibition of bacterial growth, were
read visually and verified by microscopy after 24 h and 48 h incubation at 37 °C + 1 °C. The MBCs
were established for all prepared compounds as the concentrations that provided 299.9% decrease in
the number of colonies after subculturing a 10 uL aliquot from each well in 200 uL of fresh M-H
broth. The total incubation time was 48 h. For comparison, standard reference compounds N-
benzalkonium bromide (4B, 5B, 6B) were included in the corresponding concentrations.

3.2.2. Evaluation of Antifungal Activity

The antifungal activity was evaluated on seven fungal strains, i.e., four yeasts (Candida
parapsilosis sensu stricto EXF-8411, Rhodotorula mucilaginosa EXF-8417 and Exophiala dermatitidis EXF-
8470, Aureobasidium melanogenum EXF-8432), and three filamentous fungi (Bisifusarium dimerum EXE-
8427, Penicillium chrysogenum EXF-1818, and Aspergillus versicolor EXF-8692). The strains were
obtained from the Ex Culture collection (in the frame of the Infrastructural Centre Mycosmo) at the
Department of Biology, Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia. All isolates
were maintained on malt extract agar (MEA) prior to being tested.

The antifungal activities were evaluated using the agar-well diffusion test according to the
adjusted protocol published by Zovko et al. [59]. The fungal strain in the exponential (log) phase of
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growth was inoculated into 10 mL of sterile liquid malt extract broth (MEB), and 100 pL of the
prepared suspension was poured onto solid MEA and spread on the plate surface. After the
suspension dried, the circles of agar (P = 5.5 mm) were cut out from the inoculated culture plates.
Then, 50 pL of the prepared compounds diluted in DMSO was added into the wells in the agar plates.
Each concentration (1, 0.5, 0.3, 0.1, 0.03, 0.01 mmol/L) of the compounds was tested three times using
three separate agar plates. Plates were incubated at room temperature, and after 72 h (yeasts) or 7
days (filamentous fungi) of incubation, the minimum inhibitory concentrations (MICs), defined as
the lowest concentrations which inhibit the visible growth of the microorganisms being tested, were
determined. The diameters of the inhibition zones were measured with a ruler. The shortest distance
(0.5 mm) from the outer margin of the well to the initial point of microbial growth was estimated as
the inhibitory zone. The inhibitory activity of DMSO was also checked and found to be zero.

3.2.3. Evaluation of Virucidal Activity

The virucidal activity of synthesized agents was evaluated using a strain of the varicella zoster
virus (VZV) from the collection of VZV isolates at the Department of Epidemiology, Faculty of
Military Health Sciences, University of Defence in Brno, Hradec Kralove, Czech Republic.

A quantitative suspension test was used to determine the virucidal activity of the tested
compounds against VZV. Briefly, one part of the virus suspension was mixed with one part of fetal
bovine serum diluted with phosphate-buffered saline (1:5.5) and eight parts of the prepared
compounds or reference drugs 4B, 5B, 6B. 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. Then, 100 uL of each dilution were seeded into a 96-well microtiter plate with NHLF cells
(ATCC, Manassas, VA, USA) and incubated at 37 °C in a 5% COzatmosphere until a cytopathic effect
was detected, i.e., approximately 10-12 days. Six wells per sample dilution were inoculated. Virus-
untreated controls with identical protein concentrations were also tested.

Virus titer was determined using the method of Spearman and Kaerber and expressed as log10
TCIDso/mL including the standard [60]. According to the European Standard EN 14476 for virucidal
activity of disinfection, a product should demonstrate at least a logl0 reduction of 4 in virus titer,
corresponding to 99.99% inactivation [61]. 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.

3.2.4. Cell Viability Assessment

Standard MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma
Aldrich, St. Louis, MO, USA) was used according to the manufacturer’s protocol on CHO-K1 cells
(Chinese hamster ovary, ECACC, Salisbury, UK) in order to compare the cytotoxic effect of the
studied compounds [26]. The cells were cultured according to ECACC recommended conditions and
seeded at a density of 8000 per well. Briefly, the tested compounds were dissolved in DMSO and
subsequently in the growth medium (F-12) supplemented with 10% FBS and 1%
penicillin/streptomycin, so that the final concentration of DMSO did not exceed 0.5% (v/v). Cells were
exposed to the tested compounds for 24 h. The medium was then replaced by a medium containing
0.5 mg/mL of MTT, and the cells were allowed to produce formazan for approximately another 3 h
under surveillance. Thereafter, the medium with MTT was removed, and crystals of formazan were
dissolved in DMSO (100 pL). Cell viability was assessed spectrophotometrically by the amount of
formazan produced. Absorbance was measured at 570 nm with a 650 nm reference wavelength on
Synergy HT (BioTek, Winooski, VI, USA). ICs0 was then calculated from the control-subtracted
triplicates using nonlinear regression (four parameters) in the GraphPad Prism
5.03 and 7.03 software (GraphPad Software Inc., San Diego, CA, USA). Final ICs and SEM values
were obtained as a mean of three independent measurements.
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4. Conclusions

Picolinium salts with an aliphatic carbon chain (C12-Cis) were prepared by one-step synthesis.
The products were characterized by common analytical methods (NMR and HRMS) and their
biological activities, lipophilicity and critical micellar concentration (CMC) were evaluated. The
prepared picolinium salts showed good antimicrobial properties as well as broad-spectrum activity
against a selected panel of microorganisms including bacteria, fungi and enveloped viruses below
their CMC values. Their activities were compared with the antimicrobial effect of commonly used
benzalkonium analogues with the same alkyl chain length. Picolinium salts with Cis and Cis side
chains achieved similar or better results for antimicrobial efficacy than the reference benzalkoniums.
Their antibacterial activity was comparable to that of selected standards on both G+ and G- bacteria,
although against G- the antibacterial effect was weaker. The best activity was shown against
Staphylococcus aureus (G+), while for G- strains, the greatest efficiency was observed against
Acinetobacter baumannii and Yersinia bercovieri. Furthermore, they showed promising antifungal
efficiency. Concurrently, the picolinium salts exhibited satisfactory low cytotoxicity against
mammalian cells, i.e., comparable to that of benzalkonium compounds, which are considered as safe.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1. Figure S1: Dependency
of CMC-specific conductivity on concentration; Figure S2: The broad-spectrum antimicrobial activity; Table SI:
Antibacterial activity; Table S2: Antifungal activity; Table S3: Antiviral activity; Table S4.: Cytotoxicity and
calculated lipophilicity
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Abbreviations
AB Acinetobacter baumannii;
ACN acetonitrile;
ASVE Aspergillus versicolor;
AUME Aureobasidium melanogenum;
BIDI Bisifusarium dimerum;
BL Klebsiella pneumoniae;
CAPA Candida parapsilosis sensu stricto;
CMC critical micelle concentration;
EC Escherichia coli;
En Vancomycin-resistant enterococci;
ESBL extended spectrum [-lactamase producing Klebsiella pneumoniae;
EXDE Exophiala dermatitidis;
HPLC-MS high-performance liquid chromatography coupled with massspectrometry;
HRMS high resolution mass spectrometry;
MIC minimum inhibitory concentration;
MBC minimum bactericidal concentration;
MRSA Methicillin-resistant Staphylococcus aureus;
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide;
NMR nuclear magnetic resonance;

PECH Penicillium chrysogenum;
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QAS quaternary ammonium salts;
RHMU Rhodotorula mucilaginosa;

SA Staphylococcus aureus;

SEM standard deviation;

SE Staphylococcus epidermis;

SM Stenotrophomonas maltophilia;
vzv Varicella zoster virus;

YB Yersinia bercovieri;
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Synthesis, Antimicrobial Effect and Lipophilicity-Activity
Dependence of Three Series of Dichained N-
Alkylammonium Salts

Marketa Benkova,® ! Ondrej Soukup, Lukas Prchal,!®! Radek Sleha,' Tina Elerek,!
Martin Novak,® Kristina Sep¢i¢,!¥! Nina Gunde-Cimerman,!?! Rafael Dolezal,!?! Vanda Bostik,?!
Pavel Bostik,™ and Jan Marek*!® !

Quaternary ammonium salts belong to the group of cationic licity and cytotoxicity were likewise performed to assess surfactants
and their structure, especially the length of the alkyl potential lipophilicity-activity dependence. Almost all com- chain, plays a
significant role in its activity against various pounds showed a high efficacy against bacterial and fungal microorganisms. Globally,
there is a growing need to develop strains. Significant effects against Varicella zoster virus and novel compounds due to the
increasing resistance of micro- algae were also noticed. Some of novel drugs outperformed organisms to antimicrobial agents. Three
series of quaternary standard benzalkonium salts. The expected trend of the ammonium compounds based on dichained N-
alkylammonium correlation of an increase of cytotoxicity with the length of salts were synthesized with different carbon chain
lengths (Cs, carbon chain was confirmed. These compounds show a higher Cig, C12, C14, C16). These compounds were characterized
with potential as disinfectants rather than antiseptics due to their analytical methods and tested in vitro for antibacterial, anti-
cytotoxic potential and low selectivity for microbes over fungal, antiviral and antialgal activities. In addition, the mammalian
cells.

determination of their critical micelle concentrations, lipophi-

typically, chloride (CI7) or bromide (Br~) counter anion.®*® This

Introduction . . .
quaternary nitrogen constitutes the hydrophilic (polar) part

Quaternary ammonium compounds (QACs) belong to the group
of cationic surfactants used in many applications in different fields,
e. g. medicine, food and textile industry or cosmetic products.”™
Since 1930s, QACs have been well- known for their antimicrobial
activity' and characteristic low price, easy preparation and high
efficacy.™ Quaternary ammonium salts consist of a positively
charged nitrogen atom incorporated into an aromatic ring (e. g.
pyridinium, imidazo- lium, quinolinium, and isoquinolinium) or
occurring as a non- cyclic atom (e. g. benzalkonium or
cetrimonium)®® 7 covalently bound to four carbon atoms,®
where at least one substituent

(R) isan n-alkyl chain with different carbon lengths (Cs-Cyg) and,
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capable of interactions with polar environments and respon-
sible for water solubility, whereas the long alkyl chain forms the
hydrophobic (non-polar) part capable of penetrating non- polar
agglomerates and interacting with cell components such as
membranes, receptors and lipids./***?

The structure of the QAC, especially the length of the alkyl
chain, plays a significant role in its activity against various
microorganisms.[’3] The maximal effect of these compounds
against Gram-positive bacteria and yeasts has been observed in
the presence of a carbon chain lengths of n = 12-14, whereas,
in the case of Gram-negative bacteria, the maximum activity has
been accomplished with alkyl lengths of n = 14-16. The

compounds with chain lengths n €4 and n € 18 are practically
inactive. QACs display an activity against a broad spectrum of
pathogens (i. e. bacteriostatic, sporistatic, tuberculostatic, algi-
static) at very low concentrations.”) However, Gram-positive
bacteria are more sensitive to quaternary ammonium com- pounds
when compared to Gram-negative bacteria, mainly due to the
differences between Gram-positive and Gram-negative bacterial
cell walls and the inability of QACs to penetrate the outer-
membrane layer of Gram-negative bacteria and the underlying
cytoplasmic membrane causing its disruption and leakage.™

The antimicrobial activity of QACs stems from the fact, that
the negatively charged bacterial membrane surface is stabilized
by divalent cations, i. e. Ca’>* and Mg®*. In this regard, Ca**
cations are replaced by a positive charge of cationic antimicro-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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bials upon their application resulting in the embedding of the
hydrophobic alkyl chain into the phospholipid layer. This leads
to the loss of membrane fluidity and to the segmentation of the
membrane into clusters, which are then pulled out of the
phospholipid bilayer into the aqueous environment resulting in
the cell death.® Dichained didecyldimethylammonium chloride
also causes a degradation of the membrane structure resulting
in the leakage of intracellular molecules to the environment and
subsequent cell death.™ However, the mechanism of action is
seemingly more complex than the simple disruption of the
membrane as interaction of QACs with intracellular proteins and
nucleic acids have also been reported.! In this regard, resistance
mechanisms resembling the hyperexpression of a multi-drug
efflux pump may take place.® Furthermore, dichained QAS were
found in mitochondria what is likely associated with the
increased hydrophobic content to allow for penetrating through
the less fluid mitochondrial inner membrane.” Such variety of
specific interactions is in accord- ance with the observation that
different compounds of the QAC family exhibit their own
antimicrobial spectrum of action.™®

Benzalkonium chloride (BAC), stearalkonium chloride, cetri-
monium chloride/bromide (cetrimide) and cetylpyridinium chloride
are among the most frequently used QACs. BACs are commonly
used in eye drops, facial moisturizers and cleansers, sun protection
creams and lotions, and hand sanitizers."*? QACs are also widely
used for both the water purification and food processing, because
of their low toxicity in humans and high antimicrobial efficacy.™®
Furthermore, cationic surfactants are often used as topical
disinfectants (i. e. pre-surgical skin and non-critical surfaces
disinfection, applicable to intact mucous membranes, etc.) and
detergents.™ Due to their toxic effect against algae, they can also
be used on surfaces of swimming pools, fountains and wooden
boats.? The antimalarial effect is also known."?" Moreover, above
a particular minimum concen- tration, called the critical micellar
concentration (CMC), these surfactant monomers form
thermodynamically stable spherical aggregates in aqueous
solutions known as micelles.[22] Micelles are useful catalysts that
accelerate the decomposition of chemicals and, thus, these
compounds can also serve as decontaminants.!

Nevertheless, there is a growing need to develop novel
compounds with antimicrobial effects due to the increasing
resistance of microorganisms to antibiotics and antimicrobial
agents. This is a global problem associated with the misuse of
antibiotics, the increasing use of antibiotics in the food industry
and the lack of specific drugs in the treatment of risk patients
suffering from multiple co-morbidities.*

The results obtained by Peetla and Labhasetwar
confirmed by Botequim et al.”*®!
surfactants have a higher capacity to penetrate through the cell
membrane models compared to monochained or trichained
surfactants. Following these steps, we have synthesized novel
dichained cationic surfactants and evaluated their efficacy against
bacteria, fungi, algae and viruses. In addition, we have determined
the critical micelle concentra- tions, lipophilicity, and cytotoxicity
of these compounds to

29 and

have shown, that dichained cationic
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elucidate the potential lipophilicity-activity dependence of their
antimicrobial properties.

Results and Discussion
Synthesis

Three series of compounds (5 a-7 a, 4 b-5b and 2 c-3 c) were
synthesized by nucleophilic substitution reactions (Scheme 1, 2
and 3). In the first subset (Scheme 1), N, N-dimethyl-N-octyl-
amine (1 a) reacted with the appropriate 1-bromoalkane (2 a- 4
a) in ethanol under reflux. In the preparation of the second and
third families of compounds (Scheme 2 and 3), double long
chained tertiary amines (2 b, 3 b) dissolved in N, N-
dimethylformamide were substituted by either benzylbromide
(1 b) or 1-bromoethanole (1 c) to obtain the quaternary nitro-
gen of general formulas 4 b, 5b and 2 ¢, 3 c, respectively. Crude
products were recrystallized from methanol : ethyl acetate or
diethylether (1 : 20). All products were characterized by the
'HNMR (nuclear magnetic resonance), >*CNMR, high-resolution
mass spectrometry (HRMS) and elemental analysis (EA) to
confirm their purity. Yields, melting points, calculated log P(Clog
P), and logarithms of capacity factor k (see section on
chromatographic analysis) are summarized in Table 1. It is
evident that the yields for all series were as satisfying as we
expected according to our previous experience with the

Br
! EtOH |
N+ B — _N?
CgHy7” ™ ’(A)F/ Reflux, 48h CgH47™ | \}\)"\
1a 2a: n=10 5a: n=10
3a: n=12 6a: n=12
4a: n=14 7a: n=14

Scheme 1. Preparation of N-alkyl-N, N-dimethyl-N-octylammonium salts (5a—
7a).

\/& +6\/ :
@ \/H\N'b\/ _ DMF__ i
80°C, 48h

2b: n=6 4b: n=6
3b: n=8 5b: n=8

Scheme 2. Preparation of N, N-dialkyl-N-benzyl-N-methylammonium salts
(4b, 5 b).

Br L W
nNZ Br
SAhnh  owF %‘ r

+
OH ! 80°C, 48h
OH
1c 2b: n=6 2¢: n=6
3b: n=8 3c: n=8

Scheme 3. Preparation of N, N-dialkyl-N-(2-hydroxyethyl)-N-meth-
ylammonium salts (2c, 3 c).
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Table 1. Yields, melting points, critical micelle concentrations (CMC), Clog P
and capacity factor k of three prepared series of dichained N-alkylammo-
nium salts (a, b, c), and standard benzalkonium salts (B12.16).

Compound  Alkyl Yield m.p. CcMC Clog Log
chain (%) (o (um) Pl Kbl

5a CioHys 68 27-28 1370 4,01 0.39
6a CiHas 37 46-47 500 4.90 0.74
7a CieHss 88 97-98 200 5.79 1.08
4b CgHyy 94 93-94 1080 3.96 0.04
5b CioHay 83 94-95 680 5.73 0.68
2c CgHyy 82 54-55 1520 1.54 -0.50
3c CioHay 44 72-73 1240 3.32 0.27
B, CioHas 11400 2.63 0,02
B CiaHpg 2500 3.52 0,35
Bie CiHaz 800 4.41 0,66

[a] Clog P values were calculated in MarvinSketch 14.9.8.0 (ChemAxon Ltd.,
1998-2014) according to the method of Viswanadhan et al.2% [b] Capacity
factor k was determined by an isocratic LC-MS analysis. The values were
measured as mean and standard deviation of 6 measurements.

synthesis of similar structures.>* On the other hand, the lower
yields of 6a and 3¢ were probably due to the repeated purification.
Melting points of the individual substances increased slightly with
the elongation of alkyl side chains.

Chromatographic analysis

Capacity factor k and calculated log P (Clog P) of the prepared
compounds were determined using LC—MS method, calculated
with the MarvinSketch software, and the results along with
yields, melting points and CMC are summarized in Table 1. The
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capacity factor k was calculated from the means of retention
times as described above and expressed as log k. Clog P values
were calculated using the MarvinSketch 14.9.8.0 software and
depicted as a dependence of Clog P on log k (Figure 1). The
physicochemical theory, i. e. Collander equation'?” based onthe
relationship between log k and Clog P, was confirmed by linear
regression and higher overall correlation of determination (R*> =
0.8786) with the small deviation of the set of all series tested. As
expected, the increase of length of the alkyl chain resulted in
increased Clog P values. Similarly, the Traube rule, which

claims that the elongation of the carbon chain results in
decreased CMC values, was confirmed.”?® Interestingly, even
though the formation of micelles has been shown to ensure high
bactericidal effects, QACs monomers are effective as well.*!
Therefore, CMC does not need to be reached for the anticipated
disinfection effect.

Antibacterial activity

The antibacterial activity of novel compounds was tested in
vitro against three Gram-positive and seven Gram-negative
strains using a microdilution broth method. The MIC values were
obtained after 24 h and 48 h, whereas the MBC was obtained
after 48 h (Table 2). For comparisons of the antibacte- rial
activity, commercially used benzalkonium salts with C12, C14
and C16 long alkyl chains (Bi12.16) Were included asreference
compounds.

Overall, all of the tested compounds, excluding 2 ¢, showed
high efficacy against Gram-positive and slightly weaker efficacy
against Gram-negative bacterial strains. Notably, none of the
tested compounds had any effect against multidrug-resistant

7
R? = 0,8595
&
@ e
-
5 i Y 4 =
- - =
- =4 = X

4 m _ - =

=9 L -

E _ e - A

(] Bar

- i X
S 2
<
3
0
0,6 0,4 0,2 4] 0,2 0,4 0,6 0.8 1 1,2
log k
® Series a W Series b & Series c X Standard benzalkenium salts B12-B16

Figure 1. Correlation between log k and Clog P for N-alkyl-N, N-dimethyl-N-oktylammonium-bromid (blue mark - series a), N-benzyl-N, N-dialkyl-N-
methylammonium (orange mark - series b) and N, N-dialkyl-N-(2-hydroxyethyl)-N-methylammonium (green mark - series c) salts. Total relationship for the all
tested compounds and standard benzalkonium salts is depicted by a red dashed line.
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Pseudomonas aeruginosa (PSAE MR). Similarly, the
standard B2 showed no effect against this strain
either, whereas Bis and Bjs showed only a weak
effect.

Considering the Clog P values of the compounds
(Figure 2), lipophilicity seems to be a key factor for
the antibacterial activity. Therefore, the least lip-
ophilic compound (2 c) showed the lowest efficacy,
whereas compounds with Clog P values above 3.5 (6
a, 5b, B, Bis) showed the best efficacy. On the
other hand, 4b (Clog P = 3.96) showed low efficacy,
especially against Gram-negative strains. Further-
more, the comparison of the most lipophilic com-
pounds, 7a and 5b (Clog P = 5.79 and 5.73,
respectively), showed a similar efficacy against Gram-
positive strains, but 5b was much more effective
against Gram-negative strains. These obser- vations
suggest that the antibacterial efficacy is co-
determined by other structural features. In summary,
the aliphatic 6a and aromatic 5b compounds showed
a high potency, similar to that of the standard
benzalkonium Bis. However, because the higher
lipophilicity of the compound 5b resulted in solubility
problems (data not shown), the aliphatic 6a
compound is thus highlighted as the appropriate
candidate for further development of disinfectants.

Antifungal activity

Three novel compound series were tested against
four yeasts and four filamentous fungi by the agar
well diffusion method. The MIC for yeasts after 72 h
and for filamentous fungi after 168 h together with
the MIC of reference compounds B1z.16 are summar-
ized in Table 3.

Overall, all the tested compounds exhibited
moderate efficacy against the tested fungal strains,
again with the exception of 2 ¢, which was com-
pletely ineffective against all strains. The efficacy of
these compounds was at least one order of
magnitude lower than the efficacy observed against
bacterial strains. Furthermore, none of the tested
compounds, including the benzalkonium standard,
was able to inhibit the growth of Aspergillus niger
(EXF-10185). Compounds 5 a, 5b and 3¢ displayed
the most significant activity against both yeasts and
filamentous fungi and outperformed standard ben-
zalkonium salts. Similar to the data of the antibacte-
rial efficacy, the Clog P value cannot serve as a
predictor for efficacy, although the most hydrophilic
compound (2 c) showed no effect whatsoever. In
similar manner to the data obtained with Gram-
negative bacterial strains, the compound 5b (Clog P
= 5.73) was rather effective, whereas 7a (Clog P
= 5.79) was practically ineffective. Due to their
solubility, the compounds 5a and 3c likelyrepresent
good candidates for further use, as the concentra-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Effect of the various number of carbon atoms expressed as Clog P (series a - blue, series b - orange, series ¢ - green) on the efficacy against extended-
spectrum B-lactamase - producing Klebsiella pneumoniae (KLPN+ ; squares) and metbhicillin-resistant Staphylococcus aureus (MRSA; spots). Dashed lines
symbolize Clog P effect of all tested compounds on extended-spectrum B-lactamase - producing Klebsiella pneumoniae as a Gram-negative strain (green
dashed line) and on MRSA as a Gram-positive strain (red dashed line). Against Gram-positive strain, the compounds showed higher efficacy using lower

inhibitory concentrations than against Gram-negative strain. R*represents coefficient of determination.

Microorganisms

activity in vitro was determined in a panel of eight fungal strains.

MIC (UM); 721b1 / 168I¢] h incubation

Table 3. Minimum inhibitory concentration (MIC) of the prepared compounds (series a, b, c) and selected derivatives of N-benzalkonium (B12-B1s).”' The

5a 6a 7a 4b 5b 2c 3c By, B B
C. parapsilosis sensu stricto, EXF-8411"*) 200 750 > 1000 500 30 > 1000 100 1000 300 1000
R. mucilaginosa, EXF-8417%) 100 750 >1000 1000 30 >1000 100 500 100 500
E. dermatitidis, EXF-8470(b] 100 100 >1000 500 100 >1000 100 500 100 200
A. melanogenum, EXF-84321°! 30 65 400 255 100 >1000 65 200 100 65
B. dimerum, EXF-84271 300 1000 >1000  >1000 500 >1000 300 > 1000 1000 1000
P. chrysogenum, EXF-1818' 200 200 >1000 500 300 >1000 100 650 650 650
A. versicolor, EXF-86921¢] 200 300 400 650 500 >1000 300 >1000 650 1000
A. niger, EXF-10185' >1000 >1000 >1000 >1000 >1000 >1000 > 1000 >1000 > 1000 > 1000

[a] B12, B1a, B¢ mean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl- N-
hexadecylammonium bromide, respectively. The preparation of Bi2-16 has been published elsewhere.* [b] Antifungal activity against yeasts C. parapsilosis sensu
stricto EXF-8411, R. mucilaginosa EXF-8417, E. dermatitidis EXF-8470, A. melanogenum EXF-8432 was determined after 72 h of incubation. [c] Antifungal activity
against filamentous fungi B. dimerum EXF-8427, P. chrysogenum EXF-1818, A. versicolor EXF-8692, A. niger EXF-10185 was determined after 168 h of incubation.

tions commonly used in practical settings (0.1% v/v) can be
reached without problem. Such concentration exceeds the
observed MIC against all fungal strains, with the exception of
Aspergillus niger (EXF-10185).

Antiviral activity

QACs are generally considered to be effective against envel-
oped viruses when used in high doses. Therefore, the antiviral
activity of the a, b and c series against the VZV was also
determined in the present study. The values of TCIDsg of viral
titre before and after exposition (5 min) to the tested
compounds are summarized in Table 4. Again, for comparison,

ChemistrySelect 2019, 4, 12076 —12084 Wiley Online Library
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standard benzalkonium salts (Biz-16) With Ci2, C14 and Cy6 long
alkyl chains were used.

The efficacy of the antiviral activity is represented by the
logio reduction factor of TCIDso. As a general rule, virucidal
compounds should exhibit at least a 4logio reduction factor in
viral titre. In this study however, none of our compounds or
standards achieved this goal. The compound 4b showed the
highest effect against VZV with a logio reduction factor of 3.84,
thus surpassing standard benzalkonium salts. The series ¢, onthe
other hand, showed almost no efficacy. No correlation between
Clog P value and antiviral activity was observed (Table 1).

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 4. Virucidal efficacy of potential disinfectants (series a, b, c) against
Varicella zoster virus using suspension tests. Standards B12-Bis mean
derivatives of N-benzalkonium.

Compound Concentration  Ig10TCIDso 1g10TCIDso Reduction
Before After factor
exposition exposition

S5a 0.01% 5 2.49 2.51

6a 0.01% 5.16 2.66 2.5

7a 0.005% 7.83 5.83 2

4b 0.01% 6 2.16 3.84

5pla - - - -

2c 0.01% 6 6 0

3c 0.01% 6 5 1

B, 0.01% 7.49 3.83 3.66

Bis 0.01% 7.49 5.83 1.66

Bis 0.005% 5 3.49 1.51

[a] - not evaluated; the compound was insoluble in the assay medium.

Antialgal activity

Only the most promising agents chosen on the basis of previous
biological experiments (5 a, 6 a, 7 a, 4 b) were tested for the
antialgal activity. All of the tested compounds and standards (B12-16)
inhibited algal growth after 72 h (Figure 3). Agents 5 a, 6a and 7a
were determined as compounds with the highest growth
inhibitory values for Pseudokirchneriella subcapitata (120-180%
inhibition in comparison to the control

Chemist
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culture) exceeding the efficacy of standard benzalkonium salts
(Figure 4). In contrast, 4b showed the lowest inhibitory potential
from novel compounds, however still comparable with standard
benzalkonium salts.

Cell viability assay

The present study confirmed the expected trend of the correlation
of an increase of cytotoxicity with the length of carbon chain
(Figure 5). Such effect is probably caused by the higher lipophilicity
characteristics of the drugs with a longer alkyl chain and their
capacity to penetrate into cells more easily. This is in contrast to
the observed antimicrobial effects where the correlation to Clog P
values resulted in a parabolic curve (the “U” shape, Figure 6).
Although such findings have been reported previously,”* our
study describes for the first time such effects induced by QACs
bearing two alkyl chains. Such discrepancy can be explained by
the organization of the outer layers of bacterial and mammalian
cells. The former
peptidoglycan layer within the cell wall as compared to the
presence of cholesterol and unbranched phospholipid chains in the
membrane of eukary- otic cells. The integrity of the bacterial
plasma membrane is ensured by hydrophobic and electrostatic
interactions,

is characterized by the presence of a

whereas mammalian cells take advantage of
membrane phase separa- tion and hydrophobic interactions.®
The eukaryotic cell membrane is also less positively charged due to

the relatively

8,90C+05
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6,90F105
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Growth (cells mL~)
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Figure 3. Growth rate of alga Pseudokirchneriella subcapitata during the treatment with selected agents and standard benzalkonium salts compared to
untreated or DMSO treated control in OECD medium after 24, 48 and 72 hours, using flow cytometry. B12, Bia, Bis mean N-benzyl-N,N-dimethyl-N-
dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium bromide.
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Figure 5. Influence of the Clog P value on the viability of mammalian cells (CHO—K1). An increasing carbon chain length results in higher cytotoxicity.

low percentage of negatively charged lipids.®? Therefore, the  hydrophobic content and bacteriostatic activity was shown for
higher affinity of cationic surfactants to prokaryotic membranes  antimicrobial peptides and peptidomimetics with and without
can be expected and the selectivity towards some microbes can  quaternary nitrogen. Similar to non-peptide QAC, the anti-
be explained by these properties. We have found the reference  microbial property is the function of their hydrophobicity
studies where the correlation between lipophilicity/ resulting in a trend curve with the peak maximum, determined
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by the interaction with lipid membranes.®’® Regarding the

cytotoxicity of individual QACs, the compound 2c¢ showed better
values than all of the included reference benzalkonium salts Bio—
B16.>" However, the remaining novel compounds showed higher
cytotoxicity levels and did not surpassed their benzalkonium
analogues concerning their safety potential (Table 5).

Conclusions

Three series of cationic surfactants based on dichained N-
alkylammonium salts with different alkyl chain lengths (Cs, Cio,
Ci2, Cia, Cig) were synthesized. The in vitro antibacterial,
antifungal, antiviral and antialgal activity evaluations showed
that, with the exception of 2 ¢, all compounds exhibited high
efficacy against both Gram-positive and Gram-negative bac-
teria, excluding multidrug-resistant P. aeruginosa. Compound
6a appeared to be very effective, with a similar or better activity
than the benzalkonium standards included in this

methicillin-resistant Staphylococcus aureus (MRSA).

study. The efficacy of these novel compounds against fungi was
at least one order of magnitude lower when compared to the
effects observed against bacteria. Notably, novel drugs 5 a, 5b
and 3¢ showed the most significant activity against both yeasts
and filamentous fungi, outperforming the included standards.
However, none of the tested compounds was able to inhibit
Aspergillus niger. Further evaluation revealed potent antiviral
activity against Varicella zoster virus by 4 b, surpassing the
included benzalkonium standards. High antialgal efficacy was
reported for the entire a series of compounds, with 6a being the
most effective. The correlation of lipophilicity, represented by
Clog P values, to the antibacterial, antifungal and antiviral
efficacy showed no clear dependency. Notably, the most
hydrophilic compound (2 c), with a Clog P value of 1.54, showed
no antimicrobial and antiviral effect at all. These results show
that the Clog P value must be within the range of 3.5-4.5 to be
effective as a water-soluble disinfectant. Cell viability assays
confirmed an expected trend of a higher cytotoxicity in
correlation to an increasing carbon chain length of the
compounds. This is in contrast to the antimicrobial effect, where
the correlation with the Clog P value resulted in a parabolic “U”

Table 5. Cytotoxic potential of the prepared compounds (5a-7a, 4b-5b,
2c¢-3c¢) and selected derivatives of N-benzalkonium (Bi2-Bis). The activity
in vitro is expressed as ICso (Umol L) € SEM (n = 3).

curve. This is the first time that this behaviour has been observed
for QACs bearing two alkyl chains.

To summarize, the compound 6a is promising for its high
antibacterial and antialgal efficacy, compound 4b shows
antiviral effects and 5 a, 5 b, 3c exhibit a notable antifungal

Cell line ICs0 (Mmol L™*); 24 h incubation € SEM
5 6a 7a 4b 5b 2c 3¢ Bf  BY B,
CHO—K1 8.7 7.7 7.1 6.6 26 445 11 29 24 15
© © © © © & O 63 64 o1
03 02 07 01 07 17 34

efficiency. Therefore, these newly synthesized compoundshave
a potential to be implemented as effective antimicrobial agents
or disinfectants. However, due to their cytotoxic potential and

[a] B12, B1a, Bis mean N-benzyl-N,N-dimethyl-N-dodecylammonium bro-
mide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,
N-dimethyl-N-hexadecylammonium bromide, respectively (ICso values of
B12, B1a, Bis were published beforel®).

low selectivity for microbes over mammalian cells, these novel
compounds will likely be more useful as surface disinfectants
rather than antiseptics.
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Supporting Information Summary

Supporting information contains details of the experimental
procedures and characterization data for all tested compounds
5-7 a, 4-5b and 2-3 ¢, lipophilicity, conductivity and biological
testing methods.
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Abstract: Background: The cationic surfactants are a huge group of compounds with thousands of
applications. Quaternary Ammonium Salts (QAS) make up the majority of this group. Their count-
less applications in chemistry, the food industry and textile industry are indubitable. The antibacte-
rial and antifungal effect of the various novel QAS is usually referred to in comparison with com-
mercially used benzalkonium and pyridinium salts, since such compounds have found widespread use
as common disinfectants e.g. in hospitals as prevention against nosocomial infections.

Methods: Three series of N-alkylpyridinium salts with a hydroxymethyl group in positions 2, 3 and 4
were synthesized as novel potential antimicrobial agents. The nucleophilic substitution-type reac- tion
has been used. The novel compounds have been tested as a disinfection agents against bacteria and
fungi. The microdilution broth method was utilized for antimicrobial evaluation. Conductivity
measurement method has been used for the determination of Critical Micelle Concentration (CMC).
Standard MTT test was used for cytotoxic evaluation.

Results: We have prepared 15 new compounds based on hydroxymethylpyridine in different posi-
tions (2, 3, 4) and the different length of lipophilic alkyl chain on the quaternary nitrogen (Cio-18). The
compounds were characterized with analytical data (NMR, HRMS) and tested for in vitro an-
timicrobial activity. The highest, and submicromolar antimicrobial activity was achieved for the 3-
hydroxymethylpyridinium salts substituted with longer alkyl chains (Cis, Ci6 and Cis). N- hexadecyl-
3-hydroxymethylpyridinium bromide (10b) showed even better performance than stan- dard
benzalkonium salts. Conductometric analysis confirmed the trend of decreasing CMC with elongation
of the alkyl side chain. Generally, the location of the hydroxymethyl function on the pyridinium
scaffold induced only negligible changes in antimicrobial efficacy. Finally, potential use of the N-
alkylhydroxymethylpyridinium salts in practice was supported by MMT tests which proved relatively
low cytotoxicity of the compounds.

Conclusion: We have designed, synthesized and characterized three series of cationic surfactants
based on 2-, 3- and 4-hydroxymethylpyridine. The cationic surfactants differ in the length of alkyl
side-chain (Cio, Ci12, Ci14, Ci6, Cig). The antimicrobial effect was evaluated against four groups of
microorganisms (gram- positive and gram-negative bacteria, yeasts, and filamentous fungi). The
Critical Micelle Concentrations (CMC) were measured by conductivity method, and finally cyto-
toxicity tests were performed.

centration, conductivity, cytotoxicity.

1. INTRODUCTION

The cationic surfactants are a huge group of compounds
with thousands of applications. Quaternary Ammonium Salts
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(QAS) make up the majority of this group. Their countless
applications in chemistry, the food industry and textile in-
dustry are indubitable [1-4]. There have been numerous pub-
lications during the last decades regarding their synthesis and
investigation as fabric softeners, pharmaceuticals, cosmetics,
antimicrobial agents, anti-biofilm agents, part of nanorods,
and excipients in dentistry and food products [5-9]. The
structural feature of cationic surfactant with the quaternary

©2018 Bentham Science Publishers
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nitrogen is responsible for their useful properties. The qua-
ternary nitrogen moiety forms the polar part of the molecule
which is responsible for the solubility in water. The long
lipophilic alkyl chain forms the non-polar part of the mole-
cule and is responsible for its interaction with many biologi-
cal structures (membranes, lipids, receptors) [10, 11].

The quaternary nitrogen can be incorporated as a heteroa-
tom in a ring (e.g. pyridinium, imidazolium, quinolinium,
isoquinolinium) as well as being part of a non-cyclic system
(e.g. benzalkonium, cetrimonium) [12-17]. The antibacterial
and antifungal effect of the various novel QAS is usually
referred to in comparison with commercially used benzalk-
onium and pyridinium salts [5, 8, 10, 17], since such com-
pounds have found widespread use as common disinfectants
e.g. in hospitals as prevention against nosocomial infections
[18, 19]. The activity against microorganisms is reported to be
widely influenced by the length of the alkyl side-chain. N-
dodecylbenzalkonium salts have a proven fungicidal effect,
while tetradecyl- and hexadecylbenzalkonium homologues
have exhibited increased activity against both G* and G
groups of bacteria [20, 21]. The necessity for expansion of the
group of cationic surfactant as disinfectants and antisep- tics
is obvious, since many strains of bacteria and fungi have
become resistant to currently available preparations [22].
Several studies have acquired information on toxicity and
biodegradability, which are important parameters for suitable
selection of disinfectants or antiseptics [23-25].

Furthermore, as mentioned above these compounds are
surface-active, so they are able to form micelles. Recently,
there have been publications highlighting the micelle micro-
environment and its use for acceleration of chemical proc-
esses, and application of cationic surfactants as micellar cata-
lysts for specific reactions [26-28]. Additionally though, these
properties are suitable in decontamination procedures. A
micellar medium has been used as an efficient phase
modulator within chemical degradation of toxic compounds
such as organophosphates (i.e. nerve agents, pesticides, efc.)
[29-31].

The effect against microorganisms as well as the decon-
tamination potential for chemicals can advantageously be used
for military purposes or in emergency situations apply- ing
integrated rescue systems.

In this paper, we report the synthesis of hydroxymeth-
ylpyridinium based salts differing: i) in the position of the
hydroxymethyl group on the pyridine ring (2, 3, 4); and, ii) in
the alkyl chain length attached to the pyridinium nitrogen (Cjo,
Ci2, Cis, Ci6 Cig). Several of these compounds have been
prepared before by other groups [32, 33], albeit not the whole
sets. We have prepared three series of quaternary ammonium
compounds, and confirmed the structure by NMR, HRMS and
EA. The series were tested as disinfec- tants against Gram-
positive and Gram-negative strains of bacteria, as well as
against yeast and filamentous fungi, and compared against
standard benzalkonium salts. Moreover, cytotoxic evaluation
and the critical micelle concentration measurement have been
carried out. The knowledge of mi- cellar behavior is essential
for maximizing the application of its wide range of potential
[28, 30], and for the correlation of MIC and CMC. The effect
of the hydroxymethyl group posi-
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tion and the differences in hydrophobic side-chain length are
discussed.

2. MATERIALS AND METHODS

2.1. Materials

The reagents were purchased as at least reagent grade from
Sigma-Aldrich (Czech Republic) unless otherwise specified,
and used without further purification. The solvents for
synthesis were purchased from Penta chemicals Co. Ace-
tonitrile, methanol and formic acid of LC-MS purity grade
used in LC-UV-MS analyses were obtained from Sigma-
Aldrich (Czech Republic). Ultrapure water for LC-UV-MS
analyses was prepared by Barnstead Smart2Pure 3 UV/UF
apparatus (ThermoFisher Scientific, Bremen, Germany). Thin
layer chromatography was run on Merck silica gel 60 F254
analytical plates (mobile phase: ethyl acetate); detec- tion was
carried out with ultraviolet light (254 nm). Melting points
were recorded on a Melting Point Apparatus Stuart SMP 30
and were uncorrected. The '"H NMR and '3C NMR spectra of
new compounds were recorded in CD;OD solution at ambient
temperature on a Varian S500 spectrometer (499.87 MHz for
'H and 125.71 MHz for '3C) or on a Varian Mercury-Vx BB
300 spectrometer (300.07 MHz for 'H and
75.46 MHz for '*C). For 'H § are given in parts per million
(ppm) relative to CD;OD (8 = 3.31) and for *C relative to
CD30D (6 =49.05). The coupling constants (J) are ex- pressed
in Hertz. Elemental analyses were measured with EA 1110
CHNS Analyzer (Fisons Instruments S. p. A., Carlo Erba,
Milano, Italy).

2.2. LC-UV-MS Analysis

Capacity factors k£ of 7a-11a, 7b-11b and 7c¢-11c were
determined by a Dionex UltiMate 3000 analytical system
produced by ThermoFisher Scientific, Bremen, Germany. The
analytical system was composed of the following parts: binary
pump HPG-3400RS connected to vacuum degasser; heated
column compartment TCC-3000; auto-sampler WTS- 3000
equipped with a 25puL loop; and VWD-3000 ultraviolet
detector. A Waters Atlantis dC18 (2.1 x 100mm/3um) col-
umn was chosen as the stationary phase. The studied com-
pounds were grouped into three series a, b, and ¢, and dis-
solved in methanol as mixture samples. Lipophilicity of the
compounds was estimated from the capacity factors & which
were determined by isocratic elution with acetonitrile - water
(55:45(v/v)) acidified with 0.1% (v) formic acid (FA). The
flow-rate was set to 0.4 mL/min. The UV-chromatograms
recorded at a wavelength of 210 nm were processed in the
Chromeleon 6.80 program.

HRMS of 7a-11a, 7b-11b and 7c¢-11¢ were recorded by a
Q Exactive Plus hybrid quadrupole-orbitrap spectrometer
(produced by ThermoFisher Scientific, Bremen, Germany)
which was coupled with the above-mentioned LC system. In
MS heated electro-spray ionization (HESI) the settings used
were: sheath gas flow rate 40, aux gas flow rate 10, sweep gas
flow rate 2, spray voltage 3.2 kV, capillary temperature
350°C, aux gas temperature 300°C, S-lens RF level 50. Ions
were monitored in the range of 100 - 1500 m/z with the reso-
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lution set to 140 000. The HRMS spectra were processed on
Xcalibur 3.0.63 software.

2.3. Synthesis and Analysis

The hydroxymethylpyridines (0,010 mol) (1a, 1b, 1c)
dissolved in ethanol and an excess of either 1-bromodecane
(2), 1-bromododecane (3), 1-bromotetradecane (4), 1-
bromohexadecane (5) or 1-bromooctadecane (6) (0,013 mol)
were stirred under reflux for 72 hours. The solvent was
evaporated and the crude products were dissolved in metha-
nol and precipitated via dropwise addition of ethyl acetate or
ether. Precipitation was accelerated by cooling the mixture to
-8°C. The crystals were filtered afterwards and allowed to dry
on the lab bench at ambient temperature.

2.3.1. 1-decyl-4-hydroxymethylpyridinium bromide (7a)

EA: Anal. Calcd.for C16H28NOB:: 58,18 % C; 8,54 % H;
4,24 % N; found: 58,37 % C; 8,68 % H; 4,41 % N. HRMS
(HESI+): [M]+ Calcd. for C16H28NO+ (m/z): 250.2165;
found: 250.2156. 1H NMR (500 MHz, DMSO- d6) & 9.05 (d,
J=6.5Hz, 2H, 2 x Ar-H), 8.03 (d, J=6.3 Hz,
2H, 2 x Ar-H), 6.18 (t, ] = 5.6 Hz, 1H, -OH), 4.83 - 4.77 (m,
2H, -CH2-OH), 4.59 (t, J = 7.3 Hz, 2H, N+-CH2-), 1.96 -
1.83 (m, 2H, N+-CH2-CH2-), 1.37 — 1.16 (m, 14H,-(CH2)7-
CH3), 0.83 (t, J = 6.7, Hz, 3H, -CH3); 13C NMR (126 MHz,
DMSO-d6) & 162.79, 144.18, 124.48, 61.29, 60.12, 31.43,
30.85, 29.05, 28.97, 28.81, 28.52, 25.57, 22.24, 14.10.

2.3.2. 1-dodecyl-4-hydroxymethylpyridinium bromide (8a)

EA: Anal. Calcd.for C1I8H32NOB:: 60,33 % C; 9,00 % H;

3,91 % N; found: 60,28 % C; 9,06 % H; 4,08 % N. HRMS
(HESI+): [M]+ Calcd. for C18H32NO+ (m/z): 278.2478;
found: 278.2471. 1H NMR (300 MHz,DMSO-d6) 6 9.03 (d, J
=6.3 Hz, 2H, 2 x Ar-H), 8.03 (d, J = 6.2 Hz, 2H,
2 x Ar-H), 6.06 (t, J = 5.8 Hz, 1H, -OH), 4.79-4.65 (m, 2H, -
CH2-OH), 4.56 (t, J = 7.4 Hz, 2H, N+-CH2-), 1.93 - 1.81
(m, 2H, N+-CH2-CH2-), 1.34 - 1.13 (m, 18H,-(CH2)9-
CH3), 0.89 (t, J = 6.7, Hz, 3H, -CH3); 13C NMR (75
MHz,DMSO-d6) & 162.90, 144.21, 124.52, 61.31, 60.16,
31.46, 30.81, 29.17, 29.09, 28.97, 28.88, 28.56, 25.56, 22.27,
14.13.

2.3.3. 4-hydroxymethyl-1-tetradecylpyridinium bromide (9a)

EA: Anal. Calcd.for C20H36NOB:r: 62,17 % C; 9,39 % H;
3,62 % N; found: 62,38 % C; 9,45 % H; 3,68 % N. HRMS
(HESI+): [M]+ Calcd. for C20H36NO+ (m/z): 306.2791;
found: 306.2784. 1H NMR (500 MHz,DMSO-d6) 6 9.16 (d,
J=6.3 Hz,2H,2 x Ar-H),8.32 (d,J= 6.1 Hz,
2H, 2 x Ar-H), 4.82 (d, J = 5.7 Hz, 2H, -CH2-OH), 4.63
(t, J =7.6 Hz, 2H, N+-CH2-), 1.95 — 1.81 (m, 2H, N+-CH2-
CH2-), 1.37 — 1.11 (m, 22H,-(CH2)11-CH3), 0.83 (t, ] = 6.7
Hz, 3H, -CH3); 13C NMR (126 MHz, DMSO-d6) 6 163.96,
145.52, 126.97, 61.37, 60.69, 31.45, 29.21, 29.16, 29.07,
28.94, 28.86, 28.55, 25.54, 22.25, 14.12.

2.3.4. 1-hexadecyl-4-hydroxymethylpyridinium bromide (10a)

EA: Anal. Calcd.for C22H40NOB:r: 63,75 % C; 9,73 % H;
3,38 % N; found: 63,89 % C; 9,85 % H; 3,30 % N. HRMS
(HESI+): [M]+ Calcd. for C22H40NO+ (m/z):
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334.3104; found: 334.3103. 1H NMR (500 MHz, DMSO-
d6) §9.03 (d, J= 6.5 Hz, 2H, 2 x Ar-H), 8.03 (d, J=6.4 Hz,
2H, 2 x Ar-H), 6.19 — 6.14 (m, 1H, -OH), 4.81 - 4.76 (m, 2H,
-CH2-OH), 4.56 (t, J= 7.4 Hz, 2H, N+-CH2-), 1.94- 1.81
(m, 2H, N+-CH2-CH2-), 1.29 - 1.16 (m, 26H,-(CH2)13-
CH3), 0.84 (1, J = 6.8 Hz, 3H, -CH3); 13C NMR (126 MHz,
DMSO-d6) § 162.96, 144.18, 124.53, 61.30, 60.14, 31.45,
30.81,29.21, 29.16, 29.09, 28.96, 28.86, 28.55, 25.56, 22.25,
14.11.

2.3.5. 4-hydroxymethyl-1-octadecylpyridinium bromide (11a)

EA: Anal. Calcd.for C24H44NOBr: 65,14 % C; 10,02 %
H; 3,17 % N; found: 65,27 % C; 9,95 % H; 3,15 % N. HRMS
(HESI+): [M]+ Calcd. for C24H44NO+ (m/z): 362.3417;
found: 362.3416. 1H NMR (500 MHz, DMSO- d6) 3 9.00 (d,
J=6.2 Hz, 2H, 2 x Ar-H), 8.02 (d, J=6.1 Hz,
2H, 2 x Ar-H),4.79 (d,J=5.8 Hz, 2H, -CH2-OH), 4.55 (t,
J= 7.4 Hz, 2H, N+-CH2-), 1.92 - 1.84 (m, 2H, N+-CH2-
CH2-), 1.31 — 1.17 (m, 30H, -(CH2)15-CH3), 0.84 (t, J = 6.6
Hz, 3H, -CH3); 13C NMR (126 MHz, DMSO-d6) 6 162.78,
144.19, 124.49, 61.33, 60.19, 31.45, 30.78, 29.20, 29.16,
29.08, 28.96, 28.86, 28.54, 25.55,22.25, 14.11.

2.3.6. 1-decyl-3-hydroxymethylpyridinium bromide (7b)

EA: Anal. Calcd.for C16H28NOBT: 58,18 % C; 8,54 % H;
4,24 % N; found: 58,09 % C; 8,70 % H; 4,94 % N. HRMS
(HESI+): [M]+ Calcd. for C16H28NO+ (m/z): 250.2165;
found: 250.2162. 1H NMR (500 MHz, DMSO- d6) 6 9.06 (s,
1H, Ar-H), 9.03 (d, J = 6.0 Hz, 1H, Ar-H),8.51
(d, 7=8.0 Hz, 1H, Ar-H), 8.12 (dd, ] = 8.0, 6.0 Hz, 1H, Ar-
H), 4.73 — 4.66 (m, 2H, -CH2-OH), 4.62 (t, J = 7.5 Hz, 2H,
N+-CH2-), 1.93 — 1.84 (m, 2H, N+-CH2-CH2-), 1.31 — 1.07
(m, 14H,-(CH2)7-CH3), 0.83 (t, J = 6.8 Hz, 3H, -CH3); 13C
NMR (126 MHz, DMSO-d6) & 143.49, 143.21, 143.08,
142.42, 127.62, 60.86, 59.53, 31.42, 30.95, 29.02, 28.93,
28.79, 28.54,25.55,22.24, 14.11.

2.3.7. 1-dodecyl-3-hydroxymethylpyridinium bromide (8b)

EA: Anal. Calcd.for C1I8H32NOB:r: 60,33 % C; 9,00 % H;
3,91 % N; found: 60,12 % C; 9,20 % H; 4,04 % N. HRMS
(HESI+): [M]+ Calcd. for C18H32NO+ (m/z): 278.2478;
found: 278.2470. 1H NMR (500 MHz, DMSO- d6) 6 9.06 (s,
1H, Ar-H), 9.03 (d, = 6.0 Hz, 1H, Ar-H),8.51
(d, J=8.0 Hz, 1H, Ar-H), 8.12 (dd, J = 8.0, 6.0 Hz, 1H, Ar-
H), 4.71 — 4.68 (m, 2H, -CH2-OH), 4.61 (t, J = 7.5 Hz, 2H,
N+-CH2-), 1.94 — 1.84 (m, 2H, N+-CH2-CH2-), 1.33 - 1.16
(m, 18H,-(CH2)9-CH3), 0.83 (t, ] = 6.7 Hz, 3H, -CH3); 13C
NMR (126 MHz, DMSO-d6) 6 143.50, 143.22, 143.08,
142.41, 127.63, 60.86, 59.54, 31.43, 30.93, 29.14, 29.06,
28.85, 28.76, 28.54, 25.55,22.23, 14.10.

2.3.8. 3-hydroxymethyl-1-tetradecylpyridinium bromide(9b)

EA: Anal. Calcd.for C20H36NOBr: 62,17 % C; 9,39 % H;
3,62 % N; found: 631,77 % C; 9,53 % H; 3,68 % N. HRMS
(HESI+): [M]+ Calcd. for C20H36NO+ (m/z): 306.2791;
found: 306.2786. 1H NMR (500 MHz, DMSO- d6) 6 9.05 (s,
1H, Ar-H), 9.01 (d, J = 6.1 Hz, 1H, Ar-H),8.50
(d, J=8.0 Hz, 1H, Ar-H), 8.12 (dd, J = 8.0, 6.0 Hz, 1H, Ar-
H), 4.74 - 4.69 (m, 2H, -CH2-OH), 4.61 (t, J = 7.5 Hz, 2H,
N+-CH2-), 1.93 - 1.85 (m, 2H, N+-CH2-CH2-), 1.32-1.18
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(m, 22H,-(CH2)11-CH3), 0.83 (t, J = 6.6 Hz, 3H, -CH3);
13C NMR (126 MHz, DMSO-d6) § 143.50, 143.22, 143.07,
142.42, 127.63, 60.87, 59.54, 31.43, 30.95, 29.20, 29.18,
29.14, 29.08, 28.93, 28.85, 28.53, 25.55, 22.23, 14.09.

2.3.9. 1-hexadecyl-3-hydroxymethylpyridinium bromide (10b)

EA: Anal. Calcd.for C22H40NOB:r: 63,75 % C; 9,73 % H;
3,38 % N; found: 62,84 % C; 9,77 % H; 3,50 % N. HRMS
(HESI+): [M]+ Calcd. for C22H40NO+ (m/z): 334.3104;
found: 334.3099. 1H NMR (500 MHz, DMSO- d6) 6 9.05 (s,
1H, Ar-H), 9.02 (d, J = 6.0 Hz, 1H, Ar-H),8.50
(d, 7=8.0 Hz, 1H, Ar-H), 8.12 (dd, J] = 8.0, 6.0 Hz, 1H, Ar-
H), 4.70-4.68 (m, 2H, -CH2-OH), 4.61 (t, J = 7.5 Hz, 2H,
N+-CH2-), 1.93 — 1.85 (m, 2H, N+-CH2-CH2-), 1.29 — 1.16
(m, 26H,-(CH2)13-CH3), 0.83 (t, J = 6.7 Hz, 3H, -CH3);
13C NMR (75 MHz, DMSO-d6) & 143.53, 143.24, 143.09,
142.43, 127.65, 60.89, 59.56, 31.45, 30.97, 29.20, 29.17,
29.10, 28.95, 28.86, 28.56, 25.57, 22.25, 14.11.

2.3.10. 3-hydroxymethyl-1-octadecylpyridinium bromide (11b)

EA: Anal. Calcd.for C24H44NOBr: 65,14 % C; 10,02 %
H; 3,17 % N; found: 64,39 % C; 9,87 % H; 3,20 % N. HRMS
(HESI+): [M]+ Caled. for C24H44NO+ (m/z): 362.3417;
found: 362.3412. 1H NMR (500 MHz, DMSO- d6) 6 9.05 (s,
1H, Ar-H), 9.01 (d, J = 6.0, 1H, Ar-H), 8.50 (d,
J=28.0 Hz, 1H, Ar-H), 8.12 (dd, J = 8.0, 6.0 Hz, 1H, Ar-H),
4.73 —4.70 (m, 2H, -CH2-OH), 4.61 (t, J = 7.5 Hz, 2H, N+-
CH2-), 1.93 — 1.86 (m, 2H, N+-CH2-CH2-), 1.29 — 1.17 (m,
30H,-(CH2)15 -CH3), 0.83 (t, J] = 6.8 Hz, 3H, -CH3); 13C
NMR (75 MHz, DMSO-d6) & 143.53, 143.24, 143.09,
142.43, 127.65, 60.89, 59.56, 31.45, 30.97, 29.20, 29.17,
29.10, 28.96, 28.87, 28.57, 25.57, 22.25, 14.10.

2.3.11. 1-decyl-2-hydroxymethylpyridinium bromide (7c)

EA: Anal. Calcd.for C1I6H28NOBTr: 58,18 % C; 8,54 % H;

4,24 % N; found: 58,25 % C; 8,68 % H; 4,35 % N. HRMS
(HESI+): [M]+ Calcd. for C16H28NO+ (m/z): 250.2165;
found: 250.2165. 1H NMR (500 MHz, DMSO- d6) 6 9.09 -
8.97 (m, 1H, Ar-H), 8.58 - 8.42 (m, 1H, Ar-H),
8.19 -8.05 (m, 1H, Ar-H), 8.09 -7.99 (m, 1H, Ar-H), 6.55
(t, J=5.8 Hz, 1H, -OH), 4.92 (d, J = 5.8 Hz, 2H, -CH2-OH),
4.56 —4.48 (m, 2H, N+-CH2-), 1.90 - 1.79 (m, 2H, N+-CH2-
CH2-), 1.39-1.17 (m, 14H,-(CH2)7-CH3), 0.84 (t, ] =6.7 Hz,
3H, -CH3); 13C NMR (126 MHz, DMSO-d6) 6 157.79,
145.69, 145.58, 126.78, 126.26, 58.89, 56.54, 31.43, 30.23,
29.04, 28.98, 28.82, 28.62, 25.85, 22.25, 14.11.

2.3.12. 1-dodecyl-2-hydroxymethylpyridinium bromide (8c)

EA: Anal. Calcd.for C18H32NOB:r: 60,33 % C; 9,00 % H;

3,91 % N; found: 61,07 % C; 8,79 % H; 4,02 % N. HRMS
(HESI+): [M]+ Calcd. for C18H32NO+ (m/z): 278.2478;
found: 278.2473. 1H NMR (500 MHz, DMSO- d6) & 9.19 -
8.95 (m, 1H, Ar-H), 8.67 - 8.49 (m, 1H, Ar-H),
8.29 -8.10 (m, 1H, Ar-H), 8.10 - 7.96 (m, 1H, Ar-H), 6.55
(t,J = 5.8 Hz, 1H, -OH), 5.08 - 4.72 (m, 2H, -CH2-OH),
4.60 - 4.30 (m, 2H, N+-CH2-), 2.01 - 1.67 (m, 2H, N+-CH2-
CH2-), 1.50 - 1.01 (m, 18H,-(CH2)9-CH3), 0.95 — 0.67 (m,
3H, -CH3); 13C NMR (75 MHz, DMSO-d6) & 157.82,
145.69, 145.59, 126.77, 126.27, 58.90, 56.54, 31.45, 30.22,
29.15, 29.09, 28.98, 28.87, 28.62, 25.86, 22.25, 14.11.
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2.3.13. 2-hydroxymethyl-1-tetradecylpyridinium bromide (9c)

EA: Anal. Calcd.for C20H36NOBr: 62,17 % C; 9,39 % H;

3,62 % N; found: 62,17 % C; 10,01 % H; 4,18 % N. HRMS
(HESI+): [M]+ Calcd. for C20H36NO+ (m/z): 306.2791;
found: 306.2781. 1H NMR (500 MHz, DMSO- d6) 6 9.11 -
8.80 (m, 1H, Ar-H), 8.58 - 8.37 (m, 1H, Ar-H),
8.19 -8.10 (m, 1H, Ar-H), 8.03 -7.95 (m, 1H, Ar-H), 6.64
(t, J=5.9 Hz, 1H, -OH), 4.91 (d, ] = 5.9 Hz, 2H, -CH2-OH),
4.56 — 4.50 (m, 2H, N+-CH2-), 1.89 - 1.80 (m, 2H, N+-CH2-
CH2-), 1.37 - 1.18 (m, 22H,-(CH2)11-CH3), 0.83 (t, J = 6.7
Hz, 3H, -CH3); 13C NMR (126 MHz, DMSO-d6) 6 157.85,
145.70, 145.56, 126.83, 126.25, 58.87, 56.54, 31.45, 30.26,
29.23,29.21,29.18, 29.11, 29.00, 28.87, 28.65, 25.87, 22.25,
14.11.

2.3.14. 1-hexadecyl-2-hydroxymethylpyridinium bromide (10c)

EA: Anal. Calcd.for C22H40NOBr: 63,75 % C; 9,73 % H;
3,38 % N; found: 64,22 % C; 9,79 % H; 3,62 % N. HRMS
(HESI+): [M]+ Calcd. for C22H40NO+ (m/z): 334.3104;
found: 334.3101. 1H NMR (500 MHz, DMSO- d6) & 9.07 -
8.95 (m, 1H, Ar-H), 8.57 - 8.32 (m, 1H, Ar-H),

8.19 - 8.10 (m, 1H, Ar-H), 8.03 - 7.84 (m, 1H, Ar-H),
6.55 (t, ] =5.8 Hz, 1H, -OH), 4.92 (d, J = 5.8 Hz, 2H, -CH2-
OH), 4.54 — 4.48 (m, 2H, N+-CH2-), 1.88 - 1.80 (m, 2H, N+-
CH2-CH2-), 1.37 - 1.16 (m, 26H,-(CH2)13-CH3), 0.84 (t,
J = 6.6 Hz, 3H, -CH3); 13C NMR (126 MHz, DMSO-d6) 6
157.80, 145.69, 145.59, 126.77, 126.27, 5891, 56.55,
31.45,30.23,29.21,29.17, 29.11, 29.00, 28.86, 28.64, 25.87,
22.25, 14.12.

2.3.15. 2-hydroxymethyl-1-octadecylpyridinium bromide(11c)

EA: Anal. Calcd.for C24H44NOBr: 65,14 % C; 10,02 %
H; 3,17 % N; found: 64,94 % C; 10,34 % H; 3,53 % N. HRMS
(HESI+): [M]+ Calcd. for C24H44NO+ (m/z): 362.3417;
found: 362.3412. 1H NMR (500 MHz, DMSO- d6) 6 9.04 -
8.95 (m, 1H, Ar-H), 8.63 - 8.52 (m, 1H, Ar-H),
8.18 (d, J = 8.2 Hz, 1H, Ar-H), 8.08 - 7.98 (m, 1H, Ar-H),
6.34 - 6.17 (m, 1H, -OH), 5.01 - 4.84 (m, 2H, -CH2-OH),
4.56 - 4.41 (m, 2H, N+-CH2-), 1.91 - 1.77 (m, 2H, N+-CH2-
CH2-), 1.27 - 1.17 (m, 30H,-(CH2)15-CH3), 0.84 (t, ] = 6.6
Hz, 3H, -CH3); 13C NMR (75 MHz, DMSO-d6) & 157.62,
145.69, 145.59, 126.65, 126.33, 59.00, 56.57, 31.45, 30.18,
29.20, 29.10, 28.99, 28.86, 28.62, 25.86, 22.25, 14.12.

2.4. Evaluation of Antibacterial Activity

The antibacterial activities of the prepared compounds
were determined by the microdilution broth method accord-
ing to the previously published protocol [34]. Part of the panel
of bacterial strains used for the activity testing was obtained
from Czech Collection of Microorganisms (CCM, Brno,
Czech Republic) and American Type Culture Collec- tion
(ATCC). The remaining bacteria used in the study (i.e.
Staphylococcus aureus H 5996/08, Staphylococcus epider-
midis H 6966/08, Enterococcus sp. J 14365/08, Klebsiella
pneumoniae D 11750/08) were clinical isolates (Department
of Biological and Medical Sciences, Faculty of Pharmacy in
Hradec Kralove, Charles University in Prague, Czech Re-
public). Prior to biological testing, the strains suspended in
0.85% saline were cultivated on Mueller-Hinton agar (Difco,
Benton Dickinson, Detroit, MI) at 35°C. The bacterial popu-
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lations were controlled densitometrically to reach 1.5 x 108
viable Colony Forming Units (CFU) per 1 mL.

The compounds were dissolved in DMSO and added into

wells of a testing plate with Mueller-Hinton liquid broth
(Difco, Benton Dickinson, Detroit, MI), buffered to pH 7.0. A
geometrical series of the compounds’ concentrations was used
to quantify the biological activities: 0.49, 0.98, 2, 3.90,
7.8, 16, 31, 63, 125, 250 and 500 pmol/L. The MICs, defined
as 95% inhibition of bacterial growth, were determined
visually after 24 h and 48 h. Growth of PA was determined
after 72 h and 120 h. Similarly, the MBCs were determined as
the concentration of compound causing a decrease in the
number of bacterial colonies by > 99.9%.

2.5. Evaluation of Antifungal Activity

For assay of the antifungal activity of the studied

compounds, eight clinical samples of fungi or yeast were
utilized: Candida albicans ATCC 44859, Candida krusei E28,
Candida tropicalis 156, Candida glabrata 20/1, Trichosporon
asahii 1188, Aspergillus fumigatus 231, Ab- sidia corymbifera
272 and Trichophyton mentagrophytes 445 (Department of
Biological and Medical Sciences, Faculty of Pharmacy in
Hradec Kralove, Charles University in Prague, Czech
Republic). The protocol published previously was used [35,
36]. The MICs and MFCs were determined by a modified
standard M27-A2 (CSLI) using RPMI 1640 me- dium,
buffered to pH 7.0 with 0.165M 2-morpholino- propane-
sulfonic acid, and two-fold serial dilutions (500 —
0.49 umol/L) of the prepared compounds. DMSO was used as
a solvent for the tested compounds, and its final concen-
tration in inoculated samples did not exceed 2% (v/v). After
24 h and 48 h (72 h and 120 h for TM) of incubation at 35°C,
the growth of microbial colonies was visually as well as
spectrophotometrically examined.

2.6. Cell Viability Assessment

Standard MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide, Sigma Aldrich) was used

Marek et al.

according to the manufacturer’s protocol on the CHO-K1
(Chinese hamster ovary, ECACC, Salisbury, UK) in order to
compare the cytotoxic effect of the studied compounds. The
cells were cultured according to ECACC recommended con-
ditions and seeded at a density of 8 000 per well. Briefly, the
tested compounds were dissolved in DMSO and subse-
quently in the growth medium (F-12) supplemented with 10%
FBS and 1% penicillin/streptomycin so that the final
concentration of DMSO did not exceed 0.5% (v/v). Cells were
exposed to the tested compounds for 24 h. The medium was
then replaced by a medium containing 10 uM of MTT and the
cells were allowed to produce formazan for ap- proximately
another 3 h under surveillance. Thereafter the medium with
MTT was removed and crystals of formazan were dissolved in
DMSO  (100ul). Cell viability was as- sessed
spectrophotometrically by the amount of formazan produced.
Absorbance was measured at 570 nm with 650 nm reference
wavelength on Synergy HT (BioTek, USA). ICso was then
calculated from the control-subtracted triplicates using non-
linear regression (four parameters) of GraphPad Prism 5
software. Final ICso and SEM value were obtained as a mean
of three independent measurements.

2.7. Conductivity Measurements

Conductivity measurements of aqueous solutions of pre-
pared surfactants were carried out in triplicate on a Tristar
Orion conductivity meter with conductivity cell 013005MD
(Thermo Scientific, USA). The apparatus was controlled by
software Navigator 21, using continuous data collection. The
solutions were temperature-controlled at 45+0,1°C. Aqueous
stock solutions of surfactants were made up to 0,2500 mol L!
for Cio homologues, 0,1500 mol L' for Ci, homologues,
0,0200 mol L! for C14 homologues and 0,0150 mol L™ for Cjs
and C;s homologues. For the determination of CMC, the
aqueous stock solutions of surfactants were further diluted.
The linear pump Lineomat (VEB MLW Labortech- nik
Ilmenau, Germany) was used with a flow rate of
0.2 ml/min. An AREX stirrer (VELP Scientifica Srl, Italy) was
used for continuous agitation, and conductivity was recorded

3-hydroxymethyl-1-dodecylpyridinium-bromide (8b)

3000
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Graph 1. Determination of CMC-specific conductivity versus concentration plot of compound 8b.
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Fig. (1). Preparation of 4-hydroxymethylpyridinium salts (7a-11a).
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Fig. (2). Preparation of 3-hydroxymethylpyridinium salts (7b-11b).
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Fig. (3). Preparation of 2-hydroxymethylpyridinium salts (7¢-11c).

every 3 seconds. The data was copied to MS Excel. The
transformation of time axis to concentration axis was per-
formed according to the parameters defining the measure-
ment (starting volume of liquid in the titration vessel, the
concentration of the surfactant solution in the syringe, solu-
tion feed rate). The curve (Graph 1) was divided into three
parts, upper and lower linear parts and transition portion. It
was obtained from 50-100 pairs of experimental concentra-
tion-conductivity data. The equation of the line and the
coefficient of determination were calculated for both linear
parts. The intersection of both axes was determined as the
value of CMC (Graph 1).

3. RESULTS AND DISCUSSIONS

3.1. Synthesis

The three series of compounds (7a-11a, 7b-11b and 7c-
11c¢) were synthesized by nucleophilic substitution reaction as
shown in Figs. (1, 2 and 3). The appropriate nitrogen con-
taining substrates (1a, 1b, 1c¢) react with the appropriatel-
bromoalkane (2-6) in ethanol at reflux temperature. The
compounds were obtained as yellow solids by a multi- solvent
recrystallization from methanol:ethyl acetate (1:10). The
process of recrystallization was repeated several times to
obtain the required purity. All products were characterized by
'H NMR, 3C NMR, High Resolution Mass Spectrometry
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points, calculated log P (Clog P), and logarithms of capacity
factors k (see section on chromatographic analysis) are
summarized in Table 1. It is evident that yields for the a and
b series are a little bit different as would be expected, and the
lower yields of 9a and 10a were probably due to repeated

purification. The lower yields of set ¢ compared to those of
sets a and b are due to steric hindrance by the 2-substituted
hydroxymethyl group. The melting points increase slightly

with elongation of alkyl side chain. The steric hindrance ef-
fect of the different substituent positions on the pyridine ring

is obvious for the ¢ series only.

3.2. Chromatographic Analysis

The mechanism of antibacterial action of QAS is very
likely related to the interaction of the compounds

with the bacterial cell membranes. Generally, the biological
effect of

QAS is elicited via corrupting the dynamic state of the phos-
pholipidic bilayer, which finally leads to membrane leakages
and bacterial cytolysis. From a physico-chemical point of

view, the impact of QAS on bacterial membranes may be
philosophically split into electronic, steric and hydrophobic
contributions. Of these three interacting components, we have
focused in the present work particularly on the role of the
lipophilic effect in evoking the antibacterial activity. Ac-

cordingly, the lipophilicity Clog P of the compounds under
study was estimated using the program MarvinSketch
15.12.7.0, and compared to the experimental log k values
determined by high performance Liquid Chromatography
with Ultraviolet detection (LC-UV) [20]. We were aiming for
increased accuracy especially to differentiate the contri-
bution to the lipophilicity due to the alternative attachment

(HRMS) and Elemental Analysis (EA). Yields, melting



positions of the hydroxymethylene group on the pyridinium
scaffold. The log & values and the correlation with Clog P
are given in Table 1 and Fig. (4), respectively. The log &
values were calculated from retention times and expressed as
arithmetic means of 6 measurements.

From Table 1 it is obvious that changing the position of
the hydroxymethyl function on the N-alkylpyridinium scaf-
fold caused only subtle changes in log k. Although the corre-
lation between log &k and Clog P is high when it is evaluated
for the three separate compound series (R’= 0.9937, 0.9954,
0.9904), from the overall correlation (R’ = 0.9761) it seems
that the Clog P algorithm employed in this study somewhat
underestimates the lipophilicity contribution of the 2-
hydroxymethyl variant (Fig. 1). According to the chroma-
tographic analysis, the average contribution of the hy-
droxymethyl group in different positions to log & is basically
the same (Fig. 5).

3.3. Antibacterial Activity

The in vitro antibacterial activity of the three sets of 2-,
3- and 4-hydroxymethyl substituted pyridinium salts was
assayed for the following eight bacterial strains: Staphylo-
coccus aureus CCM 4516/08 (SA), Methicillin-resistant
Staphylococcus aureus H 5996/08 (MRSA), Staphylococcus
epidermidis H 6966/08 (SE), Enterococcus sp. J 14365/08
(ES), Escherichia coli CCM4517 (EC), Klebsiella pneumo-
niae D 11750/08 (KP), extended spectrum beta lactamase-
producing Klebsiella pneumoniae J 14368/08 (KP-E), and
Pseudomonas aeruginosa CCM 1961 (PA). Compounds
10a,
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Table 1.  Yields, melting points, Clog P, and log k of prepared hydroxymethylpyridinium salts (7a—11a, 7b-11b, 7c-11c).

Compound Alkyl Chain Yield (%) m.p. (°C) Clog P* log k°
7a CioHay 64 66-68 0.04 -0.66+0.018
8a CioHos 43 76-78 0.93 -0.34+0.000
9a CisHao 22 86-88 1.81 0.19+0.001
10a CiHs;s 30 87-89 2.70 0.61+0.001
11a C3Hs, 72 90-92 3.59 0.95+0.001
7b CioHy 83 52-54 0.04 -0.66+0.012
8b C,Ha;s 83 62-64 0.93 -0.36+0.004
9b CisHao 82 69-71 1.81 0.12+0.003

10b CiHss 54 74-76 2.70 0.51+0.002
11b CisHsy 62 78-80 3.59 0.95+0.002
Te CioHy 14 83-85 -0.35 -0.66+0.012
8c CiHps 8 86-88 0.54 -0.36+0.004
9¢ CisHy 18 97-99 1.43 0.03+0.002
10c Ci¢Hs; 12 101-103 232 0.55+0.001
11c CisHsy 10 102-104 321 1.00+0.002

*Clog P was calculated in MarvinSketch 15.12.7.0 (ChemAxon Ltd., 1998-2015) according to the method of Viswanadhan et al. [37].
"The mean values of log k and standard sample deviations were calculated from 6 measurements of the compounds’ retention times.
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Fig. (4). Relationships between Clog P and log & for N-alkyl 4-hydroxymethylpyridium (blue squares), 3-hydroxymethylpyridinium (red
squares), and 2-hydroxymethylpyridinium (green squares) salts. Overall correlation for the all tested compounds is depicted by an orange dashed
line in the right bottom sub-plot. (The color version of the figure is available in the electronic copy of the article).
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Fig. (5). Comparison of log & values for three series of N-alkylpyridinium salts substituted with 4-, 3-, and 2-hydroxymethyl groups (7a, 7b,
7c-11a, 11b, 11c). The log & values were determined experimentally by an isocratic high performance liquid chromatography method.

11a and 11c were not evaluated due to their low solubility in
the assay medium. Listed in Tables 2, 3 and 4 are the ob-
tained minimum inhibitory concentrations (MICs) after 24h
and 48h of incubation. For comparison, the MICs of standard
N-benzalkonium (B2-Bis) were added [20]. The synthesis and
the antimicrobial activity have already been published

Table 2.

elsewhere for standard pyridinium salts without the substitu-
ents [20, 38].

From the newly-synthesized compounds in series a, only
8a showed stronger antibacterial efficacy against gram-
positive cocci (SA, MRSA, SE), but weak efficacy against
gram-negative bacteria (EC, KP, KP-E, PA) was observed.

Minimum inhibitory concentrations of the prepared compounds (7a-11a) and selected derivatives of N-benzalkonium (B1.-

Bi6). The in vitro activities were determined on a panel of eight bacterial strains.

MIC (umol/L); 24 h / 48 h Incubation
Microorganisms
7a 8a 9a 10a 11a B B Bi§

Staphylococcus aureus 7.81/ 1.95/ 781/781 0.49/ 0.98/ 0.98/
CCM 451608 (SA) 15.62 39 ’ ’ 1.95 0.98 0.98
Staphylococcus aureus 1.95/ 0.49/ 1.95/ 1.95/
H 599608 (MRSA) 781/31.25 3.9 7817781 B B 0.49 1.95 1.95
Staphylococcus epidermidis 7.81/ 0.49/ 0.98/ 0.49/
H 696608 (SE) 15.62 39/1562 | 781/781 B B 0.49 0.98 0.49
Enterococcus sp. 62.5/ 0.49/ 1.95/ 1.95/
11436508 (ES) 15.62/62.5 250 7817781 B B 0.98 1.95 1.95
Escherichia coli 31.25/ 125/ 31.25/ 0.49/ 7.81/ 7.81/
CCM 4517 (EC) 62.5 500 31.25 - - 1.95 7.81 7.81
Klebsiella pneumoniae 125/ 31.25/ 62.5/ _ _ 0.49/ 7.81/ 7.81/
D 1175008 (KP) 125 250 125 0.49 7.81 7.81
Klebsiella pneumoniae 125/ 31.25/ 125/ _ _ 0.98/ 7.81/ 7.81/
J 1436808 (KP-E)) 125 125 125 0.98 7.81 7.81
Pseudomonas aeruginosa 62.5/ 250/ 500/ _ _ 391/ 15.62/ 15.62
CCM 1961(PA) ¢ 125 250 500 391 31.25 31.25

"Bi2, B, Bjgmean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium
bromide, respectively. The preparation and antimicrobial efficacy of By, ;s have been published elsewhere [20].
“The antibacterial activities against Pseudomonas aeruginosa CCM 1961 were determined after 72 h and 120 h of incubation.

-not evaluated; the compounds were insoluble in the assay medium.
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Table 3. Minimum inhibitory concentrations of the prepared compounds (7b-11b) and selected derivatives of N-benzalkonium (Bi,-
Bi6). The in vitro activities were determined on a panel of eight bacterial strains.

MIC (nmol/L); 24 h / 48 h incubation
Microorganisms
7b 8b 9b 10b 11b B: B Bi§
Staphylococcus aureus 125/ 0.49/ 0.98/ 0.49/ 0.49/ 0.49/ 0.98/ 0.98/
CCM 451608 (SA) 250 1.95 1.95 0.49 0.98 1.95 0.98 0.98
Staphylococcus aureus 250/ 0.98/ 0.98/ 0.49/ 1.95/ 1.95/
31.25/31.25 7.81/7.81
H 599608 (MRSA) 250 0.98 0.98 0.49 1.95 1.95
Staphylococcus epidermidis 250/ 15.62/ 62.5 3.9/ 1.95/ 1.95/ 0.49/ 0.98/ 0.49/
H 696608 (SE) 250 ' ' 15.62 1.95 1.95 0.49 0.98 0.49
Enterococcussp. 250/ 15.62/ 15.62 3.9/ 0.98/ 3.9/ 0.49/ 1.95/ 1.95/
11436508 (ES) 250 ' ' 7.81 0.98 15.62 0.98 1.95 1.95
Escherichia coli 250/ 31.05/31.25 15.62/ 15.62 3.9/ 62.5/ 0.49/ 7.81/ 7.81/
CCM 4517 (EC) 500 39 62.5 1.95 7.81 7.81
Klebsiella pneumoniae 125/ 31.25/ 62.5/ 0.49/ 7.81/ 7.81/
>500/ >500 .81/7.81
D 1175008 (KP) / 125 31.25 7817 62.5 0.49 7.81 7.81
Klebsiella pneumoniae 125/ 31.25/ 62.5/ 0.98/ 7.81/ 7.81/
>500/ >500 .81/7.81

11436808 (KP-E)) / 125 31.25 7817 125 0.98 7.81 7.81
Pseudomonas aeruginosa 500/ >500 500/ 125/ 62.5/ 31.25/ 391/ 15.62/ 15.62
CCM 1961(PA) © 500 125 125 62.5 391 31.25 31.25

"Bi2, B, Bjgmean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium
bromide, respectively. The preparation and antimicrobial efficacy of By, ;s have been published elsewhere [20].
“The antibacterial activities against Pseudomonas aeruginosa CCM 1961 were determined after 72 h and 120 h of incubation.

Table4. Minimum inhibitory concentrations of the prepared compounds (7c-11¢) and selected derivatives of N-benzalkonium (Bi,-
Bi6). The in vitro activities were determined on a panel of eight bacterial strains.

MIC (pmol/L); 24 h / 48 h Incubation
Microorganisms

Tc 8¢ 9c 10c 11c B B B
Staphylococcus aureus 125/ 3.9/ 0.98/ 1.95/ 0.49/ 0.98/ 0.98/
CCM 451608 (SA) 125 3.9 0.98 1.95 1.95 0.98 0.98
Staphylococcus aureus 125/ 7.81/ 3.9/ 3.9/ 0.49/ 1.95/ 1.95/
H 599608 (MRSA) 125 7.81 3.9 15.62 0.49 1.95 1.95
Staphylococcus epidermidis 125/ 7.81/ 15.62/ 3.9/ _ 0.49/ 0.98/ 0.49/
H 696608 (SE) 125 15.62 62.5 15.62 0.49 0.98 0.49
Enterococcussp. 125/ 15.62/ 3.9/ 15.62/ _ 0.49/ 1.95/ 1.95/
11436508 (ES) 125 15.62 7.81 31.25 0.98 1.95 1.95
Escherichia coli 125/ 15.62/ 7.81/ 15.62/ _ 0.49/ 7.81/ 7.81/
CCM 4517 (EC) 125 15.62 7.81 31.25 1.95 7.81 7.81
Klebsiella pneumoniae >500/ 62.5/ 15.62/ 31.25/ _ 0.49/ 7.81/ 7.81/
D 1175008 (KP) >500 62.5 15.62 31.25 0.49 7.81 7.81
Klebsiella pneumoniae >500/ 31.25/ 15.62/ 31.25/ 0.98/ 7.81/ 7.81/
11436808 (KP-E)) >500 31.25 62.5 62.5 0.98 7.81 7.81
Pseudomonas aeruginosa >500/ 125/ 125/ >125/ 391/ 15.62/ 15.62
CCM 1961(PA) © >500 125 500 >125 391 31.25 31.25

"By, B, Bjgmean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium
bromide, respectively. The preparation and antimicrobial efficacy of By, ;s have been published elsewhere [20].

‘The antibacterial activities against Pseudomonas aeruginosa CCM 1961 were determined after 72 h and 120 h of incubation.

-not evaluated; the compounds were insoluble in the assay medium.
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Table 5. Minimum inhibitory concentrations of the prepared compounds (7a-11a) and selected derivatives of N-benzalkonium (B-
Bi6). The in vitro activities were determined on a panel of eight bacterial strains.
MIC (nmol/L); 24 h / 48 h incubation
Microorganisms
7a 8a 9a 10a 11a B B B
Candida albicans 31.25/ 31.25/ 15.62/ B B 0.49/ 7.81/ 391/
ATCC 44859 (CA) 31.25 62.5 15.62 0.49 7.81 7.81
Candida tropicalis 7.81/ 7.81/ 3.9/ _ _ 0.49/ 391/ 391/
156 (CT) 15.62 15.62 15.62 0.49 391 7.81
Candida krusei 7.81/ 7.81/ 3.9/ 0.49/ 3.91/ 1.95/
E28 (CK) 15.62 31.25 3.9 0.49 391 1.95
Candida glabrata 15.62/ 7.81/ 3.9/ 0.49/ 7.81/ 1.95/
20/1(CG) 31.25 15.62 7.81 0.49 7.81 391
Trichosporon asahii 62.5/ 0.49/ 31.25/ 7.81/
31.25/62.5 31.25/62.5 - -

1188 (TA) / / 62.5 1.95 31.25 7.81
Aspergillus fumigatus 125/ 125/ 31.25/ 0.98/ 7.81/ 7.81/
231 (AF) 250 250 62.5 391 15.62 7.81
Absidia corymbifera 125/ 62.5/ 62.5/ 7.81/ 31.25/ 7.81/
272 (AC) 250 125 62.5 7.81 31.25 7.81
Trichophyton mentagrophytes 62.5/ 3125/ 62.5 7.81/ 0.98/ 15.62/ 7.81/
445 (TM) 62.5 ' ' 15.62 0.98 15.62 7.81

Bi2, B, Bjgmean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-
hexadecylammonium bromide, respectively. The preparation and antimicrobial efficacy of B,,shas been published elsewhere[20].
“The antifungal activities against Trichophyton mentagrophytes 445 were determined after 72 h and 120 h of incubation.

-not evaluated; the compounds were insoluble in the assay medium.

In contrast, the other homologues of the a line showed only a
weak activity against gram-positive bacteria and negligible
activity against gram-negative. The a homologues Cc (10a)
and C;s (11a) were not measured, because they were insolu-
ble in media. Interestingly, the second series b with the hy-
droxymethyl substitution in position 3 on the pyridine ring is
much more potent, as shown in Table 3. While compound 8b
possesses a strong activity only against SA, the longer homo-
logue 9b covers also the SE and ES strains. Even better effi-
ciency has been obtained for 10b. Its values of MICs are at
least comparable with that of the benzalkonium salts (B2, B4,
Bis). Of interest is also the activity of 11b against gram-
positive bacteria. In recent papers the efficacy of compounds
with an alkyl Cis is quite rare [17]. Moreover these com-
pounds are usually insoluble in hydrophilic media. The last
series, compound 9c is highlighted with the other Ci4 ana-
logues; however the ¢ series is rather comparable with the a
series when comes to overall efficacy. Again, the gram-
negative bacteria were not very sensitive.

In general, the differences in antibacterial activities among
the homologues with the different positions of the
hydroxymethyl group on the pyridine ring are not very sig-
nificant for any of the three sets. However, extraordinary
efficiency was observed for compound 10b in comparison to
the homologues with the same length of alkyl side-chain and
also to standard benzalkonium analogues. Figs. (6 and 7) show
the effect of substituent position and the effect of alkyl side-
chain length. There is no significant effect of the hy-
droxmethyl group position on the pyridinium ring, but the

difference in the sensitivity of G+ and G- bacterial strains is
apparent. All compounds are more effective against G+ bac-
teria. The alkyl chain length (number of carbon atoms) influ-
ences the efficacy more significantly as shown in Fig. (7).
Several compounds with longer alkyl chains (10a, 11a, 11b)
were not evaluated, because they were insoluble in the assay
medium.

3.4. Antifungal Activity

A set of eight microorganisms (yeasts: i.e. Candida albi-
cans ATCC 44859 (CA), Candida tropicalis 156 (CT), Can-
dida krusei E28 (CK), Candida glabrata 20/1 (CG); filamen-
tous fungi: Trichosporon asahii 1188 (TA), Aspergillus fu-
migatus 231 (AF), Absidia corymbifera 272 (AC) and
Trichophyton mentagrophytes 445 (TM) was used to evalu-
ate the antifungal activity of the prepared compounds 7a-11a,
7b-11b and 7c-11¢ (Tables 5-8). As mentioned above, com-
pounds insoluble in the assay medium were not evaluated
(10a, 11a and 11c¢). In the a series, low efficacy in general was
observed. Interestingly, similarly to bacteria, 7a showed the
best potency among all Cio homologues. The b series is more
effective. Whereas the C;, homologue (8b) has a weak
antifungal effect against all strains except CK and CG, the
efficacy of the other homologues increases with the alkyl
chain length. As well as bacteria, also the fungi are more
sensitive to homologues 10b and 11b. Again, the MICs of 10b
are comparable to or better than the values for the same
benzalkonium homologue (Bis). Surprisingly, the most ver-
satile, covering the broad spectrum of fungi was compound11b



838 Letters in Drug Design & Discovery, 2018, Vol. 15, No. 8

Marek et al.

Table 6. Minimum inhibitory concentrations of the prepared compounds (7b-11b) and selected derivatives of N-benzalkonium (Bi,-
Bi6). The in vitro activities were determined on a panel of eight bacterial strains.
MIC (nmol/L); 24 h / 48 h incubation
Microorganisms
7b 8b 9b 10b 11b B} B B¢
Candida albicans 500/ 125/ 31.25/ 3.9/ 3.9/ 0.49/ 7.81/ 391/
ATCC 44859 (CA) 500 125 31.25 7.81 3.9 0.49 7.81 7.81
Candida tropicalis 62.5/ 7.81/ 3.9/ 0.49/ 391/ 391/
3.9/15.62 1.95/7.81
156 (CT) 500 7.81 3.9 0.49 391 7.81
Candida krusei 15.62/ 1.95/ 3.9/ 0.98/ 3.9/ 0.49/ 391/ 1.95/
E28 (CK) 125 3.9 7.81 3.9 3.9 0.49 391 1.95
Candida glabrata 31.25/ 1.95/ 3.9/ 0.98/ 3.9/ 0.49/ 7.81/ 1.95/
20/1(CG) 125 3.9 3.9 1.95 3.9 0.49 7.81 391
Trichosporon asahii >500/ 500/ 31.25/62.5 7.81/ 3.9/ 0.49/ 31.25/ 7.81/
1188 (TA) >500 500 ' ' 15.62 3.9 1.95 31.25 7.81
Aspergillus fumigatus >500/ 250/ 31.25/ 781/31.25 3.9/ 0.98/ 7.81/ 7.81/
231 (AF) >500 500 31.25 ' ’ 3.9 391 15.62 7.81
Absidia corymbifera >500/ >500/ 125/ 15.62/31.25 3.9/ 7.81/ 31.25/ 7.81/
272 (AC) >500 >500 125 ' ’ 3.9 7.81 31.25 7.81
Trichophyton mentagrophytes >500/ 500/ 3.9/ 0.98/ 15.62/ 7.81/
31.25/62.5 3.9/15.62

445 (TM) >500 500 / o 3.9 0.98 15.62 7.81

"Bi2, B, Bjgmean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium
bromide, respectively. The preparation and antimicrobial efficacy of B, ;s has been published elsewhere [20].
“The antifungal activities against Trichophyton mentagrophytes 445 were determined after 72 h and 120 h of incubation.

Table 7. Minimum inhibitory concentrations of the prepared compounds (7c-11¢) and selected derivatives of N-benzalkonium (Bi,-
Bi6). The in vitro activities were determined on a panel of eight bacterial strains.
MIC (umol/L); 24 h / 48 h incubation
Microorganisms
7c 8c 9c 10c 11c B B B¢

Candida albicans 500/ 15.62/ 7.81/ 7.81/ 0.49/ 7.81/ 391/
ATCC 44859 (CA) 500 15.62 7.81 7.81 0.49 7.81 7.81
Candida tropicalis 250/ 15.62/ 3.9/ 7.81/ 0.49/ 391/ 391/
156 (CT) 500 15.62 3.9 7.81 0.49 391 7.81
Candida krusei 62.5/ 15.62/ 1.95/ 3.9/ 0.49/ 391/ 1.95/
E28 (CK) 250 15.62 3.9 3.9 0.49 391 1.95
Candida glabrata 125/ 7.81/ 1.95/ 3.9/ 0.49/ 7.81/ 1.95/
20/1 (CG) 125 15.62 3.9 3.9 0.49 7.81 391
Trichosporon asahii >125/ 62.5/ 15.62/ 15.62/ 0.49/ 31.25/ 7.81/
1188 (TA) >125 125 62.5 15.62 1.95 31.25 7.81
Aspergillus fumigatus >125/ 125/ 31.25/ 15.62/ _ 0.98/ 7.81/ 7.81/
231 (AF) >125 >125 31.25 15.62 391 15.62 7.81
Absidia corymbifera >125/ >125/ 62.5/ 31.25/ _ 7.81/ 31.25/ 7.81/
272 (AC) >125 >125 62.5 31.25 7.81 31.25 7.81
Trichophyton mentagrophytes >125/ 31.25/ 62.5/ 15.62/ _ 0.98/ 15.62/ 7.81/
445 (TM) >125 31.25 62.5 15.62 0.98 15.62 7.81

‘B2, By, Bismean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hexadecylammonium
bromide, respectively. The preparation and antimicrobial efficacy of B, ;s has been published elsewhere [20].

“The antifungal activities against Trichophyton mentagrophytes 445 were determined after 72 h and 120 h of incubation.
-not evaluated; the compounds were insoluble in the assay medium.
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hydroxymethyl group on the pyridine ring. Efficacy is shown against microorganisms (gram-positive (G+) and gram-negative (G-) bacteria,
yeasts and filamentous fungi). The values were obtained as the average MIC for the compound within the data series. Notably, the data for 10a,
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Fig. (7). Variation of log MIC (minimum inhibitory concentration for hydroxymethylpyridinium surfactants. Effect is shown of the number of
carbon atoms in the long side chain (n) on the efficacy against microorganisms (gram-positive (G+) and gram-negative (G-) bacteria, yeasts and
filamentous fungi). The values were obtained as the average MIC for the compound within the data series. Notably, the data for 10a, 11a and

11c were not considered due to low solubility of the compounds.

(Cig alkyl). As shown in Table 7, the MIC values of the b
series are also better in comparison with those of the ben-
zalkonium salts, except for Bj,. The compounds 7e-11c¢ (¢
series) are similar to their antibacterial potencies, and hence
there seems to be no groundbreaking effect.

It is evident that some of the novel compounds are en-
dowed with significant activity against several microbial
strains of fungi. The dependence of the length of alkyl side-
chain as well as the position of the hydroxymethyl substitu-
ent is considerable. The antifungal activity increases with the
longer alkyl chain, which is not usual for the homologues Cis.
Notably, compound 10b was the only compound whose
potency exceeded that of its benzalkonium analogue. Figs. (6
and 7) show the effect of substituent position and the effect of
alkyl side-chain length. We cannot observe a significant effect
of the hydroxmethyl group position on the pyridinium ring,
but the difference in the sensitivity of yeasts and fila- mentous
fungi is apparent. All compounds are more effective against
yeasts, except compound 11b, which is effective

against both groups. The alkyl chain length (number of car-
bon atoms) influences the efficacy more significantly as
shown in Fig. (7). All strains are most sensitive to compound
11b. Several compounds with longer alkyl chains (10a, 11a,
11c¢) were not evaluated, because they were insoluble in as-
say media.

3.5. Cytotoxicity

Cell viability assay confirmed an expected dependence
that increasing length of alkyl side-chain results in higher
cytotoxicity due to the higher lipophilicity of the com- pounds,
which facilitates penetration into the cell (Table 9). Except for
the Cg homologues, the cytotoxic effect of the hydroxymethyl
substituent on the pyridine ring seems to be insignificant as
well as its position in the ring. The cytotoxic effect of the
benzalkonium and pyridinium salts without any substituent
has been published elsewhere [20]. Notably, the selectivity of
the most effective QAS towards microbial cells compared
with the mammalian CHO-K1 cell line is obvious.
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18

Average

Table 8. Cytotoxic potential of the prepared compounds (7a-11a, 7b-11b, 7c-11c¢) and selected derivatives of NV-benzalkonium (B-
Bi6). The in vitro activities are expressed as ICso (nmol/L) =+ SEM (n=3).
ICs, (nmol/L); 24 h Incubation + SEM
Cell Line
7a 8a 9a 10a 11a 7b 8b 9b 10b 11b Te 8c 9c 10¢ 11c

CHO-K1 11143 4942 30+2 - - 304 £3 36+2 20+2 2042 12+£2 240+15 50+2 2342 20+1 18+2
-insoluble in the assay medium.
On contrary to antimicrobial efficacy, the cytotoxic effect tend

Y Y Y Table 9. CMC/log(cmc) of prepared series of surfactants.

to still increase with increasing chain length. Antimi- crobial
efficacy of QASs has the maximum between C12 and C16
linker [38, 39]. For Gram-positive bacteria and yeast, the
activity maximizes with chain lengths of 12-14, whilst for
Gram-negative bacteria, optimal activity is achieved with a
chain length of 14-16. Compounds with n-alkyl chain lengths
of <4 or > 18 are considered to be inactive [39] (Fig. 8). Our
results confirm such finding only partially, as the data for
longer chains are missing due to low solubility, however, the
similar trend of reported efficacy can be expected for longer
chains.

3.6. Critical Micelle Concentration-conductivity Meas-
urements

The Critical Micellar Concentrations (CMC) were meas-
ured by a conductometric method. The temperature of meas-
urement, chosen according to the Krafft temperature of the
highest member of homologous series, was set at 45 °C (al-
kyl chain C18). The influence of the temperature on the CMC
values has been measured previously [40], and it was not
recognized as a decisive parameter in this case.

The values of CMC for all prepared compounds are
summarized in Table 9. Values for several 4-hydroxy-
methylpyridinium homologues have been published before,
and these were almost identical to those obtained in this study
[32]. In Graph 1 the principle of determination of CMC is
shown. The increase in concentration of cationic salt in the
water results in an increase in the solution conductivity

Series CMC (mol/L)/log cme
7a 0,05139/-1,28915
OH
N Br 8a 0,00945/-2,02448
| NI 9a 0,00287/-2,54257
n
7a-11a 10a 0,00107/-2,96966
11a 0,00056/-3,26194
7b 0,04978/-1,30291
OH
8b 0,01523/-1,81744
N Br
| N 9b 0,00295/-2,53037
! 10b 0,00099/-3,00649
Th-11b
11b 0,00055/-3,26194
7e 0,05233/-1,28122
OH 8¢ 0,00707/-2,15032
% Br
| N 9 0,00337/-2,47210
n
Tedtc 10c 0,00104/-2,98122
11c 0,00047/-3,33243
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along a linear path (part 1). Part 2 is the section where the
curve bends and where the CMC is determined. The curve then
assumes linear progression again after exceeding the CMC
(part 3). It is evident that the influence of the position of the
hydroxymethyl group is negligible. On the other hand, we
have proven the well-known correlation between alkyl chain
length and CMC, and we have quantified it for the series of
pyridinium QAS with the different positions of hy-
droxymethyl moiety. Graphs 2, 3 and 4 show confirmation of
the Traube rule, which declares that elongation of an alkyl
chain leads to decreased CMC value [41]. Notably to say, the
values of CMC are not important for the determination of
antimicrobial activities (MIC), The forming of the micelles is
not demanded for the antimicrobial effect, as the mono- mers
of this compounds are responsible for the negative in-

Letters in Drug Design & Discovery, 2018, Vol. 15, No. 8 841

fluence to the bacterial and fungal cells, through its incorpo-
ration to the cell membrane [33]. From the Table 9, it is ob-
vious that the MIC are well below the CMC values for novel
surfactants.

CONCLUSION

We have designed, synthesized and characterized three
series of cationic surfactants based on 2-, 3- and 4-
hydroxymethylpyridine. The cationic surfactants differ in the
length of alkyl side-chain (Cjo, Ci2, Cis, Cis, Cig). The an-
timicrobial effect was evaluated against four groups of mi-
croorganisms (gram- positive and gram-negative bacteria,
yeasts, and filamentous fungi). The critical micelle concen-
trations (CMC) were measured by conductivity method, and
finally cytotoxicity tests were performed. We have investi-
gated the effect of the substituent position (hydroxymethyl
group) on the pyridine ring and the effect of a long alkyl chain
attached to the quaternary nitrogen. The results of the
antimicrobial testing showed that all surfactants have potent
broad spectrum antimicrobial activity, especially against
gram-positive bacteria and yeasts. The CMC values confirm
the Traube rules and confirm a potential for use as antimi-
crobial agents in a formulation. The cytotoxicity risk was
evaluated as low and towards microbes has been proved.
Therefore, design and development of novel antimicrobial
agents based on cationic surfactants provide an enlargement
of the class of disinfection agents, helping to prevent the risk
of development of resistance of nosocomial pathogens. The
surface activity and cytotoxicity knowledge are important
attributes for any potential active form of use in practice.
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Isoquinolinium salts

In the present paper, we describe the synthesis of a new group of 5-hydroxyisoquinolinium salts with
different lengths of alkyl side-chain (C10—C1s), and their chromatographic analysis and biological assay
for in vitro activity against bacterial and fungal strains. We compare the lipophilicity and efficacy of
hydroxylated isoquinolinium salts with the previously published (non-hydroxylated) isoquinolinium
salts from the point of view of antibacterial and antifungal versatility and cytotoxic safety. Compound
11 (C1s) had to be excluded from the testing due to its low solubility. Compounds 9 and 10 (C14, C16)
showed only moderate efficacy against G+ bacteria, notably with excellent potency against
Staphyloccocus aureus, but no effect against G— bacteria. In contrast, non-hydroxylated isoquinolinium
salts showed excellent antimicrobial efficacy within the whole series, particularly 14 (C14) against G+
strains and 15 (C16) against fungi. The electronic properties and desolvation energies of 5-hydroxyiso-
quinolinium and isoquinolinium salts were studied by quantum-chemistry calculations employing
B3LYP/6-311++G(d,p) method and animplicit water-solvent simulation model (SCRF). Despite the posi-
tive mesomeric effect of the hydroxyl moiety reducing the electron density of the quaternary nitrogen, it
is probably the higher lipophilicity and lower desolvation energy of isoquinolinium salts, which is
responsible for enhanced antimicrobial versatility and efficacy.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

employed experimentally as competitive inhibitors of acetyl-
cholinesterase!! and as an antagonist on nicotinic receptors.'?

The quaternary ammonium salts (QAS) belong to the group of
cationic surfactants applicable in a broad range of fields. This sub-
group of cationic surfactants, composed of a hydrophilic quater- nary
nitrogen moiety and a hydrophobic long alkyl chain, have found wide
use in industry, and a number of such compounds such as N-
alkylpyridinium and N-benzalkonium salts! have been fre- quently
used in organic chemistry as catalysts,?” in analytical chemistry,®
and in dentistry.®! In addition, QAS have even been

f Corresponding author. Tel.: +420 603 351 801; fax: +420 495 832 100.

E-mail address: ondrej.soukup@fnhk.cz (O. Soukup).

http://dx.doi.org/10.1016/j.bmc.2016.01.006
0968-0896/0 2016 Elsevier Ltd. All rights reserved.

However, QAS are compounds used mainly as disinfectants and
antiseptics.!? This group of compounds can be used in prevention of
nosocomial infections that are conditioned mainly by the impaired
immunity status of patients, absence of a strict glove-change
regime, and the use of improperly or inadequately sterilized medi-
calinstruments.!* Currently, the most problematicissue in the field
istheincidence of bacterial strains which are resistant toantimicro-
bial agents, not only to antibiotics but also to commonly used dis-
infectants. This trend is the result of long-term use of antibiotics
and disinfectants, especially in hospitals, where the bacteria are
constantly exposed to the pressure of natural selection and are able
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to develop resistance to commonly used disinfectants. From this
point of view, the use of QAS in a hospital environment represents
a good approach, because the perceived mechanism of action of bio-
logical detergents minimizes the occurrence of microbial resis-
tance.!> However, this mechanism seems to be more complex than
simple disruption of the membrane with subsequent cytoplas- mic
leakage and cell death. Interaction with intracellular proteins and
nucleic acid has been reported to be also of importance,'3 and here
a resistance mechanism resembling hyperexpression of a multi-
drug efflux pump may take place.'® Such specific interac- tions are
also in line with the fact that different compounds of the QAS
family exhibit their own antimicrobial spectrum.’6

QAS show broad bacteriostatic, tuberculostatic, sporistatic and
algistatic efficacy at very low concentrations. Higher concentra- tions
are usually required for broad bactericidal, algicidal and fungicidal
actions.!” Gram negative (G ) bacteria are less sensitive than Gram
positive (G+), probably due to failure of the compounds to penetrate
the outer-membrane and reach the cytoplasmic mem- brane.!®
Although QAS are not considered sporicidal, some sporici- dal
activity has been observed at higher concentrations and
temperatures.!” The broad spectrum of efficacy is ensured mainly by
a relatively unspecific mechanism since they serve as biological
detergents perturbing the cytoplasmic membrane. The negatively
charged outermost surface of bacterial cells is stabilized by the
presence of divalent cations such as Mg?* and Ca2*. The positive
charge of cationic detergents attaches to the cell surface by replac-
ing Ca?*, followed by the embedding of the hydrophobic alkyl chain
into the lipid bi-layer.!s Thus, positive charge is an important motif
of QAS for their microbicidal activity, and the lower the elec- tron
density the better the expected effect.

In the present paper we outline the synthesis of a new group of
QAS, 5-hydroxyisoquinolinium salts with varied length of alkyl
side-chain (C10—Cis), and their antibacterial and antifungal activi-
ties. We herein compare the antimicrobial efficacy of 5-OH-iso-
quinolinium QAS with that of isoquinolinium QAS, and also with
the standard Ci2—Ci6 alkyl homologues of N-benzalkonium QAS.
Our previous study revealed the excellent antimicrobial activity
of the 6-hydroxy substituted N-alkylquinolinium salt bearing a
Cizalkyl chain,!? surpassing that of the N-alkylquinolinium salts.20
Thus, the aim of this study is to evaluate whether introduction of a
hydroxyl moiety reduces the electron density of the quaternary
nitrogen and consequently improves the antimicrobial activity.
We also report on the safety of all the compounds by means of
cell-viability evaluation, and the basic synthetic and analytical
indicators for both the isoquinolinium and hydroxyisoquinolinium
series. The synthesis of the isoquinolinium QAS has been described
previously by the same group elsewhere.?!

2. Results and discussion
2.1. Chemistry
2.1.1. Synthesis and LC-MS analysis

As shown in Figure 1, the new group of 5-hydroxyisoquinolin-
ium salts 7-11 was prepared by reaction of 5-hydroxyisoquinoline

OH OH
CH,CN S Br

R ;
_N n ’L\,'h/Br reflux /N‘\/V‘lﬁ_
1 2-6 7-11

48 hours
n=8,10,12,14, 16

Figure 1. Preparation of 5-hydroxyisoquinolinium salts (7-11).

(1) with 1-bromoalkane (2—6) in acetonitrile (CH;CN). The reaction
mixture of 5-hydroxyisoquinoline and 1-bromoalkane wasstirred
under reflux for 48 h, and the prepared salts were obtained as
brown crystals by crystallization from acetone. The length of alkyl
chains bound to the isoquinoline scaffold ranged from Cio to Cis.
The prepared products 7-11 were characterized by 'H NMR, 13C
NMR and high-resolution mass spectrometry (HRMS) analyses.
Based on LC with UV detection (k=254 nm), the purity of all pre-
pared compounds was around 99%. Yields, melting points, capacity
factors k and calculated log P (C log P) of the prepared salts 711
(MarvinSketch 14.9.8.0) are shown in Table 1.

In order to determine the lipophilicity of 7-11 and 12-16, we
exploited the previously reported isocratic LC-MS method.!? The
retention times were transformed into capacity factors k and then
correlated as logk with ClogP calculated in MarvinSketch 14.9.8.0
program. Conforming to physical chemistry theory on the relation-
ship between logk and logP (i.e., Collander equation), a high corre-
lation was observed for compounds 7-16 (R2(7—16) = 0.9996) (Fig.
2).

2.2. Biological evaluation

2.2.1. Assessment of antibacterial activities

The in vitro antibacterial activity of hydroxylated 7-10 and
non-hydroxylated isoquinolinium homologues 12-16 was assayed
for the following eight bacterial strains: Staphylococcus aureus CCM
4516/08 (SA), Methicillin-resistant Staphylococcus aureus H 5996/08
(MRSA), Staphylococcus epidermidis H 6966/08 (SE), Enterococcus sp.
J 14365/08 (ES), Escherichia coli CCM4517 (EC), Klebsiella pneumo-
niae D 11750/08 (KP), extended spectrum beta-lactamase-produc-
ing Klebsiella pneumoniae J 14368/08 (ESBL), and Pseudomonas
aeruginosa CCM 1961 (PA). Compound 11 was not evaluated due to
its low solubility. Listed in Table 2 are the obtained minimum
inhibitory concentrations (MICs) after 24 h and 48 h of incubation,
and the minimum bactericidal concentrations (MBCs) after 48 h of
incubation. For the purpose of comparison N-benzalkonium (Bio—
Bie) references were added.

From the newly synthesized compounds, 9 and 10 showed strong
antibacterial efficacy against SA, whereas other derivatives showed
only weak activity. Interestingly, introduction of the hydroxyl moiety
to compounds bearing a longer alkyl chain (9 and 10) abolished the
activity against G strains. A similar pattern has been reported for 6-
OH quinolinium analogues,'¥ N- alkoxymethylpyridinium salts?? and
3-OH pyridinium analogues (unpublished observations). In contrast,
isoquinolinium QAS showed a wide spectrum of efficacy within the
whole series, atleast against G+ strains. Compound 14 (C14) showed
the same effi- cacy as the benzalkonium Bi: standard (and exceeded
B14) at the G

Table 1
Yields, melting points, capacity factors k and C log P of prepared 5-hydroxyisoquino-
linium salts (7—11) and isoquinolinium salts (12-16).2!

Compound Alkyl chain  Yield (%)  Mp (0C) k» ClogP®
7 CioHa: 53 158-160  0.44+0.01  1.49
8 CioHas 64 172-174 1.1 +0.02 2.38
9 Ci4Hzo 59 166-168 2.3 +0.03 3.27
10 CisHas 52 167-168 5.1+ 0.07 4.16
11 CisHar 64 164-166  12+0.15 5.05
12 CioHa: 78 40-42 0.61+0.01  1.79
13 Ci2Has 69 58-60 1.4 +0.01 2.68
14 Ci4Hzo 87 60-62 3.0+0.19 3.57
15 CisHas 84 68-70 6.9+ 0.06 4.46
16 CisHgy 84 7678 15 + 0.06 5.35

# Capacity factors k were determined by an isocratic LC—MS method. The values
are given as mean and standard deviation of 6 measurements.

bc log P was calculated in MarvinSketch 14.9.8.0 (ChemAxon Ltd, 1998-2014)
according to the method of Viswanadhan et al.??
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Figure 2. Correlation between C log P and log k of compounds 7-16. It is obvious
that the hydroxyl function decreases the lipophilicity of the compounds by a
constant Dlog k(5-OH) ¢ 0.12.

+ strains. Similarly, compound 15 (C16) surpassed the Bis analogue.
The potency was lower for G-strains in comparison to the benza-
lkonium QAS, but clearly exceeded that of the 5-OH analogues
(Fig. 3).

2.2.2. Assessment of antifungal activities

A set of eight microorganisms (i.e., Candida albicans ATCC 44859
(CA), Candida tropicalis 156 (CT), Candida krusei 28 (CK), Candida
glabrata 20/1 (CG), Trichosporon asahii 1188 (TA), Aspergillus fumiga-
tus 231 (AF), Absidia corymbifera 272 (AC) and Trichophyton menta-
grophytes 445 (TM) was used to evaluate the antifungal activity of
the prepared compounds 7-10. Again, compound 11 was not
evaluated due to its low solubility in any growth medium.

Table 2

O. Soukup et al. / Bioorg. Med. Chem. 24 (2016) 841-848 843

A summary of the determined antifungal MICs after 24 h/48 h of
incubation and the minimum fungicidal concentrations (MFC) is
given in (Table 3). As in the case of the bacterial strains, the novel
5-OH isoquinolinium salts showed only weak-to-moderate activity
for both yeasts (the first four strains) and filamentous fungi. The
only compound that surpassed its non-hydroxylated analogues
was compound 8 against filamentous fungi TA, AF and AC. Notably,
isoquinolinium compounds 14 (Ci4) and 15 (Ci¢) showed higher
antifungal activity than their benzalkonium analogues Bis and
Bis, but not however surpassing the gold standard Biz (Fig. 4).

2.2.3. Molecular modeling and SAR discussion

Steric properties, distribution of electron density and lipophilic-
ity have been broadly accepted as crucial molecular descriptors of
bioactive chemicals since the advent of the structure—activity rela-
tionship concept (SAR) in the second part of the 20th century.?>28
From Figure 3 it is obvious that the biological activity generally
worsens in the order from the most active N-alkylbenzalkonium
salts, through N-alkylisoquinolinium salts to N-alkyl-5-hydroxy-
isoquinolinium salts as the least active. With reference to the
structural changes, it is appropriate to suppose that this trendin
the biological activities is caused by decreasing lipophilicity as a
result of the structural variation in the aromatic moiety. Although
being only slightly different, the benzyltrimethylammonium, 2-
methylisoquinolinium and 5-hydroxy-2-methylisoquinolinium
head groups have Clog P of 2.25, 2.20 and 2.58, respectively. The
deteriorating effect is clearly demonstrated by the introduc- tion
of the 5-hydroxy group which is a single donor and simultane- ously
a double acceptor of hydrogen bonds. Due to the negative
induction (I9 and positive mesomeric (M+) effect of the hydroxy
group, the molecular system undergoes relatively greater polariza-
tion which gives rise to a stronger interaction with the aqueous
environment. As a consequence, such molecules with more polar-
ized parts require higher Gibbs desolvation energy to incorporate
into the cell membrane or cell wall, which accords with weaker
biological activity observed at the same thermodynamic setting.
This mechanistic interpretation corresponds to physicochemical

Minimum inhibitory/bactericidal concentrations of the compounds (7—16) and selected derivatives of N-benzalkonium (Bi2—B1e)

Microorganisms MIC (1mol/L); 24 h/48 h incubation MBC (1mol/L); 48 h incubation
7 8 9 10 12 13 14 15 16 B Bu' By
Staphylococcus aureus CCM 451608 16/16 1/1 0.5/0.5 0.5/0.5 16/16 0.5/0.5 0.5/ 1/1 0.5/0.5 0.5/2 1/1 1/1
0.5
63 2 1 0.5 31 1 1 2 2 2 3.9 3.9
Staphylococcus aureus H 599608 31/31 3.9/3.9 2/2 0.5/0.5 31/31 0.5/0.5 0.5/ 1/1 0.5/0.5 0.5/ 2/2 2/2
(MRSA) 0.5 0.5
16 3.9 2 0.5 125 1 1 2 2 1 3.9 3.9
Staphylococcus epidermidis H 696608 250/ 3.9/3.9 3.9/3.9 63/63 2/2 0.5/0.5 0.5/ 0.5/0.5 0.5/0.5 0.5/ 1/1 0.5/
250 0.5 0.5 0.5
250 3.9 7.8 63 16 1 1 2 2 0.5 1 3.9
Enterococcus sp. J 1436508 500/ 63/63 63/63 63/63 63/63 7.8/7.8 0.5/ 1/1 2/2 0.5/1 2/2 2/2
500 0.5
500 63 63 63 125 63 3.9 3.9 2 1 7.8 3.9
Escherichia coli CCM 4517 63/63 250/ >500/ >500/ 63/63 7.8/7.8 2/2 3.9/3.9 31/31 0.5/2 7.8/ 7.8/
250 >500 >500 7.8 7.8
63 250 >500 >500 125 31 3.9 3.9 31 2 7.8 7.8
Klebsiella pneumoniae D 1175008 63/63 63/63 >500/ >500/ 63/63 16/16 3.9/ 3.9/3.9 63/63 0.5/ 7.8/ 7.8/
>500 >500 3.9 0.5 7.8 7.8
63 63 >500 >500 125 63 3.9 7.8 63 0.5 7.8 7.8
Kiebsiella pneumoniae J 1436808 500/ 63/63 >500/ >500/ 250/250 63/63 31/31 7.8/7.8  63/63 1/1 7.8/ 7.8/
(ESBL) 500 >500 >500 7.8 7.8
500 63 >500 >500 500 125 31 31 250 1 7.8 7.8
Pseudomonas aeruginosa CCM 1961 250/ 63/63 >500/ >500/ >500/ 250/ 63/63 125/ 125/ 3.9/ 16/31 1631
250 >500 >500 >500 250 125 125 3.9
>500 63 >500 >500 >500 250 63 125 250 7.8 63 125

“Biz, B1s, Bis mean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hex-
adecylammonium bromide, respectively. The preparation?* and antimicrobial efficacy!? of Bis-16 has been published elsewhere.

" The antibacterial activities against Pseudomonas aeruginosa CCM 1961 were determined after 72 h and 120 h of incubation.
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Minimum inhibitory/fungicidal concentrations of the compounds (7—16) and selected derivatives of N-benzalkonium (B12—B1e)

Microorganisms MIC (Imol/L); 24 h/48 h incubation MFC (1mol/L); 48 h incubation
7 8 9 10 12 13 14 15 16 Bio" B4 Bis"
Candida albicans ATCC 44859 250/250 63/63 63/63 16/16 16/16 0.5/0.5 0.5/0.5  2/2 2/2 0.5/0.5 7.8/7.8 3.9/7.8
250 63 63 125 63 1 1 2 2 1 125 7.8
Candida tropicalis 156 125/125 31/31 7.8/7.8 7.8/7.8 3.9/3.8 0.5/0.5 0.5/0.5  2/2 2/2 0.5/0.5 3.9/3.9 3.9/7.8
500 63 7.8 7.8 7.8 1 1 2 2 1 125 7.8
Candida krusei E28 31/31 7.8/7.8 3.9/3.9 17.8/7.8 0.5/0.5 0.5/0.5 0.5/0.5  2/2 2/2 0.5/0.5 3.9/3.9 2/2
31 7.8 3.9 7.8 2 1 1 2 2 0.5 125 2
Candida glabrata 20/1 16/16 3.9/3.9 3.9/3.9 3.9/3.9 7.8/7.8 0.5/0.5 0.5/0.5 2/2 1/1 0.5/0.5 7.8/7.8 2/3.9
63 7.8 7.8 3.9 31 1 3.9 2 2 0.5 125 63
Trichosporon asahii 1188 250/250 31/31 7.8/7.8 63/63 250/250 63/63 3.9/3.9 3.9/3.9 2/2 0.5/2 31/31 7.8/7.8
500 31 7.8 125 250 63 3.9 3.9 2 2 125 63
Aspergillus fumigatus 231 >500/>500 31/31 31/31 >500/>500 500/500 125/125 7.8/7.8 3.9/3.9 63/63 1/3.9 7.8/16 7.8/7.8
>500 250 125 >500 >500 125 7.8 3.9 63 3.9 125 63
Absidia corymbifera 272 >500/>500 125/125 63/63 >500/>500 >500/>500 250/250 31/31 16/16 7.8/7.8 7.8/7.8 31/31 7.8/7.8
>500 250 125 >500 >500 250 250 125 63 7.8 125 63
Trichophyton mentagrophytes 445" 31/31 31/31 16/16 16/16 63/63 7.8/7.8 3.9/3.9 2/2 2/2 1/1 16/16 7.8/7.8
125 63 31 125 125 16 16 7.8 31 2 16 63

“Biz2, B1s, Bis mean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hex-
adecylammonium bromide, respectively. The preparation?* and antimicrobial efficacy'? of Bi12-16 has been published elsewhere.

" The antifungal activities against Trichophyton mentagrophytes 445 were determined after 72 h and 120 h of incubation.
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Figure 3. Antibacterial potency of 5-hydroxyisoquinolinium, isoquinolinium and
benzalkonium quaternary salts with different alkyl chains against G+ and G—
strains.

properties which were calculated in Gaussian 09 (Revision D.01)
using a DFT B3LYP/6-311++G(d,p) method, with implicit simula-
tion of an aqueous environment by the Self Consistent Reaction Field
(SCRF) model at 323.15 K.2? For 7-11 and 12-16, we per-

formed geometrical optimization both in vacuum and in water,
employing this advanced quantum chemistry calculation method.
As expected, the calculated energy of desolvation (DGaesolv =Gvacuum
Gwater) —for  N-alkylisoquinolinium salts and N-alkyl-5-
hydroxyisoquinolinium salts differ roughly by 6 kcal/mol, confirm-
ing the hypothesis that the 5-hydroxyisoquinolinium head group is
harder to desolvate (Table 4).

Table 4

Desolvation energies of 7—16 calculated by DFT B3LYP/6-311++G(d,p) method with
implicit simulation of aqueous environment by Self Consistent Reaction Field (SCRF)
model at 323.15 K

Compound Total Total Desolvation Desolvation ESP
energy energy energy energy charge
in in water (Hartree) (kcal/mol) on the
vacuum (Hartree) nitrogen
(Hartree) atom®

7 —870.9 —871.0 0.0830 52.06 0.391

8 —949.6 —949.6 0.0824 51.68 0.351

9 —1028.2 —1028.3 0.0819 51.36 0.351

10 —1106.9 —1107.0 0.0812 50.94 0.356

11 —1185.5 —1185.6 0.0806 50.54 0.366

12 —795.7 —795.7 0.0737 46.22 0.308

13 —874.3 —874.4 0.0732 45.89 0.305

14 —953.0 —953.0 0.0725 45.46 0.292

15 —1031.6 —1031.7 0.0720 45.13 0.293

16 —1110.3 —1110.3 0.0711 44.59 0.327

*The electrostatic potential charges (ESP) were extracted from the outputs of the
quantum chemistry calculations in water.
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The mechanism of QAS action has been proposed in the litera- ture as

a combination of (i) the destabilizing effect of the com-



Figure 4. Antifungal potency of 5-hydroxyisoquinolinium, isoquinolinium and
benzalkonium quaternary salts with different alkyl chain.

pounds on the interaction between negatively charged
teichoic acids and lipopolysaccharides on the bacterial
surface and sur- rounding Ca2* and Mg?* ions; and (i)
incorporation of the hydrophobic chain of QAS into the cell
wall or membrane. It has been believed that the greater the
positive charge on the head
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Figure 5. Computational chemistry models of N-alkyl derivatives of 5-hydroxyisoquinolinium (7-11) and isoquinolinium (12-16) salts. The models display electrostatic

potential (ESP) mapped on the isosurface of electron density with g = 0.03e/bohr?. Red regions denote lower ESP, whilst blue regions convey higher ESP. Ngsp means

electrostatic potential charge on the nitrogen atom.

group of QAS, the stronger was the elicited biological effect. As a
result, the membrane with embedded QAS molecules exhibits dif-
ferent dynamic behavior due to strong electric interactions with
the negatively-charged head groups of phospholipids. According
to observations obtained by electron microscopy, such chemically
changed cell wall gradually segregates from the cell membrane,
followed by cell leakage and discharge of the cell content into the
surrounding medium.!? In general, QAS exhibit a parabolic
quantitative SAR (QSAR) having an optimal biological activity for
G+ bacteria at chain lengths of n=12-14, whilst the best activity
for G—bacteria is somewhat shifted to compounds with chain
length of n = 14—16. Since the impact of QAS is not only bactericidal
but also bacteriostatic, it has been proposed that numerous inter-
actions with specific targets could interplay in the final multiple
mode of action. Although the concept of an intracellular target
remains elusive, it has been suggested for example that QAS very
likely influence membrane proteins such as ATPase.!?

In order to investigate the effect of the 5-hydroxy group on the
biological activity of N-alkylisoquinolines from the point of view
of their interaction with the membrane, we extracted also the Mul-
liken, Hirschfeld, and electrostatic charges on the nitrogen atom
from the results of the abovementioned quantum chemistry calcu-
lations in the aqueous phase (Table S1, Supporting information).
Duetotheoretical differencesorevenarbitrarinessinthe derivation
of the partial atomic charges, we decided to use the electrostatic
potential charges (ESP) utilizing the Merz—Singh—Kollman scheme
for correlating charges with the electrostatic potential as a refer-
ence (Fig. 5).

The ESP charges on the nitrogen atom in N-alkyl-5-hydroxyiso-
quinolinium salts are approximately greater by 0.06 than in N-
alkylisoquinolinium salts, which corresponds well with mechanis- tic
theory about the charge distribution in conjugated heteroaro- matic
systems (Fig. 6).

However, it can be clearly recognized from comparison of the
biological activities that the increased positive charge on the nitro-
gen atom in 5-hydroxyisoquinolinium salts has an undoubtedly
aggravating effect. Thus, it becomes necessary to question whether
the hypothesis regarding the role of the positive charge on the
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Figure 6. Mechanistic illustration of the overall electronic effect of the 5-hydroxy

increased positive charge
on the nitrogen atom

group on the isoquinoline scaffold. Due to simultaneous induction and mesomeric
electron shifts the electronic charge on the nitrogen atom in isoquinoline becomes
more positive after introduction of the 5-hydroxy group.

bioactivity of QAS is a favorable line of thinking when it comes to
rational design of novel detergent-like antibacterials. The results
obtained in the present work show that decreased lipophilicity and
increased desolvation energy of 5-hydroxyisoquinolinium salts
cannot be counterbalanced by increased positive charge on the
nitrogen atom in order to design more efficient antibacterials.
Besides the electronic effects and lipophilicity of QAS, a crucial
property which can shed new light on QSAR of these compounds is
their molecular size and shape. Currently, our research group is
conducting a molecular dynamics study with a model of the bacte-
rial cell membrane that can help understand why the mathemati- cal
dependence of the antimicrobial activity on the length of the side
alkyl chain assumes a parabolic character (unpublished data).

2.2.4. Cell viability assessment

Cell viability assay confirmed an expected trend that anincreas-
ing length of carbon chain results in higher cytotoxicity, probably
due to higher lipophilicity of the drug, which facilitates penetration
into the cell (Table 5). Comparing the cytotoxic potential of iso-
quinolinium and 5-OH isoquinolinium analogues, a clear depen-
dency can be observed on the achieved lipophilicity, that is, the
more lipohlilic isoquinolinium derivatives show higher cytotoxic-
ity (Fig. 2). Moreover, we can build statistically significant QSAR
models of cytotoxicity using log k or C log P as key molecular
descriptors (Supporting information).
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Table 5

Cytotoxic potential of the studied compounds (7—16) and selected derivatives of N-benzalkonium (B12—B16). The in vitro activities are expressed as IC50 (I1mol/L) + SEM (1 = 3)

Cell line IC50 (1mol/L); 24 h incubation + SEM
7 8 9 10 11 12 13 14 15 16 Bio" B4 B
CHO-K1 92 + 10 36+ 4 24+ 2 16+1 7+3 41+ 16 15+1 9+1 7T+1 6+0.4 29+ 3 24+4 15+1

#Biz, B1s, Bis mean N-benzyl-N,N-dimethyl-N-dodecylammonium bromide, N-benzyl-N,N-dimethyl-N-tetradecylammonium bromide, N-benzyl-N,N-dimethyl-N-hex-
adecylammonium bromide, respectively. The cytotoxic potentiall® of Bi2-16 has been published elsewhere.

3. Conclusion

In the present study we investigate the effect of a hydroxyl moi-
ety on the antimicrobial efficacy of isoquinolinium salts. Even
though hydroxylated compounds 9 and 10 (C14, C16) showed excel-
lent potency against Staphyloccocus aureus, no effect against G —
bacteria was observed in this series. On the contrary, non-hydrox-
ylated isoquinolinium salts showed excellent antimicrobial effi-
cacy against G+ and good efficacy against G— within the whole
series, particularly 14 (C14) against G+ strains and 15 (C16) against
fungi. Further investigation of the electronic properties and desol-
vation energies revealed that despite the positive mesomeric effect
of the hydroxyl moiety reducing the electron density of the quater-
nary nitrogen, it is probably the higher lipophilicity and lower des-
olvation energy of the non-hydroxylated isoquinolinium salts
which are responsible for their enhanced antimicrobial versatility
and efficacy.

4. Experimental section

The reagents were purchased as at least reagent grade from
Sigma—Aldrich (Czech Republic) unless otherwise specified, and
used without further purification. The solvents for synthesis were
purchased from Penta chemicals Co. Acetonitrile, water and formic
acid for LC-MS analyses were obtained from Sigma—Aldrich in LC—
MS grade purity (Czech Republic). Thin layer chromatography was
run on Merck silica gel 60 F2s4 analytical plates (mobile phase:
dichloromethane/methanol/25% ammonia solution 100/10/2);
detection was carried out with ultraviolet light (254 nm). Purity
of all products was tested by determination of their uncorrected
melting points (Melting Point Apparatus—Stuart SMP30). The 'H
NMR and 3C NMR spectra of new compounds were recorded in
CD30D solution at ambient temperature on a Varian S500 spec-
trometer (499.87 MHz for 'H and 125.71 MHz for 13C) or on a Var-
ian Mercury-Vx BB 300 spectrometer (300.07 MHz for 'H and
75.46 MHz for 13C). For 'H d are given in parts per million (ppm)
relative to CDs0D (d=3.31) and for 3C relative to CDsOD (d
= 49.05). The coupling constants (J) are expressed in Hertz.
HRMS were determined by Q Exactive Plus hybrid quadrupole-
orbitrap spectrometer and interpreted in Xcalibur program.

4.1. General procedure for synthesis of 5-hydroxyisoqu
inolinium salts 7-11

1-bromoalkane (2—6) (28.93 mmol) was added at room temper-
ature to 5-hydroxyisoquinoline (1) (20.67 mmol) in acetonitrile (30
mL), and the resulting mixture was stirred under reflux for 48 h.
The solvent was evaporated under reduced pressure, and the
crude product purified by crystallization from acetone, filtered,
washed with acetone and allowed to dry at room temperature.

4.1.1. 2-Decyl-5-hydroxyisoquinolinium bromide (7)
Compound 7 was isolated as yellow crystals; Yield 53%; mp:
158.2-160.20C; 'H NMR (500 MHz, CDsOD) d: 0.87 (t, ]=6.9 Hz,
3H, CHy), 1.21-1.35 (m, 10H, 5xCH), 1.37-1.47 (m, 4H,
2 x CHy), 2.09-2.15 (m, 2H, CH3), 4.76-4.79 (m, 2H, NCH2), 7.50

(d, J=7.7Hz, 1H, ArH), 7.86 (t, ]=8.0 Hz, 1H, ArH), 7.93 (d,
J=8.2 Hz, 1H, ArH), 8.59-8.63 (m, 2H, 2x ArH), 9.91 (s, 1H,
ArH); 13C NMR (125 MHz, CDsOD) d: 14.46, 23.71, 27.28, 30.14,
30.38, 30.50, 30.57, 32.42, 33.03, 62.81, 119.38, 121.63, 122.69,
130.00, 130.27, 133.80, 134.42, 150.31, 154.74 ppm. HRMS
(HEST®): [M*]: calculated for C1oH2sNO~* (m/z): 286.2165; found:
286.2164.

4.1.2. 2-Dodecyl-5-hydroxyisoquinolinium bromide (8)
Compound 8 was isolated as yellow crystals; Yield 64%; mp:
172.1-174.10C; 'H NMR (500 MHz, CDsOD) d: 0.88 (t, J=6.9 Hz,
3H, CHs), 1.24-1.34 (m, 14H, 7xCHy), 1.37-1.47 (m, 4H,
2 x CHs), 2.09-2.15 (m, 2H, CH>), 4.75—4.78 (m, 2H, NCH>), 7.50
(d, J=7.6Hz, 1H, ArH), 7.87 (t, [=8.0Hz, 1H, ArH), 7.93 (d,
J=8.2 Hz, 1H, ArH), 8.60-8.62 (m, 2H, 2 x ArH), 9.89 (s, 1H, ArH);
13C NMR (125 MHz, CDs0D) d: 14.47, 23.74, 27.30, 30.15, 30.46,
30.50, 30.62, 30.72, 30.74, 32.42, 33.07, 62.83, 119.38, 121.61,
122.72, 130.03, 130.30, 133.83, 134.40, 150.32, 154.80 ppm. HRMS
(HESI®): [M~]: calculated for C21H32NO* (m/z): 314.2478; found:

314.2474.

4.1.3. 5-Hydroxy-2-tetradecylisoquinolinium bromide (9)
Compound 9 was isolated as brown crystals; Yield 59%; mp:
166.2—168.20C; 'H NMR (300 MHz, CDsOD) d: 0.88 (t, J=6.7 Hz,
3H, CHs), 1.24-1.32 (m, 18H, 9xCH), 1.39-1.47 (m, 4H,
2 x CHy), 2.07-2.17 (m, 2H, CH>), 4.75-4.80 (m, 2H, NCH>), 7.50
(dd, J= 7.5 Hz, ] = 1.1 Hz, 1H, ArH), 7.84-7.94 (m, 2H, 2 x ArH),
8.59-8.64 (m, 2H, 2 x ArH), 9.91 (s, 1H, ArH); 3C NMR (75 MHz,
CDs;0D) d: 14.51, 23.77, 27.30, 30.17, 30.50, 30.64, 30.73, 30.79,
32.45, 33.10, 62.81, 119.35, 121.61, 122.70, 130.00, 130.28,
133.81, 134.42, 150.33, 154.78 ppm. HRMS (HESI¥): [M*]: calcu-

lated for CasHssNO* (m/z): 342.2791; found: 342.2790.

4.1.4. 2-Hexadecyl-5-hydroxyisoquinolinium bromide (10)
Compound 10 was isolated as brown crystals; Yield 52%; mp:

167.1-168.50C; '"H NMR (300 MHz, CDsOD) d: 0.89 (t, [=6.7 Hz,
3H, CHs), 1.21-1.33 (m, 22H, 11xCHy), 1.39-1.46 (m, 4H,
2 x CHy), 2.07-2.16 (m, 2H, CH>), 4.74-4.79 (m, 2H, NCH>), 7.50
(dd, J= 7.4 Hz, ] = 1.3 Hz, 1H, ArH), 7.84-7.94 (m, 2H, 2 x ArH),
8.59-8.63 (m, 2H, 2 x ArH), 9.89 (s, 1H, ArH); 3C NMR (75 MHz,
CDsOD) d: 14.50, 23.77, 27.30, 30.17, 30.51, 30.64, 30.73, 30.79,
32.43, 33.11, 62.81, 119.39, 121.51, 122.74, 130.07, 130.32,
133.84, 134.37, 150.33, 154.96 ppm. HRMS (HESI®): [M*]: calcu-
lated for Ca5H4NO* (m/z): 370.3104; found: 370.3102.

4.1.5. 5-Hydroxy-2-octadecylisoquinolinium bromide (11)
Compound 11 was isolated as brown crystals; Yield 64%; mp:

164.0-166.00C; '"H NMR (300 MHz, CDs0D) d: 0.89 (t, J=6.7 Hz,
3H, CHs), 1.25-1.35 (m, 26H, 13x CH2), 1.39-1.45 (m, 4H,
2 x CH»), 2.06-2.16 (m, 2H, CHy), 4.72-4.77 (m, 2H, NCH>), 7.50
(dd, J= 6.8 Hz, ] = 2.0 Hz, 1H, ArH), 7.85-7.92 (m, 2H, 2 x ArH),
8.57-8.64 (m, 2H, 2 x ArH), 9.85 (s, 1H, ArH); 13C NMR (75 MHz,
CD3s0D) d: 14.50, 23.79, 27.32, 30.17, 30.52, 30.65, 30.74, 30.82,
32.41, 33.12, 62.83, 119.42, 121.44, 122.79, 130.13, 130.37,
133.89, 134.32, 150.35, 155.08 ppm. HRMS (HESI®): [M*]: calcu-
lated for Ca7H4NO* (m/z): 398.3417; found: 398.3414.
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4.2. Evaluation of antibacterial activity

The antibacterial activities of the prepared compounds were
determined by the microdilution broth method according to the
protocol published previously.?3! Part of the panel of bacterial
strains used for the activity testing was obtained from Czech Collec-
tion of Microorganisms (CCM, Brno, Czech Republic) and American
Type Culture Collection (ATCC). Theremainingbacteriausedinthe
study G.e., Staphylococcus aureus H 5996/08, Staphylococcus epider-
midis H 6966/08, Enterococcus sp. J 14365/08, Klebsiella pneumoniae
D 11750/08) were clinical isolates (Department of Biological and
Medical Sciences, Faculty of Pharmacy in Hradec Kralove, Charles
University in Prague, Czech Republic). Prior to biological testing,
the strains suspended in 0.85% saline were cultivated on Mueller—
Hinton agar (Difco, Benton Dickinson, Detroit, MI) at 350C. The bac-
terial populations were controlled densitometrically to reach
1.5 %08 viable colony forming units (CFU) per 1 mL.

The compounds were dissolved in DMSO and added into wells of
a testing plate with Mueller—Hinton liquid broth (Difco, Benton
Dickinson, Detroit, MI), buffered to pH 7.0. A geometrical series of
the compounds’ concentrations was examined to quantify the bio-
logical activities: 0.49, 0.98, 2, 3.90, 7.8, 16, 31, 630, 125, 250 and 500
Imol/L. The MICs, defined as 95% inhibition of bacterial
growth, were determined visually after 24 h and 48 h. Growth of PA
was determined after 72 h and 120 h. Similarly, the MBCs were
determined as the concentration of compound causing a decrease in
the number of bacterial colonies by >99.9%.

4.3. Evaluation of antifungal activity

For assay of the antifungal activity of the studied compounds,
eight clinical samples of fungi or yeast were utilized: Candida albi-
cans ATCC 44859, Candida krusei E28, Candida tropicalis 156, Can-
dida glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigatus 231,
Absidia  corymbifera 272 and Trichophyton mentagrophytes 445
(Department of Biological and Medical Sciences, Faculty of
Pharmacy in Hradec Kralove, Charles University in Prague, Czech
Republic). The previously published protocol was used.?* The MICs
and MFCs were determined by a modified standard M27-A2 (CSLI)
using RPMI 1640 medium, buffered to pH 7.0 with 0.165 M 2-
morpholino-propane-sulfonic acid, and two-fold serial dilutions
(500-0.49 1mol/L) of the prepared compounds. DMSO was used
as a solvent for the tested compounds and its final concentration
in inoculated samples did not exceed 2% (v/v). After 24 h and 48
h (72 h and 120 h for TM) of incubation at 35 0C, the growth of
microbial colonies was visually as well as spectrophotometri-
cally examined.

4.4. Cell viability assessment

Standard MTT assay (Sigma Aldrich) was used according to the
manufacturefs protocol on the CHO-K1 (Chinese hamster ovary,
ECACC, Salisbury, UK) in order to compare the cytotoxic effect of
the studied compounds. The cells were cultured according to
ECACC recommended conditions and seeded at a density of 8000
per well. Briefly, the tested compounds were dissolved in DMSO
and subsequently in the growth medium (F-12) supplemented
with 10% FBS and 1% penicillin/streptomycin so that the final con-
centration of DMSO did not exceed 0.5% (v/v). Cells were exposed
to the tested compounds for 24 h. Then the medium was replaced
by medium containing 10 1M of MTT, and the cells were allowed
to produce formazan for approximately another 3 h under surveil-
lance. Thereafter, the medium with MTT was removed and the
crystals of formazan were dissolved in DMSO (100 11). Cell viability
was assessed spectrophotometrically by the amount of formazan
produced. Absorbance was measured at 570 nm with 650 nm ref-

erence wavelength on Synergy HT (BioTek, USA). ICso was then
calculated from the control-subtracted triplicates using non-linear
regression (four parameters) of GraphPad Prism 5 software. Final
ICs0 and SEM value was obtained as a mean of three independent
measurements.

4.5. Molecular modeling

Molecular models of 7-16 were prepared in the GaussView 3
program and submitted to advanced quantum-chemistry calcula-
tions in Gaussian 09 employing a DFT/B3LYP/6-311++G(d,p)
method. Geometrical optimization was performed in vacuum as well
as in water environment using an implicit solvent model (SCRF, T =
323.15 K). The calculations were performed in parallel in a powerful
computer cluster of the Czech National Grid Infras- tructure
MetaCentrum. From the outputs, Mulliken, Hirschfeld, and
electrostatic charges on the nitrogen atom were extracted.
Desolvation energies were calculated as the difference between the
total energy of the compounds in vacuum and in water.
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In this study, we have carried out a combined experimental and computational investigation to elucidate
several bred-in-the-bone ideas standing out in rational design of novel cationic surfactants as antibac-
terial agents. Five 3-hydroxypyridinium salts differing in the length of N-alkyl side chain have been
synthesized, analyzed by high performance liquid chromatography, tested for in vitro activity against a
panel of pathogenic bacterial and fungal strains, computationally modeled in water by a SCRF B3LYP/6-
311ppG(d,p) method, and evaluated by a systematic QSAR analysis. Given the results of this work, the
hypothesis suggesting that higher positive charge of the quaternary nitrogen should increase antimi-
crobial efficacy can be rejected since 3-hydroxyl group does increase the positive charge on the nitrogen
but, simultaneously, it significantly derogates the antimicrobial activity by lowering the lipophilicity and
by escalating the desolvation energy of the compounds in comparison with non-hydroxylated analogues.
Herein, the majority of the prepared 3-hydroxylated substances showed notably lower potency than the
parent pyridinium structures, although compound 8 with Ci2 alkyl chain proved a distinctly better
antimicrobial activity in submicromolar range. Focusing on this anomaly, we have made an effort to reveal
the reason of the observed activity through a molecular dynamics simulation of the interaction between
the bacterial membrane and compound 8 in GROMACS software.
© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

practice, which aids particularly in the prevention of devastating
nosocomial infections occurring within hospital facilities [1]. As a

Disinfectants and antiseptics are extensively exploited in health
care settings for a variety of topical and hard-surface applications.
Presently, they constitute an essential part of infection control
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rule, such products are deliberately composed of wide range of
potent chemical agents to tackle extremely vital pathogen strains,
often endowed with resistance against common antiseptics.
Thanks to many beneficial traits like easy preparation, biodegrad-
ability, low price, high efficiency, many of these primitive phar-
maceutics (e.g. alcohols, phenols, iodine, chlorine) have been used
for antisepsis, disinfection, and preservation for hundreds of years
[2,3].
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Similar principles stand behind the application of the biocide
cocktails formulated of cationic surfactants. A great class of this type
of ionic detergents is represented by the family of quaternary
ammonium salts (QAS), which are typically built of a hydrophilic
quaternary nitrogen moiety and a long hydrophobic alkyl chain.
These compounds exert potent antimicrobial properties and remain
the mainstay of classical chemical disinfection and anti- sepsis [4,5].
They are also used as components in cosmetic formu- lations, as
germicides or softeners [6], bio-based ionic liquids [7], catalysts in
asymmetric  catalysis  [8e12], competitive inhibitors  of
acetylcholinesterase [13] and nicotinic receptors [14], and many
others [15e19]. QAS have also been combined with anionic sur-
factants and metal ions (e.g. Zn?, Cu?) into mixed agents exhib-
iting relatively increased in vitro antimicrobial potency [20].
Nonetheless, the most common components of disinfection means are
N-alkylpyridinium and N-benzalkonium salts with various alkyl
length, showing potent effect on a wide spectrum of microor- ganism
coupled with low skin irritability and systemic toxicity [6,21].

Besides being applied as disinfecting agents, QAS have also been
reported as efficient bacteriostatics and tuberculostatics exerting the
activity at very low concentrations [22,23]. Increasing the
concentration of QAS generally develops to bactericidal and algi-
cidal impact [24]. Further, QAS have proved a significant capacity
against viruses, mainly the enveloped ones, but anti-non- enveloped
strains efficacy has been described as well [24]. Comparing the
antimicrobial spectrum of QAS, Gram positive (G ) bacteria doe
mostly more sensitive towards the effect of these substances than
Gram negative (G-) ones. Since the primary dif- ference between G
and Ge consists inphe framework of the bacterial cell wall, the
increased resistance of Ge is probably a consequence of the presence
of the outer membrane layer which grants the cells stronger
physicochemical protection (Fig. 1) [25].

Generally, the optimum antibacterial activity against Gp bac-
teria is observed for QAS with Ciz-14, whilst against G-bacteria the
best activity is exhibited by QAS with Cis161in the side alkyl chain
(Fig. S1). Since the 1960s, several studies have suggested different
modes of action pertaining to cationic antibacterials like cetrimo-
nium bromide, benzalkonium chloride, and chlorhexidine (Fig. S2)
[26,27]. Actually, hypotheses on the QAS mechanism of action
ranges from simple damaging the cell surface, through modulation
of the membrane stored elastic stress and changing the cell surface
potential to affecting nucleic acids, putative enzymes or receptors
(e.g. ATPase) [28e33].

However, the prevailing theory on the broad spectrum activity
of QAS supposes a relatively unspecific mechanism of action. All

Gram positive bacteria

positively charged surfactants strongly interact with the negative net
charge present in the cell walls and membranes causing their
clustering, ruptures and leakages. Basically, the negatively charged
outermost surface of bacterial membrane is stabilized by the
presence of divalent cations such as Mg? and Ca? wherefore the
positive charge of cationic detergents may attach to the polar sur-
face by replacing Mg?’/Ca? and embed the hydrophobic alkyl chain
into the phospholipid bilayer (Fig. 2) [26]. Such perturbation leads
primarily to the loss of the frontier cell elements’ fluidity and causes
the cell to die. Thus, the positive charge is considered as a critical
factor in the cidal activity of QAS. Accordingly, structural variation
leading to decreased electron density in the cationic part of QAS
molecules are supposed to elicit a stronger interaction with
polarizable regions in the cell wall, particularly in phospholipid
membranes, and consequently to evoke a stronger bactericidal ef-
fect [34,35].

In the current article, we present the synthesis, chromato-
graphic analysis, molecular modeling and dynamics, antimicrobial
activity, and quantitative structure-activity relationship (QSAR)
analysis for a series of 3-hydroxypyridinium salts with different
lengths of alkyl side-chain (from Cio to Cis). We also provide an
account on the safety of all the compounds by means of eukaryotic
cell viability evaluation. The compounds have been investigated
from the point of view of antibacterial and antifungal activity, and
the obtained data were subsequently compared to the biological
activities of standard Ci2eCis alkyl homologs of N-benzalkonium
and N-alkylpyridinium compounds.

2. Results and discussion
21 Rationale, design and synthesis of 3-hydroxypyridinium salts

Intherecentresearch, ahypothesis hasbeenconsidered thatthe
antimicrobial activity of QAS against various pathogenic strains is
proportional to the increase in the positive electric charge localized
at the head groups of the molecules [36]. Thus, five QAS were
designed and synthesized employing a standard laboratory proto-
col for N-alkylation of 3-hydroxypyridine which had been reported
previously in the literature [37]. These structural alterations were
proposed to invoke higher positive charge on the quaternary ni-
trogen atom while preserving the classical architectonic principle
of QAS to pursue a broad spectrum of antibacterial activities. Ac-
cording to the ideas of classical organic chemistry, the 3-hydroxy
function should affect the pyridinium skeleton to detract the
electron density from the nitrogen atom. Since the mechanism of
QAS is likely dependent on the charge in the head groups, the aim

Gram negative bacteria
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Fig. 1. Structures of Gram positive (Gp) and Gram negative (G-) bacterial cell walls. In the case of Gp, the peptidoglycan network forms a robust shield which provides the cells with

increased mechanical strength protecting them from inner osmotic pressure, but it is freely permeable to particles with the diameter of up to approximately 2 nm. G-cells are

equipped with a unique amphiphilic outer bilayer which is extraordinarily resistant to several antibiotics and detergents.
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Fig. 2. Notional mechanism of disintegration of the bacterial membrane in the presence of QAS. Cationic surfactants penetrate into the membrane substituting the outer neutralizing

Ca? and Mg? ions and change the intermolecular dynamics of phospholipid molecules. As a result, the membrane loses fluidity and clusters into segments, which are pulled out of

the phospholipid layer into aqueous environment. The remaining cell membrane parts are gradually decomposed in a similar manner by the effect of QAS and water molecules.

of this study is to authenticate the working hypothesis experi-
mentally as well as computationally.

In the synthesis, which belongs to Mensutkin type reactions, the
chemical conditions were optimized to support SN2 substitution of
the bromine atom bound to the terminal sp3 carbon atom of ho-
mological series of bromoalkanes: 1-bromodecane, 1-
bromododecane, 1-bromotetradecane, 1-bromohexadecane, and 1-
bromooctadecane with the nitrogen atom in 3-hydroxypyridine as
the nucleophile. In acetonitrile as a polar aprotic solvent, the
synthesis provided the products in high yields (>90%). The reaction
scheme and several physicochemical properties of the prepared

. -OH OH
YT e SmoN LY
N reflux (ﬁ—_ Br
48 hours S)
2.6 )))n

n=9, 11,13, 15,17
7-11

Fig. 3. Preparation of 3-hydroxypyridinium salts (7e11).

compounds 7ell are given in Fig. 3 and Table S1, respectively.

22 Lipophilicity and chromatographic analysis

Lipophilicity is one the most important molecular descriptors
governing absorption, metabolization and elimination of drugs
[38,39]. Due to its more or less constitutive character, it can be
easily predicted by many free or commercial programs [40,41],
althoughin several cases, the basicfragment-additive algorithms of
logP may be prone to serious predictive inaccuracy because of
neglecting interaction terms [42,43]. Compounds with quaternary
nitrogen may be such examples which demand for accurate logP
calculation a proper parameterization established using a suffi-
cientlylarge training compound set [44]. In order toobtain a reli-
able measure of lipophilicity in this work, we performed a simple
chromatographic study and compared the experimental results
withcalculatedlogP (ClogP)in MarvinSketch 14.9.8.0 program [45].
Asanunderlying physicochemical theory, we utilized the Collander
equation which implicates a linear relationship between logP in
octanol-water system and capacity factors k obtained from column
chromatography (Equation (1); a, b e empirical constants) [46,47].
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The lipophilicity of the compounds 7ell was evaluated bya
simple isocratic LC-MS method reported within our previous study
on derivatives of 6-hydroxyquinolinium salts [48]. The LC-MS
method utilized a reverse double end-capped C18 stationary
phase and an isocratic elution program working in acidic polar
organic mode (pH ~ 3.5). The resulted capacity factors k (Equation
(2); t1 e retention time of the analyte, to € void time) were then
correlated as log k with Clog P calculated in MarvinSketch 14.9.8.0
program.

ti—to
to

kv (2)

Linear regression of log k to Clog P confirmed high statistical
correlation (R2 0.9813), although the compounds 7 and 8 exhibited
somewhat larger deviation from the linear relationship. According
to our experimental results, the compounds 7 and 8 showed a
little higher affinity to the double end-capped C18 sta- tionary
phase in the chosen chromatographic system than sug- gested by
the calculated Clog P. (Fig. S3).

2.3. Assessment of antibacterial activities

Antibacterial activity of the compounds 7ell was assayed in
vitro on both G- and G bactprial strains within the present study.
The antibacterial activities of non hydroxylated N-dodecyl-, N-
tetradecyl- and N-hexadecyl-pyridinium salts (i.e. compounds 13,
14, and 15; see Fig. S4) and N-benzyl-N,N-dimethyl-N-dodecy-
lammonium, N-benzyl-N,N-dimethyl-N-tetradecylammonium, N-
benzyl-N,N-dimethyl-N-hexadecylammonium salts (i.e. com-
pounds Bi, Bu, Big) were taken from the literature [48e50]. As
listedin Table S2, minimum inhibitory concentrations (MICs) after
24 h and 48 h of incubation, and the minimum bactericidal
concentrations (MBCs) after 48 h of incubation were obtained.
Subsequently, antimicrobial activity of CieCis alkyl homologs of
3-hydroxypyridinium was compared to standard N-benzalkonium
and N-pyridinium salts (Fig. 4). A generally accepted fact that QAS
containing Ciz, Ci4 and Cis are the most effective ones has been
confirmed also in this study [26]. It was found that Gram-positive
(GP bacteria (first four strains from above in Table S2) are very
sensitive to N-dodecyl-3-hydroxypyridinium derivative 8, which
showed the same efficacy against Staphylococcus sp. as the golden
standard Ciz-benzalkonium Bio.

G+ strains
.3 -
-35
4 :
& 4 '.. _g.._ . 9
S 45 - ? L
m ] &
§s1%y 4
-55 '.. _‘
% (O g
6.5 & . - |
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+@-+ 3-OHPYR

+++@++ Benzalkonium [

The introduction of 3-hydroxyl moiety resulted in higher bio-
cidal effect against both (pand G-strains than reported efficacy
for unsubstituted N-dodecylpyridinium salts [48] and pyridine-4-
aldoxime based salts [51]. A partial explanation on the enhanced
potency of 8 can tentatively be found in the positive mesomeric
effect (MP of the hydroxyl moiety, which in the position 3 of the
conjugated system reduces the electron density of the nitrogen
atom and thus favors the attack of bacterial membrane by the
compound [26]. This is in agreement with similar studies inves-
tigating antibacterial activities of N-alkoxymethyl-3-(dimethyla-
mino)pyridinium and N-alkoxymethyl-3-hydroxypyridinium salts
which proved a stronger enhancing effect of 3-

dimethylamino group on the activity in comparison with that of
3-hydroxy group [52]. Since dimethylamino function exhibits a

more potent Mlffect than hydroxy group, a 100-fold lower MIC
observed for  3-(dimethylamino)-N-[dodecyloxy(methyD)lpyr-
idinium salt compared with 3-hydroxy-N-[dodecyloxy(methyl)]
pyridinium salt seems to be supported by the charge SAR hy-
pothesis about the QAS antibacterial activity. However, the
obvious parabolic QSAR between the number of carbon atoms in
the alkyl side chain and the antibacterial activity has been
explained neither for N-alkoxymethyl-3-(dimethylamino)pyr-
idinium nor for N-alkoxymethyl-3-hydroxypyridinium salts in the
mentioned work by Pernak and Branicka. Additionally, it has not
been resolved whether the enhancement of the antibacterial
activity of N-alkoxymethyl-3-(dimethylamino)pyridinium salts
was caused rather by increasing the compounds’ lipophilicity or
by polar electronic substituent effects on the nitrogen charge. In
our study, only compound 8showed a remarkably strong potency
compared with both benzalkonium and pyridinium salts, espe-
cially against G-strains. Other homologs of 3-hydroxylated pyr-
idinium salts (9, 10) were found relatively inefficient in
comparison to other pyridinium analogues. In summary, the
compound 8 showed a significantly good antibacterial potency,
however not exceeding standard Biz. Therefore, compound 8 could
be an alternative to Bi2in targeting resistant strains such as MRSA
and thanks to the wide-spectrum of efficacy, it seems to be a hot
candidate for novel disinfectant mixtures.

2.4. Assessment of antifungal activities

Avery similar bioactivity trend as in bacteria has been observed
in experiments with fungi. A summary of the determined anti-
fungal MICs after 24 h/48 h of incubation and minimum fungicidal
concentrations (MFC) is givenin Table S3. Compound 8 showed the

G- strains
=3 -I
’uu---a-a
as 9 Yy,
4% 4
o ; .
§’ 454 P
ol s P L
i h TR @
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% 9 : ; ;
10 12 14 16 18

Alkyl chain length

Pyridinium

Fig. 4. Disinfectant potency shown as the mean of log MIC values after 24 h of incubation for 3-hydroxypyridinium (3-OH PYR), benzalkonium and pyridinium quaternary salts with

different alkyl chain against Gp and G-strains.
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most versatile efficacy against both yeasts and filamentous fungi. Of
note, compound 8 even exceeded B2 against Absidia corymbifera
and Trichophyton mentagrophytes although against other strains, it
remained slightly less effective. While compound 9 preserved some
efficacy, longer carbon chains (10, 11) fully abolished the antifungal
activity of 3-hydroxylated derivatives, which is in striking contrast
to CiseCis pyridinium analogues. As with the antibacterial
assessment, a clear parabolic relationship between the alkyl chain
length and the activity against fungal strains has been observed
among the tested compounds (Fig. 5). Overall, compound 8 could
be an alternative to Bi2 in targeting both yeasts and filamentous
fungi and, again, seems to be a good candidate for disinfectant
mixtures.

2.5. Cell viability assessment

Cell viability assay showed the expected trend that increasing
length of carbon chain results in higher cytotoxicity probably due to
a higher lipophilicity of the drug, which likely facilitates passive
penetration into the cells. Interestingly, the cytotoxicity of com-
pound 8 surpassed all benzalkonium (B12eBis) and unsubstituted N-
alkylpyridinium analogues (13e15) involved in the present study [51].
The results of the cytotoxicity analysis are outlined in Table S4.

2.6. Partial atomic charges and desolvation energies calculations

Biological potential of QAS has repeatedly been proposed to
depend significantly on the electron density distribution in the
molecules, especially within the part of the cationic head groups
[5]. However, there are several approaches for estimating partial
atomic charges and actually it is not possible to canonize one
partition scheme over the others [53,54]. Bearing in mind that
partial atomic charges can be defined in several manners, we per-
formed quantum-chemistry calculations to compare five partial
atomic charge partitionings in Gaussian 09 (Revision D.01) [55]: 1)
Mulliken population analysis, 2) natural population analysis (NPA),
3) derivation of Merz-Singh-Kollman electrostatic charges, 4)
Hirshfeld charges, and 5) AIM charges. Since we cannot give a
proper description of the differences in the atomic charge partition
schemes here, the reader is kindly referred to Supporting Infor-
mation and the referenced literature.

Besides the electron density distribution and lipophilicity of QAS,
important biological consequences results from different desolvation
energies of the compounds. Desolvation is a process which takes
place where water molecules surrounding a ligand and

Fungi
=
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Fig. 5. Disinfectant potency shown as the mean of log MIC values after 24 h of incu-
bation for 3-hydroxypyridinium, benzalkonium and pyridinium quaternary salts with
different alkyl chain against fungal strains.

a receptor have to be displaced to enable their interactions. It is
usually the case in enzyme-substrate complexes in which the
desolvation energy significantly influences the binding affinity. On
the other hand, water molecules released from the aqueous enve-
lopes of the ligand and the receptor contribute to increasing the
system entropy and thus thermodynamically support the complex
formation. Since desolvation is necessary before QAS may incor-
porate into the cell membrane or cell wall, desolvation energies
were calculated to gain a quantitative insight into this process.

Molecular modeling investigation of electronic charges and
determination of desolvation energies were both performed in
Gaussian 09. Using the quantum chemistry calculation method
B3LYP/6-311pf(d,p), geometrical optimization and calculation of
electrostatic potential maps were carried out to reveal the elec- tronic
state of the compounds 7ell and their non 3-hydroxylated analogues
12e16 (Fig. S4). The resulting Mulliken, Hirschfeld, electrostatic
(MSK ESP), natural (NPA), and AIM electric charges on the nitrogen
atoms in aquatic environment are given in Table S5. Based on the
literature, the most reliable partition schemes of electronic charges
are those exploiting the 3D electron density projected in Euclidean
space (i.e. Hirshfeld charges) or charges derived from electrostatic
potential like Merz-Singh-Kollman charges (.e. ESP charges)
[53,54].

Accordingly, we preferred the electrostatic charges (ESP) as
electronic descriptors because they showed minimum variance and
are well-known not to depend strongly on the basis set size like the
molecular wave function based Mulliken charges. From the pre-
dicted values it is evident that Mulliken charges do not even pro-
vide meaningful information compared with mechanistic concepts
on induction and mesomeric effects of 3-hydroxy group. As hy-
droxyl function exhibits negative induction (I-) and positive
mesomeric effects (Mp), the electron density on the nitrogen atom
should be lower when comparing pyridinium and 3-
hydroxypyridinium ions. The modeled electronic changes in N-
methylpyridinium ring caused by 3-hydroxy function are illus-
trated in Fig. S5. Chemical intuition about substituent electronic
effects has been confirmed only by ESP charges and more or less by
Hirshfeld charges. Interestingly, NPA charges also exhibit a reliably
low variance and suggest lowering the electron density on theni-
trogen atom in the 3-hydroxypyridinium structure in accordance
with our notion, but they attribute negative partial charges to the
quaternary nitrogen atoms.

The quantum chemistry calculations were carried outin vacuum
as well as in water using an implicit solvent model (Self Consistent
Reaction Field, SCRF). The ESP charges on the quaternarynitrogen
atoms were extracted from the outputs simulating the aquatic
environment. Our findings point out that prolonging the length of
the alkyl chain had only slight influence on the nitrogen charge, but
introduction of the 3-hydroxyl group increased the ESP charge on
the nitrogen atom approximately by 0.06. The results of molecular
modeling are outlined in Fig. 6. The electrostatic potential maps
were projected on electronic isodensity surface of r' 0.07e/bohrs3.

Regarding desolvation energy, it can imply a considerable
burden in the binding with a receptor especially when the ligand is
able to form strong hydrogen bonds. As the 3-hydroxyl functionis a
hydrogen bond acceptor (HBA) as well as a hydrogen bond donor
(HBD), itsintroductioninto the pyridinium scaffoldislikely tobring
about a higher penalty of desolvation within embedding 7ell into
the cell wall or membrane. In order to predict in silico the des-
olvation energy of 7e16, geometry optimization calculations were
performed in vacuum and water using DFT B3LYP/6-3ppG(d,p)
method with implicit simulation of aquatic environment by SCRF
model at 323.15 K (in Gaussian 09). The resulting desolvation en-
ergy (DGaesov  %4Gvacuum - Gwater) confirmed that 3-
hydroxypyridinium salts need on average by 4.4 kcal./mol more
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Fig. 6. Electrostatic potential maps and ESP charges determined by DFT B3LYP/6-311ppG(d,p) method with implicit simulation of aquatic environment by Self Consistent Reaction
Field (SCRF) model at 323.15 K. The 3-hydroxyl group increases the nitrogen charge roughly by 0.06.

energy to desolvate than pyridinium salts (Table S6.). Increasing,
then, the length of the side N-alkyl chain nearly linearly decreases
the desolvation energy of the compounds in water.

2.7. Molecular dynamic study

Inordertoreveal differences in the affinity of N-alkylpyridinium
salts towards the bacterial membrane caused by the introduction of
3-hydroxy function, we designed a molecular dynamics (MD) study
on two most active analogues found in this work: 8 (N-dodecyl-3-
hydroxypyridinium) and 13 (N-dodecylpyridinium). Fig. 7 shows
the final structures of the molecules 8 and 13 interacting with the
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer in
aqueous phase during 10 ns from the MD simulation. A plot dis-
playing energy changes during the simulations is given in Fig. S7.
These results indicate that the 3-hydroxy function in molecule 8
significantly favors the physical adsorption in the POPC bilayer.
Note that molecule 8 with 3-hydroxy function is merged in the
bilayer, while molecule 13 without this function remains after 10ns
of simulation in aqueous phase bulk. Is important to report that the
profile of interaction membrane/compound 8 shown in Fig. 7 was
observed from the third nanosecond of simulation. Mechanistically,
we observe the orientation of the molecule 8’s tail in the direction
of POPC, keeping it stabilized in the monolayer that adsorbed it at
the end of MD simulation. On the other hand, molecule 13
remained mostly in horizontal direction with respect to the
membrane/water interface, position which does not favor efficient
interactions withthe membrane. Keepingin mind that amembrane
is a liquid-condensed surface (L.C), addition of molecules to the

membrane leads to increased density of the monolayer membrane/
water interface, which could promote a rise in surface pressure in
the monolayer rendering it physically more rigid. This phenome-
non could alter the membrane for important biological events such
as endocytosis.

Regarding the potential of interaction between the molecules and
the bilayer, the POPC bilayer has a higher relative affinity for the
molecule 8 with 3-hydroxyl. Fig. 8 shows that during the simulation
the Coulombic and non-Coulombic potential between the bilayer and
molecule 8 with hydroxyl are significantly stabilized during the
trajectory. We can also observe that the stabilization of the model is
mainly due to the interactions of the non-Coulombic potential,
indicating that non-polar characteristics of molecules are mainly
responsible for the adsorption of molecule 8 with 3- hydroxyl. On the
other hand, molecule 13 without 3-hydroxyl shows low affinity for
the bilayer. Table S7 presents the average contributions of energy
between the bilayer and the investigated organic molecules. It is
interesting to note that the hydroxy func- tion of 8 in position 3 on
the aromatic ring enables the molecule to orient the hydrophobic tail
towards the bilayer. Eventually, this initial interaction leads to
introduction of the whole molecule into the bilayer. Molecule 13
without 3-hydroxyl does not display this feature to such an extent.

The results obtained from the molecular dynamics study reveal
an interesting effect of 3-hydroxy group on N-alkylpyridinium
scaffold. Although compound 8 is more hydrophilic and requires
higher desolvation energy to be released from aqueous environ- ment
compared with 13, it can interact more strongly with phos-
phatidylcholine head groups of POPC which trigger consequent
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Fig. 7. Final configuration of the system model to study the spontaneous adsorption of compounds containing twelve carbons on POPC bilayer in aqueous phase, analogue structures

8 (a) containing 3-hydroxy function and 13 (b) without the 3-hydroxy function. Both representations depict the final configuration after 10 ns of MD simulation in NPT ensemble.
For better clarity, water and chloride have been omitted in the Figure. Transparent blue balls and gold surface fibers represent respectively the head and tail of POPC. The stick models
outline the studied compounds where the atoms colored in green, red, blue, and white are carbon, oxygen, nitrogen and hydrogen, respectively. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

embedding of the hydrophobic tail into the membrane. A similar
mechanism can be observed in silico for all 7e1l6 compounds.
Nevertheless, from the probabilistic point of view demonstrated in
this study, 8 entails a better chance to penetrate from the aqueous
solution into the membrane. Regardless of these findings, it should
be kept in mind that the question why only compound 8 with N-
dodecyl substituent exhibits significant antibacterial activity and
the others (.e. 7,9, 10, 11) do not, remains unresolved after the
molecular dynamics study.

2.8. Structure activity relationships

Since QSAR studies may be performed by many machine learning
methods (e.g. regression methods, classification methods, support
vector machines, decision trees, artificial neural networks,

{kl/mol)

— Coulomb interaction hetween POPC and compound &
— Non-Coulomb interaction between POPC and compound 8
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Fig. 8. Intermolecular interaction energies between POPC bilayer and the compounds
8 and 13 as a time function.

etc.) using a huge number of molecular descriptors [56e58], it
became necessary to choose a suitable approach for the present
study which would evaluate our working hypotheses: 1) are lip-
ophilicity, positive charge or desolvation energy significant pre-
dictors of antibacterial activity of N-alkyl-3-hydroxypyridinium
salts?; 2) is it possible to build a robust linear QSAR model for the
compounds by a stepwise variable selection from the pool of 2644
molecular descriptors generated by Dragon 6 [59]? Given the
limited number of compounds involved in the study, we avoided
the employment of more complicated statistical data-mining
methods than multiple linear regression (MLR) in order to reduce
the probability of resting with biased correlations due to the
impossibility to properly control the training process [60]. The two
working hypotheses were evaluated by our in-house program
written in C efpploying a leave-one-out cross-validation method
for testing the model robustness [61].

QAS are bioactive compounds whose potential against patho-
genic strains is ruled by a combination of physicochemical prop-
erties but the principle of the structure-activity relationship is still
not clear [62]. Recently, it has been hypothesized that optimal
antibacterial activity of surfactants is a result of balanced hydro-
phobicity, aqueous solubility, adsorption efficiency, critical micelar
concentration and transport in the medium [63]. If we accept that
QAS act primarily as detergents disturbing the cell wall and
membranes, it should not be surprising that embedding of the
molecules into the frontier cell envelope is significantly dependent on
lipophilicity and desolvation energy of QAS. Generally, the
relationship between the number of alkyl carbons in QAS and
antibacterial activity (pMIC) against various bacterial strains pri-
oritize compounds endowed with a higher lipophilicity, but the
optimal activity is restricted to compounds containing a flexible alkyl
chain with Ci2 e Cis carbons. Unfortunately, this commonly known
non-linear feature in the relationship between the number of carbons
in the side alkyl chain and the activity demonstrated by QAS seems
to be very hard to explain in terms of valid QSAR
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methodology. To shed light upon these hypotheses, we evaluated
pair-wise inter-correlations between average pMIC against (p, G-
and fungi determined for 7ell, and desolvation energies, ESP
charges on the quaternary nitrogen atom, log k and ClogP. As could

be expected, none of these predictors by itself is able to explain the

observed antimicrobial activity of N-alkyl-3-hydroxypyridinium
salts as a linear regression function characterized by statistically
significant Pearson’s correlation coefficient RP and coefficient of
determination R? (Table S8). On the other hand, desolvation en-
ergies as well as ClogP and log k can serve as significant predictors
of pICso determinedin the cell viability testson CHOeK1 (Table S8).
Based on the results, the cytotoxicity of 7ellis increased by higher
compound lipophilicity Clog P and higher retention time (i.e. log k),
and decreased by higher desolvation energies and higher charge on

the nitrogen atom.

If the set of compounds 7ell is extended with 13el5, only two
separate point groups appearsin the chemical spacerepresented by
pMIC and individual molecular descriptors from Table S8, with
compound 8 having the nature of an outlier disturbing the perfect
classification. The biological behavior of 8 in bacteria and fungi
cannot be elucidated by any single physicochemical property listed
in Table S8.

In the effort to reveal significant predictors of the antimicrobial
activities of 7ell, a set of 2644 various molecular descriptors
calculated by Dragon 6 program using the structures and ESP
charges derived by DFT B3LYP/6-311 G(dpp optimization method
in Gaussian 09 was statistically analyzed by program Sta- too
employing multiple linear regression [61]. The data input involved
different types of molecular descriptors such as consti- tutional
descriptors, information indices, WHIM and GETAWAY descriptors,
charge descriptors, 2D binary fingerprints, topological descriptors,
molecular properties, etc. As the dependent variables, average pMICs
against G , G- and fungi {¥) determined after 24 h of incubation were
used.

Because QSAR analysis of only five compounds (7e11) described
by a pool of 2644 molecular descriptors heavily tends to biased
statistical models, attention was devoted to designing reasonable
modelsize andtofinalexternal QSAR model evaluation. Takinginto
consideration these alerts, we could afford to involve only two
molecular descriptors into the models. Although this low com-
pounds/descriptors ratio still significantly endangers the pre-
dictivity and robustness of the model, we tried to equilibrate the
drawback by evaluation of the model’s external predictivity by the
prediction of the activities of compounds which had not been uti-
lized in the training process. Thus, all the found two-parameter
QSAR models were trained on 7ell and tested externally by the
prediction of pMIC(Gp), pMIC(G-) and pMIC(F) for six other com-
pounds 13, 14, 15, Bi,, Bis4, and Bis. Due to the same mechanism of
action supposed for this type of QAS, we considered the compounds
to belong into one QSAR domain of applicability which is a sub-
stantial condition for external biological activity predictions. Mo-
lecular descriptors for compounds 13, 14, 15, B12, Bi4, and Bis were
obtained in the same way as those for 7ell.

The found QSAR models for pMIC(Gp, pMIC(G-) and pMIC(F)
were described by: internal coefficient of determination RA(7el1),
“leave one out” cross-validated coefficient of determination

QZLoo(7e11), Fisher-Snedecor test F(7ell), standard residual devi-

ation s(7e11) and the number of samples n(7ell). External pre-
dictivity of the QSAR models was evaluated by the coefficient of

ext

determination R? .+ and Pearson’s correlation coefficient RP for

R2(7e11) ¥4 0.9999
Q%00(7el1) ¥4 0.9999 F(7ell) ¥ 609 210.8967 s(7ell) ¥4 0.0016
n(Zell) % 5

ext

R%,.(13e15, Bi2 eBis ) % —5202.836 R*  (13e15,

BreBig) ¥ —0.7872 3

pMIC(G-;7e11)v4 —751.684+1.268 SpPosA_B(p)e 1.6009+0.003
Mors18s e 932.438 + 1.572

R2(7e11) ¥4 0.9999
Q%00(7ell) ¥4 0.9999 F(7ell) ¥ 184 915.682 s(7ell) % 0.0030
n(Zell) % 5

ext
R%,./(13e15, By eB1s) % —720.556 R (13el5,

Bi2eBis) ¥4 0.9046 4)

pMIC(F;7el1) % —37.457 = 0.041 AMW e 50.913 + 0.051
SM04_AEA(bo) p 531.361 + 0.550

R2(7e11) ¥4 0.9999
Q%00(7el1) ¥4 0.9999 F(7ell) ¥ 519 178.807 s(7ell) ¥ 0.0021
n(Zell) % 5

R?,.(13e15, B1seB 19 % —931.484 RP ,.{13e15,
BireBis) ¥ —0.0947 (5)

Ascanbe seenin Equations (3)e(5), the three best QSAR models
found exhibit extremely good internal predictivity and stability in
LOO cross-validation (R2 > 0.9999, Q%00 > 0.9999), but they
completely fail in the external predictivity tests on unseen com-
pounds’ activities (R313e15, B12eB1e), defined as 1 e (SSE/SST),
is negative). Significant Pearson’s correlation coefficients RP  ext
appearing in the cases of GPand G-bacteria only indicate that the
predicted activities are scattered in such a way that a statistically
significant linear regression function can fit the predicted and real
values. However, a relationship between the predicted and real
antibacterial activities cannot be considered as a measure of pre-
dictivity. Only R3xy which depends on the difference between the
predicted and real values in absolute manner, can serve as a crite-
rion of a model predictivity. Since many different QSAR models
with 1e3 predictors were built from the pool of 2644 molecular
descriptors in this study and analyzed according to the above-
mentioned principles, we can conclude that the three QSAR models
presented here demonstrate the optimal possible mathematical
solution of the problem but they cannot be utilized for interpre-
tation and prediction of antimicrobial activities of QAS. Thus,we
have to admit that explaining the empirical fact of the best activity
of compound 8 is not possible within this ligand based QSAR
methodology. The principle of extraordinary antibacterial activity
of 8 probably consists in a specific biological target in bacteria that
prefers interaction with N-dodecyl side chain.

Lately, we have revealed that different lipophilicity of N-alkyl-
quinolines and N-alkylisoquinolines homologs generally shifts the
antibacterial activities more or less by a constant but homologs with
C12 side chain always retain the best activities within different

compound series [48,64]. This observation cannot be explained by

an optimal lipophilicity allowing for a passive penetration across
the cell wall. If compound lipophilicity were the crucial factor in the

C12 effect, compounds with more polar head group should have



the compounds 13, 14, 15, B1, B14, and Bis (Equations (3)e(5)).

pMIC(Gp;7ell) ¥4 e 23.229 + 0.022
SMO06_AEA(bo) e 32.609 + 0.041H1u p 266.723 + 0.265

had the optimal activity moved towards structures with longer alkyl
side chains. But nothing like that has been observed. Taking into
account that: 1) QAS shows bacteriostatic effect, and 2) bac- teria can
develop resistance against these pharmaceutics, further research
will have to be devoted to the evaluation of possible
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biological targets and mechanisms of action of QAS. From the cur-
rent investigation it can be deduced that QAS act as multi target
directed ligands perturbing not only the bacterial cell walls and
phospholipid bilayers but very likely some essential receptors and/
or enzymes as well.

3. Conclusions

Within this work, five antibacterial compounds belonging to
QAS were prepared and analyzed by several experimental and
computational methods. The studied N-alkyl-3-hydroxypyridium
salts were designed to evaluate the working hypothesis that
increased positive charge on the nitrogen atom can induce stronger
antibacterial activity. However, biological analyses of N-alkyl-3-
hydroxypyridinium salts, which should have brought about such
nitrogen charge modification compared with N-alkylpyridium
salts, proved that 3-hydroxy function evidently suppressed the
activity. Except for the compound 8 with N-dodecyl substituent,
showing, for instance, MIC around 0.5 mM against Staphylococcus
aureus (MRSA), all the prepared substances exhibited significantly
worse antibacterial activities than the non-hydroxylated analogues.
By HPLC, we proved that lipophilicity of N-alkyl-3-
hydroxypyridium salts is well predictable by Clog P calculatedby
MarvinSketch 14.9.8.0. program. Along with increased desolvation
energy calculated by SCRF/B3LYP/6-3ppG(d,p) method, the
decreased lipophilicity of N-alkyl-3-hydroxypyridium salts in
comparison with N-alkylpyridium salts can serve to adumbrate
worsened antibacterial activity of these compounds.

In order to give to traditional organic chemistry ideas on partial
charges and substituent polar effects a quantitative aspect, we
calculated five types of electronic charges on the nitrogen atom in
N-alkyl-3-hydroxypyridium and N-alkylpyridium salts employing
SCRF/B3LYP/6-31pf(d,p) method: Mulliken, NPA, ESP, Hirshfeld
and AIM charges. Given several theoretical peculiaritiesinvolvedin
the different partition schemes, various values of partial electric
charges resulted for the nitrogen atom. Based on the literature, we
decided to analyze ESP charges since they are more robust with the
respect to altering the basis set size. It was confirmed that 3-
hydroxy function increases the positive charge on the nitrogen
atom in N-alkyl-3-hydroxypyridium salts but, as mentioned above,
this effect cannot be associated with enhancing the antibacterial
activity but rather with a deteriorating influence onit.

On the other hand, molecular dynamics study on interactions of
8 and 13 with POPC bilayer showed that 3-hydroxy function has
beneficial consequences on the process of surfactant incorporation
into the cell membrane. Within the simulation, only compound 8
penetrated into the membrane while compound 13 remained in the
aqueous surroundings after 10 ns of MD simulation. In the initial
phase of the interaction with the membrane, increased polarity of
the head groups generally supports stronger attraction towards the
membrane surface, but the overall stability of the surfactant
molecule in the membrane is maintained by hydrophobic in-
teractions. Mechanistically, incorporation of 8 into the membrane
may support disintegration of the cells or only increase the surface
pressure of the membrane leading to alteration, for instance, of
endo/exocytosis processes. However, these findings can only
partiallyelucidate why N-alkyl-3-hydroxypyridiumsalts are mostly
less active than N-alkylpyridinium salts and why 8 is the only
exception in this trend. Since the membrane degradation process
by QAS is likely to require tens to hundreds of nanoseconds, a
molecular dynamics study of a greater extent might reveal further
aspects of the possible disintegration mechanism.

Negative results obtained by QSAR analysis of the compounds
involved in this study suggest that no SAR hypothesis can be vali-
dated thus far. Neither lipophilicity nor electronic charge on the

nitrogen atom is able to act as a predictor of antibacterial activity of
N-alkyl-3-hydroxypyridium salts. Although decreased lipophilicity
of the QAS studied can somewhat signify reduced antibacterial
activity of the compounds, the deviation of 8 is unpredictable and
as such it substantially perturbs ligand based QSAR analyses. On the
other hand, versatility and antibacterial efficacy of compound 8 is
very similar to golden benzalkonium standard Bi2 and, considering
the lower cytotoxic profile of 8, its practical use in the mixtures
could be appreciated in current medical care.

4. Experimental
41 Materials

Reagents for organic synthesis were purchased as at least re-
agent grade from Sigma-Aldrich (Czech Republic) unless otherwise
specified, and used without further purification. Solvents for syn-
thesis were purchased from Penta chemicals Co. Acetonitrile, water
and formic acid for LC-MS analyses were obtained from Sigma-
Aldrich in LC-MS grade purity (Czech Republic). Thin layer chro-
matography was carried out on Merck silica gel 60 Fzs4 analytical
plates (mobile phase: dichloromethane/methanol/25% ammonia
solution 100/10/2); detection was accomplished with ultraviolet
light (I 254 nm). Uncalibrated purity of all products reaching
>97% was evaluated by LC-UV analysis at wavelength of 254 nm.
Uncorrected melting points of 7ell were determined with Melting
Point Apparatus e Stuart SMP30. The 'H NMR and 3CNMR spectra
of the compounds were recorded in CD3OD solution at ambient
temperature on a Varian S500 spectrometer (499.87 MHz for 'H and
125.71 MHz for 13C). For 'H d are given in parts per million (ppm)
relative to CDsOD (d % 38.31) and for 13C relative to CDsOD (d %
49.05). The coupling constants (J) are expressed in Hertz.

42, Organic synthesis

The studied group of quaternary surfactants, N-alkyl-3-
hydroxypyridinium salts 7ell, was prepared by reaction of 3-
hydroxypyridine (1) with appropriate 1-bromoalkane (2e6) in
acetonitrile (CH3CN). An appropriate 1-bromoalkane (2e6) (36.80
mmol) was added at room temperature to a solution of 3-
hydroxypyridine (1) (26.29 mmol) in acetonitrile (38 mL). The re-
action mixture was stirred under reflux for 48 h. The solventwas
evaporated under reduced pressure, and the crude product was
purified by crystallization from diethyl ether, filtered, washed with
diethyl ether and allowed to dry at ambient temperature. The
synthesis of compounds 7 and 8 along with 'H NMR spectra were
published in a patent application registered in 1997 [37]. Analogical
synthesis of 1-dodecyl-3-hydroxypyridinium hydroxide in ethanol
was simply described in an article published in 1956 [65]. Com-
pound 10 has also been reported in the literature but without
providing NMR and HRMS spectra [66]. Compounds having the
same cations as 10 and 11, thus prepared and tested as appropriate
chlorides, have been reported in the literature, but without
providing NMR or HRMS spectra [67]. Compound 9 represents a
new chemical entity and therefore its characterization by '1H NMR,
13CNMR and High-Resolution Mass Spectrometry (HRMS) analyses
is attached to the present work (Supporting Information). Since
proper characterization of compounds 7,8, 9, 10, and 11 by 'H NMR,
13CNMR and HRMS has not been published yet, where applicable,
we have added the unpublished spectra into Supporting Informa-
tion. Other chemical structures used in this study for in silico or
QSAR investigations were taken from the literature (i.e. N-alkyl-
pyridinium salts, benzalkonium salts).
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4.3. LC-MS analysis

In the chromatographic study, Dionex UltiMate 3000 analytical
LC-MSsystem connected with a Q Exactive Plushybrid quadrupole-
orbitrap spectrometer (both produced by ThermoFisher Scientific,
Bremen, Germany) was used to determine HRMS and capacity
factors k of the compounds 7ell. A Waters Atlantis dC18 (2.1
100mxn/3 mMm) column along with a guard column (2.120
mm)xvith the same adsorbent were employed as the stationary
phase. The mobile phase was prepared from acetonitrile and water
acidified with 0.1% (v) of formic acid (FA) in ratio 66:34 (v/v). The
compounds 7ell were dissolved in methanol and then injected
intothe LC-MS system as a mixture. For HRMS measuring, heated
electro-spray ionization (HESI) was set as follows: sheath gas flow
rate 40, aux gas flow rate 10, sweep gas flow rate 2, spray voltage
3.2kV, capillary temperature 350 °C, aux gas temperature 300 °C,
S-lens RF level 50. Ions were monitored in the range of 100e1500
mlz with the resolution set to 140 000. The flow-rate was set to 0.4
mL/min. The chromatograms and mass spectra were processed on
Chromeleon 6.80 and Xcalibur 3.0.63 software, respectively.

4.4. Evaluation of antibacterial activity

The antibacterial activities of the prepared compounds were
determined by a microdilution broth method according to protocol
published previously [48,51]. One part of the panel of bacterial
strains used for the activity testing was obtained from Czech
Collection of Microorganisms (CCM, Brno, Czech Republic) and
American Type Culture Collection (ATCC). The remaining bacteria
used in the study (.e. Staphylococcus aureus H 5996/08, Staphylo- coccus
epidermidis H 6966/08, Enterococcus sp. J 14365/08, Klebsiella pneumoniae
D 11750/08) were clinical isolates. Prior to biological testing, the
strains suspended in 0.85% saline were cultivated on Mueller-
Hinton agar (Difco, Benton Dickinson, Detroit, MI) at 35 °C. The
bacterial populations were controlled densitometrically to reach 1.5
108 viablexolony forming units (CFU) per 1 mL.

The compounds were dissolved in DMSO and added into wells of
a testing plate with Mueller-Hinton liquid broth (Difco, Benton
Dickinson, Detroit, MI), buffered to pH 7.0. A geometrical series of
the compounds’ concentrations was examined to quantify the
biological activities: 0.5, 1, 2, 3.90, 7.8, 16, 31, 63, 125, 250 and 500
mmol L. The MICs, defined as 95% inhibition of bacterial growth,
were determined visually after 24 h and 48 h. Growth of Pseudomonas
aeruginosa was determined after 72 h and 120 h. Similarly, the MBCs
were determined as the concentration of compound causing a
decrease in the number of bacterial colonies by > 99.9%.

4.5. Evaluation of antifungal activity

For assay of the antifungal activity of the studied compounds,
eight clinical samples of fungi or yeast were utilized: Candida
albicans ATCC 44859, Candida krusei E28, Candida tropicalis 156,
Candida glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumiga- tus
231, Absidia corymbifera 272 and Trichophyton mentagrophytes 445
(Department of Biological and Medical Sciences, Faculty of
Pharmacy in Hradec Kralove, Charles University in Prague, Czech
Republic). For this purpose, a protocol published previously was
used. The MICs and MFCs were determined by a modified standard
M27-A2 (CSLI) using RPMI 1640 medium, buffered to pH 7.0 with
0.165M 2-morpholino-propane-sulfonic acid, and two-fold serial
dilutions (500€0.5 mmol L) of the prepared compounds. DMSO
was used as solvent for the tested compounds and its final con-
centration in the inoculated samples did not exceed 2% (v/v). After
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24 h and 48 h (72 h and 120 h for TM) of incubation at 35 © C, the
growth of microbial colonies was examined visually as well as

spectrophotometrically.
4.6. Cell viability assessment

Standard MTT assay (Sigma Aldrich) was used according to the
manufacturer’s protocol on the CHOeK1 (Chinese hamster ovary,
ECACC, Salisbury, UK) in order to compare cytotoxic effects of the
studied compounds [64]. The cells were cultured according to
ECACC recommended conditions and seeded in the density of 8000
per well. Briefly, the tested compounds were dissolved in DMSO
and subsequently diluted in the growth medium (F-12) supple-
mented with 10% FBS and 1% penicillin/streptomycin so that the
final concentration of DMSO did notexceed 0.5% (v/v). The CHOeK1
cells were exposed to the tested compounds for 24 h. Then the
medium was replaced by a medium containing 10 mmol L1 of MTT
and the cells were allowed to produce formazan for another
approximately 3h under surveillance. Thereafter, the medium with
MTT was removed and crystals of formazan were dissolved in
DMSO (100 ml). Cell viability was assessed spectrophotometrically
as function of the amount of formazan produced. Absorbance was
measured at 570 nm with 650 nm reference wavelength on Synergy
HT (BioTek, USA). ICs was then calculated from the control - sub-
tracted triplicates using non-linear regression (four parameters) in
GraphPad Prism 5 software. The final ICso and SEM values were
obtained as the mean of 3 independent measurements.

4.7. Partial atomic charge calculations

Models of the compounds 7ell and their analogues 12e16
without the 3-hydroxyl function were first manually drawn in
Spartan '14 program as free cations [68]. PM3 method was
employed for determination of equilibrium geometry in vacuum.
The resulting structures were exported by an in-house program to
the format of Gaussian input files. Utilizing computer resources of
the Czech National Grid Infrastructure MetaCentrum, we carried
out geometrical optimization with DFT B3LYP/6-3RpG(d,p)
method for all 10 molecules (7€16) using 12 CPU in multi-
threading. In Gaussian 09, the molecular geometry was optimized
in vacuum and water environment using an implicit solvent model
(Self Consistent Reaction Field, SCRF) [55]. Thermochemical calcu-
lation and frequency analysis was performed for 323.15 K. The
optimized conformers represent chemical structures correspond-
ing to a stationary point on the potential energy hypersurface with
no imaginary frequencies. From the output files, total energies, the
Mulliken, NPA, MSK ESP, Hirshfeld and AIM atomic charges were
extracted.

4.8. Desolvation energy calculations

In order to determine the desolvation energies of 7el6, we
carried out geometrical optimization of the molecules both in
vacuum and in water using an advanced quantum chemistry DFT
B3LYP/6-31bloi(d,p) method in Gaussian 09. In the case of
simulation of the solvation effect, we employed a geometrical
optimization with implicit water by the Self Consistent Reaction
Field (SCRF) model for 323.15 K. The energy of desolvation was
calculated as DGadesolv % Gvacuum — Gwater.

4.9. Molecular dynamics study
The spontaneous adsorption of target molecules on the mem-

brane, that is without adding extra forces, were obtained by mo-
lecular dynamics simulation, similar to the protocol described by



R. Dolezal et al. / European Journal of Medicinal Chemistry 121 (2016) 699e711 709

Ferreira et al. [69]. Simulations were carried out using GROMACS
version 4.5.12 and the Gromos53a6 force field [70] under periodic
boundary conditions for molecules. The united atom lipid param-
eters were adapted from the work of Berger and coworkers [71].
Two models were built to evaluate the interactions between target
molecules 8 and 13 and the bilayer. Each system was composed of:
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer with 128
molecules [72], the target molecule, a chloride and SPC/E (Single
Point Charge) water in a triclinic box with edges 6.2 nnx 6.2 nm x
20 nm (Fig. S7). The initial model was built centering the mem-
brane POPC, previously equilibrated as published in Refs. [72], in
the box, subsequently the target molecules were randomly added
in the vacant box region. As position criteria, the molecule is not
inserted where the distance between any existing atom and any
atom of the inserted molecule is less than the sum based on van der
Waals radii of both atoms, which is the standard condition of
GROMACS. Then water molecules were added to complete the box
and simulated the aqueous phase, and finally a chloride ion was
added to each model to neutralize the system. The energy was
minimized using a steepest gradient method to remove any close
contacts. Next, the system was allowed to evolve for 1.0 ns in a
canonical NVT (N is the number of particles, V the system volume,
and T the temperature) ensemble at 300 K. The production runs
were conducted in an NPT (P is the system pressure) ensemble at
300 K and 1.0 bar for 10 ns with the step size of 1 fs, on the co-
ordinates of the last frame generated from NVT equilibration. All
bond lengths were constrained to their equilibrium values using
the LINCS algorithm. The neighbor list for the calculation of non-
bonded interactions was updated every five time steps with the
cutoff of 1.2 nm. A twin range cutoff of 1.4 nm was used for both
Coulomb and Lennard-Jones interactions. Particle Mesh Ewald
(PME) method was used for the treatment of long-range electro-
static interactions. The system was split into four groups which
were coupled separately to a temperature bath using Nose-Hoover
algorithm with the time constant of 0.1 ps while the pressure
coupling was conducted using a semi-isotropic Parrinello-Rahman
barostat with the time constant of 2.0 ps and 1.0 bar reference
pressure for coupling for all directions.

4.10. QSAR studies

Molecular descriptors for QSAR analyses were calculated in
Dragon 6 [59] using the chemical structures of 7el6, Bixis
geometrically optimized by DFT B3LYP/6-31ppG(d,p) method. For
statistical analyses, an in-house program written irp{ was used
employing a step-wise forward variable selection algorithm and
multiple linear regression. The found QSAR models were charac-
terized by classical statistical criteria: coefficient of determination
R? for “leave one out” cross-validated coefficient of determination

Q

2LOO, Fisher-Snedecor test F, standard residual deviation s and the

number of samples n. Predictivity of the QSAR models derived from
7ell was evaluated by external prediction of antibacterial activities
for the compounds 13el5 and Biz-16. The QSAR analyses were
performed with average pMICs (24 h incubation) of the compounds
against the microbes separated into three groups: 1) Gram-positive
bacteria; 2) Gram-negative bacteria; 3) yeasts and fungi. Finally, a
similar QSAR analysis was conducted also for pICso determined in
the cell viability study with CHOeK1 cells.
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